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Abstract


Background: The aim of the study is (1) to assess safety of opioids in nursing mothers after cesarean delivery and in breastfed infants and (2) to evaluate the role of CYP2D6 genetics in maternal and infant clinical outcomes after cesarean delivery. Methods: A total of 210 mother–infant dyads were enrolled after cesarean delivery. Oxycodone 5 mg orally was administered every 4–6 h as needed as part of a standardized opioid-sparing ERAS protocol. Primary outcomes were opioid-related adverse effects, including maternal respiratory depression (RD) and postoperative nausea and vomiting (PONV) and neonatal composite side effects (i.e., RD monitoring, sedation, and limpness). Results: In total, 77% of mothers received opioids during postpartum hospital stay, none experienced respiratory depression, 13% reported PONV, and composite opioid-related side effects were observed in 13% of neonates. Compared to mothers without opioid consumption, higher in-hospital opioid consumption was borderline significantly associated with a higher risk of neonatal composite side effects (adjusted relative risk, aRR = 3.79; 95%CI: 1.01–14.28; p = 0.07), with a similar trend toward higher risk in maternal PONV (aRR = 2.56; 95%CI: 0.70–9.29; p = 0.36). Mothers with a CYP2D6 ultra-rapid metabolizer phenotype also showed higher rates of PONV and neonatal composite side effects compared with normal or intermediate phenotypes, although these associations were not statistically significant. Conclusions: Higher maternal in-hospital opioid consumption is associated with a higher risk of neonatal composite side effects. Using the lowest effective doses of opioids as needed could reduce the risk of opioid-related side effects in neonates. Preoperative genotyping may help identify mothers and breastfed neonates at increased risk for opioid-related adverse outcomes. Additional studies are needed to evaluate preoperative genotyping and to evaluate the causality of increased neonatal adverse outcomes.
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1. Introduction


Cesarean delivery (CD) is one of the most common surgical procedures worldwide, comprising 32% of births in the United States and over 1.2 million procedures annually [1]. The rising prevalence of CD is attributed to advances in surgical techniques, preferences for elective repeat CD, and an increase in high-risk pregnancies linked to obesity, diabetes, hypertension, and advanced maternal age [2,3]. Surveys indicate that the primary concern surrounding CD for patients is both intraoperative and postoperative pain, followed by nausea and vomiting [4]. These factors emphasize the growing importance of comprehensive postoperative pain management in modern obstetric care.



Adequate postoperative pain management is imperative not only for maternal recovery, but also for breastfeeding success and neonatal bonding [5,6]. Inadequate pain management may delay maternal recovery, limit mobility, affect psychological well-being, and impair mother–infant bonding, which is vital for neonatal development [5,7].



Current management guidelines recommend a multimodal analgesia approach integrating several methods to optimize pain relief and mitigate side effects. Pain control methods include long-acting neuraxial opioid analgesics, non-opioid analgesics such as acetaminophen and nonsteroidal anti-inflammatory drugs (NSAIDs), transversus abdominis plane blocks (TAP), and postoperative oral opioid prescriptions [8]. Neuraxial anesthesia, often paired with preservative-free morphine, is the preferred intraoperative method due to its extended postoperative analgesia, minimized maternal–fetal risks, and avoidance of airway complications associated with general anesthesia. Patients typically receive neuraxial anesthesia with local anesthetics administered intrathecally or epidurally, which are commonly combined with a long-acting opioid such as preservative-free morphine to provide analgesia over the first 24–48 h postoperatively. At the end of surgery, TAP blocks are often administered to provide augmented localized abdominal pain relief.



Postoperatively, pain management is then tailored to an individual patient’s pain experience and is centered around a combination of oral opioids, NSAIDs, and acetaminophen [9]. Despite efforts to reduce opioid reliance, over 80% of postpartum women still require opioids, with oxycodone being a common choice due to its potency and efficacy in addressing acute postoperative pain [10]. However, oxycodone poses unique risks to breastfeeding neonates, including sedation, respiratory depression (RD), and potential developmental effects [11,12].



Despite these concerns, evidence-based guidelines for the safe use of opioids like oxycodone in this population remain limited. Additionally, current postoperative pain management guidelines, while effective, are not without significant risk, and do not account for variations in genetic polymorphisms that play a role in opioid metabolism [7]. The metabolism of opioids is influenced by genetic polymorphisms, particularly in the CYP2D6 enzyme [9]. CYP2D6 variations classify individuals as poor, normal, or ultra-rapid metabolizers (UMS), significantly affecting drug metabolism [11,13]. UMs convert opioids like codeine and tramadol into active metabolites more rapidly, increasing the risk of neonatal sedation or RD through breast milk exposure [11]. The impact of these metabolism variations were exemplified in a case involving a healthy full-term neonate that experienced lethargy and difficulties in breastfeeding which progressed to death due to maternal UM status ultimately resulting in unsafe quantities of morphine in the breast milk [12].



