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Objective: To evaluate the association between cumulative fentanyl dose during neonatal intensive care and 5-year neurodevelopmental and socioemotional outcomes in very preterm infants.

Materials and Methods: Patient demographics and clinical factors during the perinatal and neonatal course were collected in 84 patients born between 23- and 30-weeks gestational age (GA). Cumulative fentanyl dose during neonatal intensive care was calculated. Developmental testing at age 5 years included the Wechsler Preschool and Primary Scale of Intelligence Full-Scale Intelligence Quotient, Third Edition, Clinical Evaluation of Language Fundamentals-Preschool, Second Edition, Movement Assessment Battery for Children, Second Edition (MABC-2), and Shape School Assessment. Socioemotional outcomes were assessed via caregiver's responses on the Child Behavior Checklist/1.5-5 (CBCL/1.5-5.5) and Social Responsiveness Scale, Second Edition (SRS-2). Covariates were identified on bivariate analysis (p < 0.1). Linear regression models related outcome measures to the log of cumulative fentanyl dose adjusted for covariates.

Results: Higher cumulative fentanyl dose was associated with lower composite motor scores on bivariate analysis (p < 0.01). Cumulative fentanyl dose did not correlate with composite intelligence quotient, language, or executive function. The Clinical Risk Index for Babies score, log of mechanical ventilation, inotrope, and anesthesia duration, and log of cumulative midazolam and hydrocortisone dose were also associated with MABC-2 scores (p < 0.1). Cumulative fentanyl dose was not associated with composite MABC-2 scores on multiple linear regression. Higher cumulative fentanyl dose was associated with decreased socioemotional problems based on caregiver's response on CBCL/1.5-5.5 t-scores driven by fewer symptoms of depression. The McMaster Family Assessment Device general functioning scale score, maternal age, GA, log of total parenteral nutrition days, patent ductus arteriosus requiring treatment, and log of inotrope hours were also associated with CBCL/1.5-5.5 t-scores (p < 0.1). Cumulative fentanyl dose (p = 0.039) and family dysfunction score (p = 0.002) remained significant after controlling for covariates on multiple linear regression.

Conclusion: Cumulative fentanyl dose during neonatal intensive care did not correlate with 5-year motor, cognitive, or language outcomes after controlling for other variables. Fentanyl dose was associated with caregiver reported total socioemotional problems on the CBCL/1.5-5.5 on multivariate modeling. Additional long-term studies are needed to fully elucidate the safety of fentanyl in very preterm neonates.
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INTRODUCTION

Very preterm infants are uniquely susceptible to the sensation of pain due to immature descending pain modulatory pathways in comparison to more mature ascending pain perception pathways (1). Neonatal stressors, including acute pain with inadequate analgesia, have been associated with an increased risk of brain injury including intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), and neuronal apoptosis (2, 3). Further, untreated pain in very preterm infants has been associated with reduced parietal brain volume and functional connectivity in the temporal lobes and poorer neurobehavioral outcomes at term equivalent (4). Pain-related stress in very preterm infants has also been associated with alterations in white matter microstructure, reduced cerebellar volume, and poorer cognitive outcomes at school age follow-up (5, 6). Opioids are often utilized prior to painful procedures and during prolonged mechanical ventilation in very preterm infants (7, 8). However, there are significant safety concerns regarding the use of opioids and their negative impact on the immature nervous system with resultant adverse short- and long-term neurodevelopmental outcomes (9).

Morphine is a natural opioid; its administration has been associated with clinically significant hypotension in very preterm infants, which may contribute to an increased risk of cerebral ischemia resulting in IVH and PVL. Large randomized controlled trials have assessed the short- and long-term neurological outcomes of morphine administration in mechanically ventilated very preterm infants reporting subtle and mixed long-term outcomes (9–12). In other observational studies, generally lower doses of morphine have been reported to be relatively safe (12–14), while higher cumulative doses appear to be associated with reduced cerebellar volume at term equivalent age and impaired motor development, cognitive function, and increased caregiver reported social problems (15, 16).

