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Abstract

Background: The impact of prenatal opioid exposure on brain development remains poorly 

understood.

Methods: We conducted a prospective study of term-born infants with and without prenatal 

opioid exposure. Structural brain MRI was performed between 40–48 weeks postmenstrual age. 

T2-weighted images were processed using the Developing Human Connectome Project structural 

pipeline. We compared 63 relative regional brain volumes between groups.

Results: Twenty-nine infants with prenatal opioid exposure and 42 unexposed controls were 

included. The groups had similar demographics, except exposed infants had lower birth weights, 

more maternal smoking and maternal Hepatitis C, fewer mothers with a college degree, and 

were more likely non-Hispanic White. After controlling for sex, postmenstrual age at scan, 

birth weight, and maternal education, exposed infants had significantly smaller relative volumes 

of the deep gray matter, bilateral thalamic ventrolateral nuclei, bilateral insular white matter, 
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bilateral subthalamic nuclei, brainstem, and cerebrospinal fluid. Exposed infants had larger relative 

volumes of the right cingulate gyrus white matter and left occipital lobe white matter.

Conclusion: Infants with prenatal opioid exposure had smaller brain volumes in multiple regions 

compared to controls, with two regions larger in the opioid-exposed group. Further research 

should focus on the relative contributions of maternal opioids and other exposures.

Introduction

The United States is in the midst of an opioid epidemic, with one infant born exposed 

to opioids every 15 minutes(1). Opioids cross the placenta and the blood brain barrier(2, 

3), but the effects of prenatal opioid exposure on the brain remain poorly characterized. 

Prenatal opioid exposure has been associated with adverse behavioral and developmental 

outcomes(4, 5), but it is unclear whether the association is due to direct effects of opioids on 

the brain and/or to other confounding factors such as polysubstance use, maternal stress, or 

parenting.

Animal studies have consistently shown negative effects of prenatal opioids on the 

brain. In experimental models, prenatal exposure to buprenorphine or methadone affects 

neurotransmitter biosynthesis(6), neurogenesis(7), and myelination(8, 9). In vitro studies in 

human cells have shown that morphine increases apoptosis in human fetal microglia and 

neurons(10), suggesting that these animal studies may be applicable to humans. In adult 

humans, adverse changes in regional brain volumes are seen after even short-term opioid 

exposure(11, 12). Volumetric studies in older children and adolescents have also shown 

smaller brain volumes in multiple regions in opioid(13) and polysubstance(14) exposed 

children. Studies in older children may be confounded by the multiple experiences opioid­

exposed children have during infancy and childhood, including adverse home environments 

and other stressors. Only one previous study has evaluated brain volumes in infants(15). This 

pilot study found significantly smaller whole brain and basal ganglia volumes and larger 

lateral ventricular volumes in opioid-exposed infants compared to population means, but no 

control group was used.

Given the paucity of literature on this topic, additional studies evaluating the effects of 

prenatal opioid exposure on early brain development are warranted. The objective of our 

current study was to compare regional brain volumes in term-born infants <8 weeks of age 

with prenatal opioid exposure and age-matched unexposed controls.

Methods

Subjects

Infants born at >37 weeks gestation with prenatal opioid exposure and no other medical 

problems were recruited from Cincinnati-area birth hospitals or from the Opioid Exposed 

Clinic or Neonatal Abstinence Syndrome Clinic at Cincinnati Children’s Hospital. Infants 

were screened for inclusion/exclusion criteria by trained research coordinators and eligible 

infants were approached for participation. Healthy control infants born at >37 weeks 

gestation were recruited from the same birth hospitals, from the Pediatric Primary Care 

clinic at Cincinnati Children’s using a study flyer in their newborn care packet, or through 
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our Office of Clinical and Translational Research using flyers posted around the hospital 

and on the website. Infants were recruited between April 2018 and October 2019. Infants 

with known chromosomal or congenital anomalies, Apgar score at 5 minutes of <7, any 

requirement for positive pressure ventilation after birth, and any head trauma were excluded 

from both groups. Opioid exposure was determined by maternal urine toxicology screen at 

the time of delivery and confirmed with neonatal toxicology screen (meconium or umbilical 

cord). Lack of opioid or other drug exposure in controls was confirmed by maternal urine 

toxicology screen at the time of delivery, which is standard clinical practice in our region. 

Additional information about drug exposure was collected by review of infant medical 

records and by maternal questionnaire at the time of MRI. Neonatal abstinence syndrome 

(NAS) was defined as clinically prescribed treatment with opioid replacement medication 

after birth. Pregnancy and birth history were collected by review of infant medical records. 