In response to the 2017 FDA warnings regarding the use of codeine and tramadol in breastfeeding mothers, clinical practices have shifted to prescribing alternative opioids such as oxycodone and hydrocodone instead of codeine and tramadol for nursing mothers [14,15]. Although these opioids are structurally different, they are also metabolized by CYP2D6 and, therefore, are equally influenced by CYP2D6 genetic polymorphisms potentially heightening risks in UMs. In fact, the CYP2D6 metabolites of oxycodone (oxymorphone) and hydrocodone (hydromorphone) are 5–14 fold stronger than the CYP2D6 metabolites of codeine and tramadol [15]. Given oxycodone’s potency and metabolism by the CYP2D6 pathway, UMs who potentially metabolize opioids more quickly and produce increased levels of active metabolites in circulation may promote elevated risks of adverse effects such as sedation or RD in neonates [16]. Conversely, poor metabolizers may require higher doses to achieve effective pain control, increasing the susceptibility to prolonged opioid use or misuse. This shift in clinical practice to stronger opioids could place new mothers and their breastfed infants at greater risk of adverse effects.



This study aims to evaluate the safety and efficacy of oxycodone for post-CD pain management in breastfeeding mothers and their neonates and to investigate the predictive role of pharmacogenetic markers, particularly CYP2D6, in maternal and neonatal clinical outcomes. Findings from this work will support the development of personalized analgesic regimens to enhance safety and efficacy while addressing the unique challenges of this vulnerable population.




2. Materials and Methods


2.1. Study Design and Population


This prospective, genotype-blinded observational study was conducted at a tertiary care center to enroll at least 200 mother–infant dyads. Participants were recruited following scheduled and emergent CDs and were required to meet specific inclusion criteria, including the plan to breastfeed and the ability to provide informed consent. Mothers with contraindications to opioid use or known hypersensitivity to study drugs were excluded. Ethical approval was obtained from the Institutional Review Board at the University of Pittsburgh (STUDY21070164), and all participants consented to genetic testing as part of the study.




2.2. Pain Management Protocol


Postoperative pain management followed a standardized Enhanced Recovery After Surgery (ERAS) protocol, emphasizing multimodal analgesia to reduce opioid reliance [17]. Mothers received oxycodone 5 mg every 4–6 h as needed for pain, supplemented by non-opioid analgesics such as acetaminophen and NSAIDs. Neonatal monitoring included standardized assessments for signs of sedation, RD, and other opioid-related adverse effects.




2.3. Outcome Measures


Maternal outcomes included the incidence of respiratory depression, postoperative nausea and vomiting (PONV), and pain assessed by the Numerical Rating Scale (NRS). RD was defined as a persistent (>1 min) oxygen desaturation (SpO2) < 90% on room air or respiratory rate < 8 breaths per minute or SpO2 < 94% along with a respiratory rate of <10 per minute requiring supplemental oxygen to maintain SpO2 > 94% in the absence of upper airway obstruction. Respiratory rate and oxygen saturation were collected from medical records and clinical vitals during pre-op, pacu, and inpatient stay. Assessment for PONV was scored as a binary variable (yes or no) during in person patient assessments. Nausea was defined as the feeling of wanting to vomit. Vomiting was defined as the forceful expulsion of stomach contents. These assessments were collected during pre-op pacu and daily during inpatient stay.



Additional metrics included total in-hospital opioid consumption, measured in morphine milligram equivalents (MMEs), and length of hospital stay. Neonatal outcomes include respiratory depression, sedation, and limpness. Maternal reporting of neonatal sedation, defined as prolonged sleep (>4 h), was assessed for mothers that consented to this data collection. Respiratory rate was taken every 8 h from EMR. Composite adverse effect was categorized as “Yes” if a neonate experienced at least one of three opioid-related side effects (respiratory depression, sedation, and limpness) from postpartum day 0 to day 3.




2.4. Genetic Analysis


Blood draws for genotyping: The first genotyping maternal blood sample was collected at a regularly scheduled prenatal visit at gestational weeks 27–37 or was obtained preoperatively during the day of surgery. This blood collection consisted of a 1 EDTA tube (lavender top) of approximately 3 mL of blood. The infant blood sample (lavender top) consisted of approximately 1–3 mL of cord blood and was collected from the cord during surgery. Maternal and neonatal DNA samples were analyzed for CYP2D6 genetic polymorphisms using the PharmacoScan Solution assay (ThermoFisher, Waltham, MA, USA). Applied Biosystems™ Axiom™ Analysis Suite software (Version 5.4) was used to translate CYP2D6 genotypes to metabolizer phenotypes, which included normal, intermediate, poor, ultra-rapid, or unknown metabolizers.




2.5. Statistical Analysis


Sample size and power justification: We planned to recruit 200 breastfeeding newborn-mother dyads. The type I error was fixed at 0.05 and we specified a minor allele frequency of 0.2, infant’s oxycodone related adverse effects of 20%, mother’s adverse drug event rate of 60%, and a relative risk of 2. The 200 samples will yield a power >80% for detecting infant and maternal opioid-related adverse effects using additive models.