Fentanyl is a synthetic opioid that is hypothesized to have a lesser propensity for hypotension in very preterm infants (17, 18). Fentanyl use in the neonatal intensive care unit (NICU) is much more commonly reported compared to morphine, despite much more limited literature evaluating its pharmacokinetics and short- and long-term outcomes (7, 8). Small randomized controlled trials have shown that mechanically ventilated very preterm infants receiving continuous fentanyl infusions had reduced stress response with no difference in the incidence of IVH or PVL (19–21). However, a retrospective study of our cohort associated cumulative fentanyl dose during NICU care with an increased risk of cerebellar hemorrhage and a dose-dependent reduction in cerebellar diameter on magnetic resonance imaging (MRI) (22).

Preclinical models utilizing neonatal mice have demonstrated that prolonged opioid exposure significantly reduces brain volume with long-term consequences including motor delays (23). Long-term neurodevelopmental outcomes evaluating the safety of fentanyl in premature human infants are sparse, reporting only at 9 months and 2 years of age (22, 24, 25). No associations with socioemotional outcomes have been reported in relation to fentanyl exposure in the very preterm infant. It has been shown in very preterm infants that motor delays are also associated with reduced attention and lower social competence as early as 2 years of age with persistence to school age (26). Therefore, we assessed neurodevelopmental and socioemotional outcomes at 5 years of age in an observational cohort exposed to open-label fentanyl to assist in defining the long-term impact of cumulative fentanyl dose in very preterm infants. We hypothesized, based on our earlier observation in this cohort of a negative impact on cerebellar hemorrhage and growth, that cumulative fentanyl dose would be associated with neurodevelopmental delays and socioemotional problems.



MATERIALS AND METHODS

This observational cohort study included very preterm infants born between 23- and 30-weeks gestational age (GA) that were enrolled at birth following admission to the NICU at St. Louis Children's Hospital between April 2007 and June 2010. Infants with known congenital anomalies, cardiorespiratory failure (>80% FiO2 for 6 h and/or ≥2 inotropic drugs), or severe IVH (Grade III and IV) in the first 24 h of life were excluded. Cumulative doses of all analgesia and sedatives from birth until term equivalent age or prior to NICU discharge were collected from the electronic medication administration records. Patient demographics (sex, GA, birth weight), perinatal course [antenatal steroids, 5-min APGAR score, Clinical Risk Index for Babies (CRIB) score at birth (27)], and neonatal course [duration of total parenteral nutrition (TPN), ventilation, and inotropes, and cumulative doses of hydrocortisone and dexamethasone] were also collected. At the 5-year follow-up, social risk [an index based upon maternal age at delivery (<18 years), no high school qualification, single parent, African American race/ethnicity as a proxy for systemic and individual experiences of racial discrimination, and public health insurance], income-to-needs ratio, and the General Functioning scale score of the McMaster Family Assessment Device (higher scores indicate unhealthy functioning) were also collected to assess the socioeconomic and family environment (28, 29). Approval for ethical study conduct was obtained by the Washington University in St. Louis Institutional Review Board.


Follow-Up Assessment at Age Five Years

Participants underwent developmental assessments of cognition, language, motor skills, and executive function at 5 years of age conducted by highly experienced psychometricians at the Washington University Intellectual and Developmental Disabilities Research Center. Child socioemotional problems were assessed through questionnaires completed by the child's primary caregiver. Contact with families of all surviving children was attempted, regardless of participation in the 2-year follow-up wave of this longitudinal study. The Wechsler Preschool and Primary Scale of Intelligence Full-Scale Intelligence Quotient, Third Edition (WPPSI-III) was used to assess cognition (30). The Clinical Evaluation of Language Fundamentals-Preschool, Second Edition (CELF-P2) was used to assess core language (31). The Movement Assessment Battery for Children, Second Edition (MABC-2) was used to assess fine and gross motor function (32). These valid and reliable neurodevelopmental tests have been used to identify intellectual, language, and motor delays in childhood (33–35). The Shape School Task was used to evaluate executive function. Efficiency scores (correct-errors/time) for the set shifting, cognitive inhibition, and inhibition-shifting switch conditions were recorded (36). The Shape School correlates with other neuropsychological measures of attention/executive function (37) and has been used in samples of very preterm children (38, 39). The primary caregiver of the child completed the Child Behavior Checklist/1.5-5 (CBCL/1.5-5.5) and the Social Responsiveness Scale-2 (SRS-2) questionnaires to assess socioemotional outcomes and autistic traits, respectively (40, 41). Mood/affective problems, somatic complaints, and social withdrawal were assessed on the Internalizing scale of the CBCL/1.5-5 assessment. Inattention/hyperactivity as well as aggressive behavior were evaluated via the Externalizing scale of the CBCL/1.5-5 assessment. The SRS-2 Total t-score is comprised of two subscales, the Social Communication and Interaction t-score which assesses social-communication problems and the Restricted and Repetitive Behaviors (RBR) t-score which assesses autistic mannerisms. Both the CBCL and SRS demonstrate excellent test re-test reliability, internal consistency, and predictive validity for psychiatric disorders in youth (42, 43).



Statistical Analysis

Statistical analyses were performed in SPSS 25 (SPSS, Inc., Chicago, Illinois). Variables with skewed distribution were log transformed for statistical analysis. Association between log of cumulative fentanyl dose during the NICU stay and neurodevelopmental and socioemotional outcomes were assessed using linear regression models. The composite scores from the WPPSI-III, CELF-P2, and MABC-2 were used to assess cognitive, motor, and language outcomes, respectively. The CBCL/1.5-5.5 and SRS-2 were assessed as both composite and subscale scores. The Shape School Task was assessed via subscale scores. Potential covariates [maternal age, antenatal steroids, GA, birthweight, sex, 5-min APGAR score, CRIB score, log ventilation days, log TPN days, patent ductus arteriosus (PDA) requiring treatment, necrotizing enterocolitis, retinopathy of prematurity, chronic lung disease, IVH on cranial ultrasound using the Volpe grading system (44), PVL on cranial ultrasound, cerebellar hemorrhage on MRI (45), cerebellar diameter on MRI, log anesthesia hours, log inotrope hours, log morphine dose, log midazolam dose, log dexamethasone dose, log hydrocortisone dose, social risk composite, income to needs ratio, and McMaster Family Assessment Device general functioning scale score] for outcomes were identified on bivariate analysis. A p < 0.1 was used to identify potential covariates on bivariate analysis to more comprehensively assess the complement of factors that may contribute to neurodevelopmental and socioemotional outcomes in very preterm infants. Multivariate linear regression models were utilized to relate outcome measures to the log of cumulative fentanyl dose, after adjusting for potential covariates with p < 0.05 utilized to identify significant associations. For multivariate models, collinearity diagnostics were reviewed and all variance inflation factor (VIF) and tolerance values were found to be within or close to the acceptable range (VIF <5).