Continuous variables were summarized as means with standard deviations (SDs) or as medians with 25th and 75th percentiles, as appropriate. Categorical variables were summarized as counts and percentages. Group comparisons were conducted using the Kruskal–Wallis test for continuous variables and the Chi-square test for categorical variables. Generalized estimating equation (GEE) models with a log link and binomial distribution were used to estimate relative risks (RRs) and 95% confidence intervals (CIs) for binary primary outcomes (i.e., PONV and neonatal composite outcome of opioid side effects). GEE models with a log link and gamma distribution were used to estimate mean ratios and 95% CIs for continuous total opioid MME outcomes. Adjusted models included total opioid MME, maternal CYP2D6 metabolizer phenotype, average pain score over three postpartum days, and prespecified maternal confounders (age, race, BMI, and any mental illness). Statistical significance was defined as a p < 0.05. All analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA).





3. Results


3.1. Baseline Characteristics


A total of 210 mothers were enrolled in this prospective cohort study, with a mean age of 32 years. The cohort was 80% White, 12% Black, and 5% Hispanic (Table 1). The mean BMI was 34.6 kg/m2, with a median gravity of 2 and median parity of 1. Most mothers (83%) underwent scheduled cesarean delivery, of whom 85% received spinal anesthesia and 11% received anesthesia via a pre-existing epidural. The mean surgical duration was 52 min. The prevalence rate of any mental illness was 56%, most commonly anxiety or depression (55%), followed by PTSD (7%) and ADHD (4%) (Table 1).




3.2. CYP2D6 Metabolizer Phenotypes


Maternal CYP2D6 phenotypes indicated that 91% were normal or intermediate metabolizers, 6% were poor metabolizers, and 4% were ultra-rapid metabolizers (Table 1). Among neonates, 4% were poor metabolizers and 2.6% were ultra-rapid metabolizers (Appendix A Table A1). Maternal and infant CYP2D6 phenotypes were not highly concordant among the 190 infant-mother pairs with available phenotype results (Appendix A Table A1).




3.3. Maternal and Neonatal Clinical Outcomes


Table 2 summarizes any maternal and neonatal clinical outcomes experienced across PPD0-3. Among the 210 enrolled mothers, none experienced respiratory depression and 13% reported at least one episode of PONV, which occurred primarily during PACU on PDD 0 (Appendix A). The average NRS pain score was 3.2 (SD = 1.6) over PPD0-3, with a mean max pain score of 4.9 (SD = 1.9) (Table 2). Pain scores peaks on postoperative day 2 (mean NRS 4.0 ± 2.0) and declined to 3.3 ± 1.8 by PPD3 (Appendix A). The mean total opioid consumption in the hospital was 44.4 (SD = 47.5) MME (mg) among 210 mothers (Table 2). A total of 161 mothers (77%) received any in-hospital opioids, with an average daily opioid consumption of 21.9 (SD = 19.3) MME (mg) on PPD 2 (Appendix A Table A2). More than 60% of mothers received opioids in the first 48 h postpartum, and it decreased to 29% by PPD 3 (Appendix A Table A2).



Among neonates, 28 (13%) experienced at least one opioid-related adverse outcome, including monitoring of respiratory depression (n = 8), sedation (n = 7), and limpness (n = 15) over PPD 0–3. In addition, 37% (n = 77) neonates had extended length of stay > 72 h and three neonates (1%) exhibited opioid withdrawal symptoms, defined as SOWSS > 4 during hospital stays (Table 2).




3.4. Relationship Between Opioid Consumptions and Maternal CYP2D6 on Clinical Outcomes


Higher rates of maternal PONV were observed among those with greater in-hospital opioid consumption (>70 MME: 16.3% PONV) compared to those with no opioid use (8.2% PONV) (Table 3) and among those with a CYP2D6 ultra-rapid phenotype (28.6% PONV) compared to normal or intermediate metabolizers (11.0% PONV) (Table 3 and Appendix A Figure A1). Higher opioid consumption (>70 MME) showed a trend toward an increased risk of maternal PONV (adjusted RR = 2.56; 95%CI: 0.70–9.29; p = 0.36), after accounting for total opioid consumptions, CYP2D6 phenotype, average pain score over three postpartum days, age, race, BMI, and any mental illness.



We also observed higher rates of neonatal composite outcomes from opioid side effects (RD monitoring, sedation, and limpness) among those with greater in-hospital opioid consumption (>70 MME: 22.4% opioid side effects) compared to those with no opioid use (6.1% opioid side effects) (Table 3) and among those with a CYP2D6 ultra-rapid phenotype (14.3% opioid side effects) compared to poor metabolizers (9.1% opioid side effects) (Table 3 and Appendix A Figure A2) without being statistically significant in the unadjusted models. Compared to those with lower or no opioid consumption, the adjusted model indicates a boarderline significant relationship between higher in-hospital opioid use and neonatal composite outcomes from opioid side effects (>70 MME: adjusted RR = 3.79, 95%CI: 1.01–14.28, p = 0.07)



Mothers who reported an average pain score of 4 and above over the first three postpartum days required higher opoid use (78.6 MME in NRS 4+ vs. 31.3 MME in 0–3), and this association remained statistically significant in the adjusted model (adjusted mean ratio: 2.44; 95%CI: 1.29–4.61; p = 0.01) (Table 4). Opioid consumption was similar by CYP2D6 status (Table 4 and Appendix A Figure A3). Poor metabolizers required slightly higher total opioid consumption (mean MME: 51.1) compared to normal or intermediate (mean MME: 43.2) and ultra-rapid metabolizers (mean MME: 42.9). The adjusted mean ratio was 1.09 (95%CI: 0.34 to 3.50; p = 0.92) for poor metabolizers compared to normal or intermediate metabolizers (Table 4).