RESULTS


Clinical and Social Background Characteristics

Eighty-four patients (80% of survivors in the overall cohort) were assessed at 5-year follow-up between August 2012 and March 2016 (Figure 1). Patients that were lost to follow-up were statistically more likely to be African American, had mothers with a younger age at delivery, and were more likely to be exposed to marijuana prenatally. They were also less likely to have private insurance and to have received antenatal steroids. Patient demographics, clinical outcomes, incidence of brain injury, medication exposure, and socioeconomic variables are presented in Table 1. Twenty-one patients (25%) did not receive any analgesia or sedative medications before term equivalent age or NICU discharge. The majority of patients that did receive analgesia or sedation were exposed to fentanyl; 62 patients (73.8%) were exposed prior to term equivalent age [median cumulative dose from birth to term equivalent age 1.9 mcg/kg, interquartile range (IQR) 0-307 mcg/kg, range 1-3,900 mcg/kg] (Table 1). Twelve infants (14.3%) received morphine; 4 patients (4.7%) received a total cumulative dose of >1 mg/kg; 11 infants (91.7%) were also exposed to fentanyl. Fifteen infants (17.9%) received midazolam; 5 patients (5.9%) received a total cumulative dose >1 mg/kg; 15 infants (100%) were also exposed to fentanyl.
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FIGURE 1. Subject selection and follow-up. One hundred and thirty-six infants were admitted to St. Louis Children's Hospital born between gestational ages ≥23 to ≤30 weeks. Twenty-nine infants did not undergo MRI scan at term equivalent; 20 died, 7 withdrew, 1 transferred, and 1 parent refused the MRI. One hundred and seven infants underwent MRI at term equivalent and completed neurobehavioral testing. Twenty infants did not undergo 2-year developmental assessment; 12 were not able to be contacted, 4 were non-compliant, 2 died, and 2 withdrew. Eighty-seven infants underwent 2-year development assessment. Nine infants did not undergo 5-year developmental assessment; 4 were not able to be contacted, 4 were non-compliant, and 1 withdrew. Six infants re-engaged at the 5-year assessment; 4 were previously not able to be contacted and 2 were previously non-compliant. Eighty-four infants were evaluated at 5 years for developmental assessment.



Table 1. Characteristic of infants who underwent assessment at 5-years of age.
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Neurodevelopmental Outcomes

Cognitive, language, and executive function testing were completed in all patients who returned for follow-up (Figure 1). Regarding the motor function assessment, 8 patients were unable to complete testing (7 patients) or were uncooperative (1 patient) (28). Cumulative fentanyl dose did not correlate with full-scale intelligence quotient, language, or executive function scores (Table 2). Higher cumulative fentanyl dose was associated with lower composite MABC-2 scores on bivariate analysis (Table 2). On bivariate analysis, CRIB score, GA, birth weight, log of ventilation days, log of inotrope and anesthesia hours, and log of cumulative midazolam and hydrocortisone dose were also independently associated with reduced composite MABC-2 scores (p < 0.1) (Supplementary Table 1). Birth weight and GA are components in the CRIB score, so they were excluded as covariates in the multiple regression model. However, similar associations were found on multivariate analysis when using birth weight and GA in place of CRIB score. Cumulative fentanyl dose was not associated with composite MABC-2 scores on multiple linear regression after adjusting for all covariate factors (Table 3).


Table 2. Composite neurodevelopmental outcomes in relation to log of cumulative fentanyl dose on bivariate linear regression.
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Table 3. Multivariate regression analysis of MABC-2 Total t-score.
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Socioemotional Outcomes

Socioemotional outcomes were obtained for 79 children (1 caregiver had limited English proficiency, 4 caregivers did not complete the questionnaire). Cumulative fentanyl dose did not correlate with autistic traits on the SRS-2 t-score, or either subscale including the Social Communication and Interaction t-score and RBR t-score. Cumulative fentanyl dose was associated with total socioemotional problems on caregiver reported CBCL/1.5-5 t-scores, driven primarily by higher levels of depressive symptoms in patients with low or no fentanyl exposure (Table 2; Supplementary Table 2; Supplementary Figure 1). Additionally, on bivariate analysis, the McMaster Family Assessment Device general functioning scale score, maternal age, GA, log of TPN days, PDA requiring treatment, and log of inotrope hours were also associated with total CBCL/1.5-5.5 scores (Supplementary Table 3). On multivariate analysis, the log of cumulative fentanyl dose and family dysfunction maintained significance after adjusting for all other covariate factors (Table 4).


Table 4. Multivariate regression analysis of CBCL/1.5-5.5 Total Problems t-score.
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DISCUSSION

This is the first report of a cohort of very preterm children evaluating the association between cumulative neonatal fentanyl dose and neurodevelopmental and socioemotional outcomes at early school age. At 5 years of age in our cohort, cumulative fentanyl dose during NICU care was associated with motor delays on bivariate linear regression, but significance was not maintained on multivariate analysis. No other neurodevelopmental outcomes were associated with cumulative fentanyl dose. Cumulative fentanyl dose and family dysfunction were associated with total socioemotional problems via caregiver report on the CBCL/1.5-5.5, which remained significant after adjusting for covariate factors.