4. Discussion


In this prospective study of 210 nursing mother–neonate dyads, 77% of mothers received opioids during their postpartum hospital stay. No mothers experienced respiratory depression, although 13% had at least one episode of PONV. Neonatal composite opioid-related side effects were documented in 13% of neonates. Relative to mothers who did not receive opioids, those with higher in-hospital opioid consumption appeared more likely to have neonates with recorded composite events. Higher maternal opioid use had a trend, although non-significant, toward increased maternal PONV. Given the observational design, the strong correlation between pain severity and opioid use, and the neonatal composite outcomes not specific to opioids, these patterns should be interpreted as hypothesis-generating signals rather than evidence of a causal opioid effect.



Exploratory analyses of the CYP2D6 phenotype suggested that mothers classified as ultra-rapid metabolizers may have higher rates of PONV and neonatal composite side effects compared with other phenotypes; however, these comparisons were based on very small numbers of ultra-rapid and poor metabolizers and were not statistically significant, and therefore warrant confirmation in larger, adequately powered cohorts.



4.1. Maternal Safety and Efficacy


The absence of respiratory depression in mothers receiving oxycodone within the ERAS protocol supports its safety when used in carefully monitored settings. However, variability in pain scores and opioid requirements across the CYP2D6 phenotype may suggest the importance of personalized analgesic strategies. Poor metabolizers required higher opioid doses, raising concerns about the potential for prolonged use and adverse events in this subgroup [18,19]. Conversely, UMs reported higher peak pain scores despite requiring lower doses, suggesting that standard dosing regimens may not adequately address breakthrough pain in this group.




4.2. Neonatal Safety


The findings raise important concerns about the safety of maternal oxycodone use during breastfeeding. The high rates of composite neonatal opioid-side effects (RD, limpness, and sedation), particularly in infants of mothers with ultra-rapid metabolizers status, warrant careful clinical consideration. The hypothesis-generating association between maternal CYP2D6 status and neonatal outcomes highlights the potential utility of preoperative genotyping in identifying at-risk dyads. Such measures could enable the proactive tailoring of analgesic regimens to minimize neonatal exposure to opioids upon greater analysis of a larger sample size.



This study focuses on the incidence of adverse events as a function of the CYP2D6 phenotype as a proxy for CYP2D6 enzymatic activity. Other studies have observed changes in neonatal CYP2D6 concentrations among infants of varying sex, ethnicity, gestational ages, and genotypes, and found that increasing gestational age is associated with CYP2D6 activity and protein content [20]. The hepatic expression of many CYP450 enzymes is typically between 50 and 70% of adult values at term gestation, with enzymatic activity increasing with postnatal age [21]. CYP2D6 increases steadily throughout the first week of life; however, by 5 years of age, only reaches approximately two-thirds of adult values [21].



Decreased plasma protein binding, differences in volume of distribution, and the immaturity of hepatic metabolic enzymes all contribute to a lower margin of safety and an increased risk of adverse effects of opioids in neonates than adults. The significant individual variability of expression of CYP enzymes within neonates further complicates the establishment of safe dosing [22]. Individual and small dose titrations may be the best practice due to the large interindividual variability, despite the half-life and clearance generally increasing with postnatal age [23]. The elimination half-life is longest and clearance is slowest in the newborn period (0–7 days of life) as compared to older infants [24]. Despite these concerns, oral oxycodone metabolites in breastmilk are generally well-tolerated by neonates. This could be partially due to poor enteric absorption in the neonatal period [21]. However, more studies are needed in order to establish the safe dosing curves of oral opioids in this population.




4.3. Study Limitations


This study was conducted at a single center with a relatively small sample size, which limits both the power and generalizability of our findings. Due to the methods of measuring our primary neonatal outcomes, there may be variability in the incidence, scoring, and timeframe of adverse effects seen. Overall, there were few participants who were lost to follow up in this study during the hospital stays. However, future studies should consider the long-term follow up of neonates both in first year of life and further developmental outcomes. This study did not account for maternal factors such as opioid-naive or opioid-sensitive patients. Patients who are opioid-dependent or have previous exposure to opioids may require increased postoperative oxycodone doses for pain management and therefore may have increased metabolites in their breast milk. Cultural attitudes toward pain management can also influence opioid use, potentially introducing bias or variability in outcomes. Large variability has been seen in morphine pharmacokinetics in terms and preterm infants; however, the clearance of morphine rate has been estimated to increase by approximately 0.9 mL/kg/min per week of gestation. Therefore, it is likely that a higher frequency of adverse events may be seen in premature infants at exposure to similar levels of oxycodone metabolites in breastmilk [25].



In interpreting the observed association between higher maternal opioid consumption and the neonatal composite outcome, confounding by maternal pain severity is likely a contributing factor. Mothers with more severe pain appropriately receive higher opioid doses as part of routine clinical care, so opioid dose is essentially a marker of underlying pain burden rather than an independent exposure assigned at random. Higher opioid requirement may also be indicative of greater maternal distress, breastfeeding difficulties, and maternal mental illnesses such as anxiety and depression. As a result, neonates of mothers with higher pain scores are more likely to be observed for possible sedation, limpness, or respiratory depression, even when the underlying physiology may not differ meaningfully from other infants despite standard clinical care. This pattern introduces both confounding by indication and surveillance bias, and therefore the association between maternal opioid dose and neonatal adverse events should not be interpreted as evidence of a direct causation. Although our multivariable models adjusted for pain severity, mental health illness, and several maternal and obstetric characteristics, residual confounding from unmeasured aspects of breastfeeding dynamics, and severe anxiety or depression is likely to persist.



An additional limitation of this study is the absence of detailed data on breastfeeding patterns and quantification of milk production and feeding. Neonatal opioid exposure via breast milk not only depends on the maternal dose and pharmacogenetic profile, but also on the feeding frequency, the timing of feeds relative to maternal dosing, and the volume and composition of the breast milk produced and ingested. We did not collect standardized information on lactation onset, the degree of breastfeeding versus formula supplementation, the timing of feeds around oxycodone administration, or the maternal factors that may impair milk production. Without these data and maternal blood and breast milk concentrations of opioids, we cannot accurately estimate individual neonatal opioid exposure or examine dose–response relationships of opioid exposure via breast milk intake and neonatal adverse events.



This study was unable to account for all of the genetic polymorphisms that have been identified as being involved in the pharmacokinetics of oxycodone, as well as those that play a role in pain sensitivity, the transport of opioids across the blood–brain barrier, stress or inflammatory markers, or the epigenetic effects of pain and analgesia, especially those involved in pregnancy. For example, the enzyme CYP3A7 is highly expressed in fetal hepatocytes, with levels remaining high in the first week of life. This could be protective against adverse effects of opioids, as it has a higher affinity and maximal velocity than CYP3A4, which is present in adult liver tissues [26]. Furthermore, there are some polymorphisms that show an indirect relationship between opioid-induced side effects and analgesic effects which may imply a more complex genetic process at work [27]. These pharmacogenetics and combinatorial genetics may be interesting points of further studies. In addition, we did not obtain pharmacokinetic measurements of oxycodone or its active metabolite, oxymorphone, in maternal plasma or breast milk, nor did we assay neonatal drug levels. The absence of these exposure data limits our ability to directly link maternal genotype and dose to actual metabolite concentrations and neonatal risk, and therefore our pharmacogenetic findings should be interpreted as hypothesis-generating associations rather than causal evidence.




4.4. Study Strengths and Clinical Implications


The results obtained in this study demonstrate that higher opioid consumption was associated with higher rate of PONV in nursing mothers as well as a higher incidence of neonatal adverse effects. Incorporating pharmacogenetic profiling into routine obstetric care can potentially further identify mothers at heightened risk for PONV and neonatal adverse effects; larger studies with higher numbers of CYP2D6 ultra-rapid and poor metabolizers are needed. Healthcare providers can personalize analgesic strategies to optimize safety and efficacy. Furthermore, reducing adverse effects, decreasing hospital length of stay, and lowering the incidence of opioid use can contribute to cost savings across multiple levels of healthcare. The findings further emphasize the value of multimodal analgesia within ERAS protocols, with opioids used only on an as-needed basis to lower opioid consumption without compromising pain control.



As seen in our results, widespread genotyping of parturient prior to delivery has potentially important implications for both maternal and neonatal outcomes. The clinical feasibility is promising in this population, given their proximity to healthcare and frequency of antenatal appointments, allowing for opportunities for testing and follow-up prior to delivery. The known concern surrounding perioperative pain control in cesarean deliveries may also make this population especially motivated to complete the genetic testing and follow up involved [28].



However, there are many practical limitations, including patient education and genetic counseling, regarding the results, third-party payer coverage, gestational time constraints, and the availability of results to providers at delivery. The involvement of genetic counselors would be helpful in educating patients both before and after testing about the utility and importance of personalized care. Due to evidence of systemic cost-savings, some third-party insurers have been providing coverage for pediatric perioperative CYP2D6 genotyping for prescription of oral opioids. The possibility to extend coverage to other populations may exist as more data continues to show a reduction in adverse events and, therefore, healthcare costs with genotyping prior to treatment across many drug classes [29]. Furthermore, without the ability to obtain genotypic information rapidly, patients undergoing emergency cesarean deliveries would be excluded from the implementation of personalized opioid prescription strategies in the immediate postoperative period.




4.5. Future Directions


Future research should focus on validating these findings in diverse populations at different large medical centers. The development of clinical decision-support tools that integrate pharmacogenetic data could further enhance the precision of pain management strategies, while more cost-reduction analyses could benefit the field by providing coverage incentives for third-party payers. Additionally, exploring potential epigenetic changes in opioid receptors or pain signaling in pregnancy and postpartum period would provide interesting context to opioid use in this population. Although some data suggests that higher neonatal opioid exposure is associated with poor neurodevelopmental outcomes, these studies focused on intravenous opioid use in extremely low-birth-weight infants and those undergoing pediatric cardiac surgery [30,31]. Longitudinal studies examining the long-term impact of neonatal opioid exposure at lower enteral doses are needed to inform evidence-based guidelines for safe opioid use during breastfeeding.