While inadequate analgesia in very preterm infants may have neurological consequences, opioids used to treat pain are not without risk. Opioid exposure during neonatal intensive care of very preterm infants has been associated with reduced brain growth and impaired long-term developmental outcomes. One previous study has reported a negative impact of morphine infusion during invasive mechanical ventilation on neurological outcomes at 8–9 years of age (14). Preclinical trials have shown that opioids can halt cellular proliferation and trigger apoptosis, with a particular affinity for Purkinje cells in the cerebellum (46, 47). This underlying pathophysiology is consistent with prior work from our group demonstrating an association between cumulative fentanyl dose and reduction in cerebellar diameter and increased risk of cerebellar hemorrhage in this patient cohort at term equivalent age (22). The cerebellum plays a key role in coordination, motor learning, and balance (48). Given the function of the cerebellum, an association of cumulative neonatal fentanyl dose and altered motor function at 5 years is plausible. Growing evidence has also recognized the role of the cerebellum in important non-motor functions. Impaired cerebellar development and cerebellar hemorrhagic injury in very preterm infants has been associated with altered social-behavioral, cognitive, executive function, and language development (49–51).

Long-term follow-up of motor performance is vital in cohorts of children born prematurely. Motor performance assessments have been validated in the first 2 years of life, but task performance can be affected by unintentional or abnormal motor signs commonly observed in very preterm infants in this age range. Furthermore, transient early dystonia may not preclude the development of typical long-term motor function in premature children (52). In this cohort, cumulative fentanyl exposure was not associated with motor outcomes at 2 years of age measured via the Bayley Scales of Infant and Toddler Development, Third Edition (22). Despite the longer time to follow-up, we had a similar number of participants at the 2-year timepoint for this cohort and for other studies where assessments were performed at 9 months and 2-years (22, 24, 25). In other cohorts of very preterm children, motor function was normal at 5 years in ~60% of infants born at a GA of ≤ 32 weeks (53, 54). In contrast, the rate of motor delay in our cohort was higher than this average, with less than half of patients having normal motor function at 5 years of age (28).

Cumulative fentanyl dose during the NICU stay was associated with motor delays in a dose-dependent manner on bivariate linear regression at 5 years of age in our cohort. However, it is important to understand the limitations of the observational nature of this study with the implicit challenges of the co-associations with cumulative fentanyl dose that may have neurological impact. This was apparent when the bivariate findings did not remain significant following adjustment for the many other covariates. On multiple linear regression accounting for the effects of identified covariates, the association between cumulative fentanyl dose and reduced composite MABC-2 scores was attenuated. In fact, no additional covariate factors that were associated with reduced composite MABC-2 scores in bivariate analyses maintained statistical significance in multiple linear regression analysis. These findings highlight the multifactorial and complex processes, that are often co-bedded, underlying neurodevelopmental outcomes in very preterm infants. Our findings are consistent with the current literature regarding neonatal fentanyl exposure and long-term neurodevelopmental outcomes (22, 24, 25). The null findings in our study support the hypothesis that fentanyl has the potential to impact long-term motor outcome, but exposure to even high doses may not independently modulate risk of impairment.

Cumulative fentanyl dose was independently associated with decreased socioemotional problems via caregiver report on the CBCL/1.5-5.5, and this finding persisted after adjusting for covariate factors. Very preterm infants are at a greater risk of developing socioemotional problems compared to term born infants, particularly in the domains of inattention-hyperactivity, anxiety, emotional disturbance, and social difficulties (55). Morphine exposure and painful NICU procedures in the absence of analgesia have been reported to be associated with increased parental reports of behavioral problems (16, 56). Our findings confirm a high risk of depression in survivors of neonatal intensive care; however, fentanyl does not appear to be a driver of this risk. Post-discharge environmental influences on the risk for developing later socioemotional problems in very preterm infants have been more extensively studied than the impact of cumulative fentanyl dose. Positive parental relations, such as greater sensitivity and non-hostility, and lower reports of parenteral stress have been associated with reduced internalizing behaviors in very preterm infants at 18 months corrected age (57). Conversely, controlling parenting styles, maternal depression, and reduced perception of family coherence have been associated with increased risk of emotional-behavioral problems (58, 59). While it is a unique finding that fentanyl was associated with decreased caregiver reported socioemotional problems, the impact of family dysfunction on socioemotional problems at 5 years of age is also notable.