5. Conclusions


In this prospective clinical cohort study conducted under an opioid-sparing ERAS protocol for post-cesarean delivery pain management, no cases of respiratory depression were observed. Use of the lowest effective doses of opioids as needed within an opioid-sparing ERAS protocol may reduce the risk of opioid-related side effects in neonates. Our hypothesis-generating association between maternal CYP2D6 ultra-rapid metabolizer and risk of neonatal side effects warrants further investigation in larger cohorts. Preoperative genotyping may potentially help identify mothers and breastfed neonates at increased risk for opioid-related adverse outcomes if validated in a larger study with higher numbers of CYP2D6 poor and ultra-rapid metabolizers.



The use of multimodal analgesia within ERAS protocols provides an effective framework to reduce opioid consumption while maintaining adequate pain control. These findings advocate for further research to validate pharmacogenetic predictors in larger, multicenter cohorts and to explore non-opioid alternatives to enhance safety during breastfeeding. Longitudinal studies with robust pharmacokinetic measures are also essential to assess the developmental impact of higher neonatal opioid exposure. This hypothesis generating study contributes to the growing body of evidence supporting the need for large and robust precision medicine studies to improve maternal and neonatal outcomes and further advance the safety and efficacy of pain management in nursing mothers.
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Table A1. Maternal and neonatal CYP2D6 metabolizer phenotypes.






Table A1. Maternal and neonatal CYP2D6 metabolizer phenotypes.





	

	
All

n = 190

	
CYP2D6 Metabolizer Phenotype (Maternal)




	
Normal

n = 105 (55.3%)

	
Ultra-Rapid

n = 6 (3.2%)

	
Intermediate

n = 63 (33.2%)

	
Poor

n = 11 (5.8%)

	
Unknown

n = 5 (2.6%)






	
CYP2D6 Metabolizer Phenotype

(Infant)

	
n = 190

	
n = 105

	
n = 6

	
n = 63

	
n = 11

	
n = 5




	
Normal

	
104 (54.7%)

	
74 (70.5%)

	
5 (83.3%)

	
22 (34.9%)

	
0 (0.0%)

	
3 (60.0%)




	
Ultra-rapid

	
5 (2.6%)

	
3 (2.9%)

	
1 (16.7%)

	
1 (1.6%)

	
0 (0.0%)

	
0 (0.0%)




	
Intermediate

	
66 (34.7%)

	
24 (22.9%)

	
0 (0.0%)

	
31 (49.2%)

	
10 (90.9%)

	
1 (20.0%)




	
Poor

	
7 (3.7%)

	
0 (0.0%)

	
0 (0.0%)

	
6 (9.5%)

	
1 (9.1%)

	
0 (0.0%)




	
Unknown

	
8 (4.2%)

	
4 (3.8%)

	
0 (0.0%)

	
3 (4.8%)

	
0 (0.0%)

	
1 (20.0%)











 





Table A2. Maternal clinical outcomes over time.






Table A2. Maternal clinical outcomes over time.













	Variable
	PPD0/PACU

n = 210
	PPD1

n = 210
	PPD2

n = 210
	PPD3

n = 210
	Discharge

n = 210





	Respiratory Depression
	n = 209
	n = 210
	n = 202
	n = 119
	



	Yes
	0 (0%)
	0 (0%)
	0 (0%)
	0 (0%)
	



	PONV
	n = 210
	n = 210
	n = 210
	n = 210
	



	Yes
	23 (11%)
	5 (2%)
	0 (0%)
	0 (0%)
	



	Did the patient take opioids
	n = 210
	n = 210
	n = 209
	n = 206
	



	No
	121 (58%)
	82 (39%)
	76 (36%)
	147 (71%)
	



	Yes
	89 (42%)
	128 (61%)
	133 (64%)
	59 (29%)
	



	In-Hospital Opioid MME (mg) *
	n = 161
	n = 161
	n = 161
	n = 161
	



	Mean (SD)
	8.0 (9.8)
	20.7 (19.2)
	21.9 (19.3)
	7.3 (13.0)
	



	Median (25th:75th)
	7.5 (0.0:15.0)
	15.0 (7.5:30.0)
	15.0 (7.5:30.0)
	0.0 (0.0:7.5)
	



	Min:Max
	0.0:45.0
	0.0:90.0
	0.0:90.0
	0.0:75.0
	



	NRS Pain
	n = 209
	n = 210
	n = 209
	n = 207
	n = 204



	Mean (SD)
	1.7 (2.3)
	3.8 (2.2)
	4.0 (2.0)
	3.3 (1.8)
	3.5 (1.9)



	Median (25th:75th)
	0.0 (0.0:3.0)
	4.0 (2.0:5.0)
	4.0 (3.0:5.0)
	3.0 (2.0:5.0)
	3.0 (2.0:5.0)



	Min:Max
	0.0:10.0
	0.0:10.0
	0.0:10.0
	0.0:8.0
	0.0:9.0



	NRS Pain
	n = 209
	n = 210
	n = 209
	n = 207
	n = 204



	0
	109 (52%)
	18 (9%)
	11 (5%)
	11 (5%)
	11 (5%)



	1
	20 (10%)
	12 (6%)
	2 (1%)
	22 (11%)
	16 (8%)



	2
	22 (11%)
	26 (12%)
	36 (17%)
	38 (18%)
	33 (16%)



	3
	14 (7%)
	44 (21%)
	45 (22%)
	42 (20%)
	50 (25%)



	4
	12 (6%)
	38 (18%)
	33 (16%)
	42 (20%)
	37 (18%)



	5
	15 (7%)
	30 (14%)
	38 (18%)
	23 (11%)
	31 (15%)



	6
	6 (3%)
	16 (8%)
	24 (11%)
	22 (11%)
	15 (7%)



	7
	5 (2%)
	12 (6%)
	9 (4%)
	4 (2%)
	3 (1%)



	8
	4 (2%)
	11 (5%)
	6 (3%)
	3 (1%)
	6 (3%)



	9
	0 (0%)
	1 (0%)
	4 (2%)
	0 (0%)
	2 (1%)



	10
	2 (1%)
	2 (1%)
	1 (0%)
	0 (0%)
	0 (0%)







* In-hospital opioid MME was reported among 161 mothers who had taken any opioids over PPD0–3.
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Figure A1. Clinical outcomes by maternal CYP2D6 metabolizer phenotypes. Percentages of PONV. 
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Figure A2. Clinical outcomes by maternal CYP2D6 metabolizer phenotypes. Percentages of neonatal composite outcomes. 
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Figure A3. Clinical outcomes by maternal CYP2D6 metabolizer phenotypes. Boxplot of average total opioid use over postpartum three days. 
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Table 1. Baseline characteristics by postoperative nausea and vomiting (PONV) over postpartum days 0–3.
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	Variable
	All

n = 210
	No PONV

n = 183
	PONV

n = 27
	p-Value





	Age (years), mean (SD)
	32.1 (4.8)
	32.1 (4.7)
	31.9 (5.1)
	0.73



	Race
	
	
	
	0.025



	     White
	167 (80%)
	150 (82%)
	17 (63%)
	



	     Black
	26 (12%)
	22 (12%)
	4 (15%)
	



	     Asian
	10 (5%)
	6 (3%)
	4 (15%)
	



	     Mixed/Other
	7 (3%)
	5 (3%)
	2 (7%)
	



	Ethnicity—Hispanic or Latino
	11 (5%)
	8 (4%)
	3 (11%)
	0.14



	BMI, mean (SD)
	34.6 (7.3)
	34.4 (7.4)
	35.8 (7.0)
	0.20



	Gravidity
	n = 192
	n = 169
	n = 23
	0.91



	Median (25th:75th)
	2 (2:3)
	2 (2:3)
	2 (1:3)
	



	Parity
	n = 193
	n = 170
	n = 23
	0.28



	Median (25th:75th)
	1 (0:1)
	1 (1:1)
	1 (0:2)
	



	Number of prior cesarean section
	n = 209
	n = 182
	n = 27
	0.10



	Median (25th:75th)
	1 (0:1)
	1 (0:1)
	0 (0:1)
	



	Any surgical history not related to cesarean section
	n = 208
	n = 181
	n = 27
	0.26



	     Yes
	118 (57%)
	100 (55%)
	18 (67%)
	



	Was this a scheduled Cesarean Section?
	n = 202
	n = 177
	n = 25
	0.13



	     Yes
	167 (83%)
	149 (84%)
	18 (72%)
	



	Anesthesia type
	n = 209
	n = 183
	n = 26
	0.87



	     Spinal
	178 (85%)
	157 (86%)
	21 (81%)
	



	     CSE or epidural (de novo)
	6 (3%)
	5 (3%)
	1 (4%)
	



	     Epidural (pre-existing)
	24 (11%)
	20 (11%)
	4 (15%)
	



	     General (primary or converted to GA)
	1 (0%)
	1 (1%)
	0 (0%)
	



	Total Surgery Time, mean (SD)
	52.0 (15.5)
	51.9 (15.7)
	52.9 (14.5)
	0.77



	Any Mental Illness
	118 (56%)
	101 (55%)
	17 (63%)
	0.45



	     Anxiety or depression
	116 (55%)
	100 (55%)
	16 (59%)
	0.65



	     Bipolar disorder
	5 (2%)
	3 (2%)
	2 (7%)
	0.07



	     PTSD
	14 (7%)
	12 (7%)
	2 (7%)
	0.87



	     ADHD
	8 (4%)
	4 (2%)
	4 (15%)
	0.001



	     Other
	6 (3%)
	4 (2%)
	2 (7%)
	0.13



	Maternal CYP2D6 Phenotype
	n = 199
	n = 175
	n = 24
	0.31



	     Normal or Intermediate
	181 (91%)
	161 (92%)
	20 (83%)
	



	     Ultra-rapid
	7 (4%)
	5 (3%)
	2 (8%)
	



	     Poor
	11 (6%)
	9 (5%)
	2 (8%)
	










 





Table 2. Maternal and neonatal clinical outcomes over postpartum days 0–3.






Table 2. Maternal and neonatal clinical outcomes over postpartum days 0–3.