Cumulative fentanyl dose was not independently associated with full scale intelligence quotients, language ability, or executive function skills at 5 years in our cohort which is consistent with previous findings (22, 24, 25). Despite the lack of adverse neurodevelopmental findings of our study, it must be acknowledged that this cohort was exposed to high cumulative doses of fentanyl throughout their neonatal course in comparison to other very preterm cohorts (24, 25). More recent literature regarding the pharmacokinetics of fentanyl in very preterm infants has emerged (60). Based on these pharmacokinetic models, the initial dosing strategy for continuous infusions in our cohort likely resulted in supratherapeutic fentanyl concentrations. Although our findings suggested that higher cumulative fentanyl dose was not independently associated with adverse long-term neurodevelopmental effects, these findings should not be interpreted as establishing a safe cumulative dose of fentanyl in very preterm infants. Further investigation of safe dosing requires prospective evaluation utilizing appropriate dosing based on robust pharmacokinetic studies.

Our study is limited by its observational nature and relatively small size. Additionally, we recognize that current pain management protocols in the NICU have evolved since the time in which patients were enrolled, which may limit the generalizability of our findings. While we were able to detect correlations, we cannot directly attribute cumulative fentanyl dose causatively to our findings. We acknowledge that pain scores were not collected as part of routine clinical care in our NICU at the time of fentanyl administration, so we are unable to assess the appropriateness of fentanyl administration in the setting of pain. Furthermore, cumulative fentanyl dose may have been a surrogate marker for the severity of illness and could be confounded by indication. Therefore, we do not feel the results of our study should encourage or discourage utilization of fentanyl in clinical practice and refer readers to previous topical reviews (61). Our patient population was also at risk for bias based on the ability of participants to follow-up, although our follow-up rates are high compared to many other similar longitudinal cohort studies.



CONCLUSION

Cumulative fentanyl dose at term corrected age did not correlate with 5-year neurodevelopmental outcomes when adjusting for other variables. Cumulative fentanyl dose and family dysfunction were associated with caregiver reports of socioemotional problems on composite CBCL/1.5-5 Total Problem scores, which persisted after adjusting for covariate factors. Large, prospective studies and/or randomized controlled trials of analgesic and sedative exposure with long-term follow-up are warranted to better understand the safety of analgesia in very preterm infants.
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The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpain.2022.836705/full#supplementary-material

Supplementary Figure 1. Log of cumulative Fentanyl Dose in Relation to CBCL/1-1.5 Affective Problems T-score. Center line represents fitted least-squares regression line. CBCL/1-1.5, Child Behavior Checklist/1.5-5.

Supplementary Table 1. All variables evaluated on bivariate analysis in association with MABC-2 Total t-score. CBH, cerebellar hemorrhage; CRIB, Clinical Risk Index for Babies; IVH, intraventricular hemorrhage; MRI, magnetic resonance image; PDA, patent ductus arteriosus; PVL, periventricular leukomalacia; TPN, total parenteral nutrition.

Supplementary Table 2. All CBCL/1.5-5 subscale T-scores in relation to log of cumulative fentanyl dose on bivariate linear regression. ADHD, Attention-deficit/hyperactivity disorder.

Supplementary Table 3. All variables evaluated on bivariate analysis in association with CBCL/1.5-5 Total Problems t-score. CBH, cerebellar hemorrhage; CRIB, Clinical Risk Index for Babies; IVH, intraventricular hemorrhage; MRI, magnetic resonance image; PDA, patent ductus arteriosus; PVL, periventricular leukomalacia; TPN, total parenteral nutrition.
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