	Variable
	All

n = 210





	Maternal Clinical Outcomes
	n (%) or Mean (SD)



	Respiratory Depression
	0 (0%)



	Any Postoperative Nausea and Vomiting (PONV)
	27 (13%)



	Averaged Pain Score, mean (SD)
	3.2 (1.6)



	Max Pain Score, mean (SD)
	4.9 (1.9)



	In-hospital opioid use after delivery
	161 (77%)



	Total in-hospital opioid consumption in MME (mg), mean (SD)
	44.4 (47.5)



	Prolonged hospitalization (>3 days)
	13 (6%)



	Neonatal Clinical Outcomes
	



	Neonatal Composite Outcome of Opioid Side Effects

(Respiratory depression monitoring, sedation, and limpness)
	28 (13%)



	     Monitoring of Neonatal Respiratory Depression
	8



	     Neonatal Sedation (Any nap > 4 h)
	7



	     Neonatal Limpness (Any limpness > 0)
	15



	Neonatal Extended Length of Stay (>72 h)
	77 (37%)



	Neonates Exhibiting Opioid Withdrawal (Any SOWSS > 4)
	3 (1%)










 





Table 3. Associations between total in-hospital MME and CYP2D6 phenotype on maternal PONV and neonatal composite outcome of opioid side effects (n = 210).






Table 3. Associations between total in-hospital MME and CYP2D6 phenotype on maternal PONV and neonatal composite outcome of opioid side effects (n = 210).





	
Predictors

	
Maternal PONV Outcome




	
n/N (%) PONV

	
Unadjusted

Relative Risk (95%CI)

	
Adjusted *

Relative Risk (95%CI)






	
Total in-hospital MME

	
n = 210

	
p = 0.49

	
p = 0.36




	
0 mg

	
4/49 (8.2%)

	
Reference

	
Reference




	
0–70 mg

	
15/112 (13.4%)

	
1.64 (0.57–4.70)

	
1.89 (0.61–5.85)




	
>70 mg

	
8/49 (16.3%)

	
2.00 (0.64–6.24)

	
2.56 (0.70–9.29)




	
Maternal CYP2D6 Phenotype

	
n = 199

	
p = 0.26

	
p = 0.26




	
Normal or Intermediate

	
20/181 (11.0%)

	
Reference

	
Reference




	
Poor

	
2/11 (18.2%)

	
1.65 (0.44–6.22)

	
1.86 (0.49–7.01)




	
Ultra-rapid

	
2/7 (28.6%)

	
2.62 (0.76–9.04)

	
3.78 (0.65–22.05)




	
Predictors

	
Neonatal composite outcome of opioid side effects

(RD monitoring, sedation, and limpness)




	
n/N (%) composite outcome

	
Unadjusted

Relative Risk (95%CI)

	
Adjusted *

Relative Risk (95%CI)




	
Total in-hospital MME

	
n = 210

	
p = 0.07

	
p = 0.07




	
0 mg

	
3/49 (6.1%)

	
Reference

	
Reference




	
0–70 mg

	
14/112 (12.5%)

	
2.04 (0.61–6.84)

	
1.79 (0.52–6.22)




	
>70 mg

	
11/49 (22.4%)

	
3.67 (1.08–12.44)

	
3.79 (1.01–14.28)




	
Maternal CYP2D6 Phenotype

	
n = 199

	
p = 0.93

	
p = 0.93




	
Normal or Intermediate

	
24/181 (13.3%)

	
Reference

	
Reference




	
Poor

	
1/11 (9.1%)

	
0.69 (0.10–4.66)

	
0.71 (0.11–4.69)




	
Ultra-rapid

	
1/7 (14.3%)

	
1.07 (0.17–6.96)

	
1.14 (0.15–8.50)








* Adjusted models (n = 199) accounted for maternal characteristics including age, non-White race, BMI, any mental illness, and average pain score over three postpartum days.













 





Table 4. Associations between CYP2D6 phenotype and average pain scores with total in-hospital MME (n = 210).






Table 4. Associations between CYP2D6 phenotype and average pain scores with total in-hospital MME (n = 210).





	
Predictors

	
Total In-Hospital Opioid Use in MME (mg)




	
Mean (SD) of

Total MME

	
Unadjusted

Mean Ratio (95%CI)

	
Adjusted *

Mean Ratio (95%CI)






	
Average Pain Score

	

	
p = 0.002

	
p = 0.01




	
0–3

	
31.3 (35.3)

	
Reference

	
Reference




	
4+

	
78.6 (57.3)

	
2.51 (1.42–4.43)

	
2.44 (1.29–4.61)




	
Maternal CYP2D6 Phenotype

	
n = 199

	
p = 0.96

	
p = 0.92




	
Normal or Intermediate

	
43.2 (45.8)

	
Reference

	
Reference




	
Poor

	
51.1 (72.1)

	
1.19 (0.36–3.89)

	
1.09 (0.34–3.50)




	
Ultra-rapid

	
42.9 (44.9)

	
1.03 (0.23–4.61)

	
0.75 (0.17–3.38)








* Adjusted models (n = 199) accounted for maternal characteristics including age, non-White race, BMI, and any mental illness.
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