Information about maternal socioeconomic status (education, employment, income) and race 

was collected by maternal questionnaire at the time of MRI. This study was approved by 

the Institutional Review Boards at Cincinnati Children’s Hospital, University of Cincinnati 

Medical Center, Good Samaritan Hospital, and St. Elizabeth Hospital. Written informed 

consent was obtained from a parent or guardian prior to any study procedures.

Imaging methods

Infants were scanned between 40 and 48 weeks postmenstrual age during sleep with no 

sedation. Infants were fed, swaddled, fitted with ear protection, placed in the Med-Vac 

vacuum bag, and moved into the scanner bore. All infants were scanned on the same Philips 

3T Ingenia scanner in the Imaging Research Center at Cincinnati Children’s Hospital using 

a 32 channel receive head coil. Structural MR imaging included a sagittal magnetization 

prepared inversion recovery 3D T1-weighted gradient echo sequence (shot interval = 2300 

milliseconds, repetition time = 7.6 milliseconds, echo time = 3.6 milliseconds, inversion 

time = 1100 milliseconds, flip angle = 11°, voxel size 1mm × 1mm × 1mm, acceleration 

(SENSE) = 1 in plane and 2.0 through plane (slice) phase encode, scan time 3 minutes 

6 seconds) and an axial 2D T2-weighted fast spin echo sequence (repetition time = 19100–

19500 milliseconds, echo time = 166 milliseconds, voxel size 1mm × 1.11mm × 1mm, 

acceleration (SENSE) = 1.5/in plane phase encode, scan time 3 minutes 50 seconds).

MRI processing

T2-weighted images were processed using the developing Human Connectome Project 

(dHCP) pipeline(16, 17). The dHCP pipeline automatically performs cortical and sub­

cortical volume segmentation, resulting in 87 segmentations and 5 combined regions. All 

tissue segmentations were visually inspected for accuracy. A representative segmentation is 

shown in Figure 1. The “deep gray matter” segmentation includes the thalamus, subthalamic 

nucleus, caudate, lentiform, and intracranial background (Antonios Makropoulos, personal 

communication, March 2020).

Statistical analysis

All statistical analysis was performed in STATA 16.0 (Stata Corp., College Station, TX). For 

the purposes of this analyses, we excluded the subsegmentations (e.g., the anterior/posterior 

parts of structures) and instead included only the “merged regions”. We also excluded the 
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“gyri parahippocampalis et ambiens”, which is a very small brain region that in our prior 

work has likely shown spurious associations(18). We thus analyzed volume differences in 

58 regions of the brain and 5 combined regions (supplementary Table 1). Relative regional 

volumes were used for all analyses (i.e., the volume of the region divided by the total 

volume of brain tissue).

Descriptive statistics for the two groups (opioid-exposed and controls) were computed. 

Groups were compared using two-sided t-tests for continuous variables and Fisher’s exact 

test for categorical variables. We compared regional brain volumes between the two groups 

by performing a multivariable linear regression which allowed us to control for the potential 

confounding effects of infant sex, postmenstrual age (PMA) at scan, birth weight, and 

maternal education for each of the 63 regions. Since birth weight and maternal education 

were found to be significantly different between the opioid and unexposed groups, these 

were also included in the regression model as covariates. We performed a sensitivity analysis 

removing birth weight from the model, and results were unchanged. Sex and PMA at scan 

were not significantly different between groups; however, since even small group differences 

in these variables can affect brain development and volumes, we opted to control for them 

in the model. We did not include maternal Hepatitis C and maternal smoking in the model 

due to no Hepatitis C and very little smoking in the control group. We also performed a 

sensitivity analysis including only infants who were exposed only to opioids and not other 

substances. Correction for multiple comparisons was not performed given the preliminary 

nature of this study(19). All significance is reported at p<0.05.

Results

Twenty-nine infants with prenatal opioid exposure and 42 controls with no opioid or other 

drug exposure were recruited for the study. All scans were successfully processed with the 

dHCP pipeline and included in the analysis. As shown in Table 1, infants with prenatal 

opioid exposure and unexposed controls had comparable baseline characteristics, except 

opioid-exposed infants had smaller birth weights, increased rates of maternal smoking 

and maternal Hepatitis C, fewer mothers with a college degree, and were more likely 

non-Hispanic White. None of the infants in either group had known alcohol exposure 

during pregnancy, although one mother in each group endorsed drinking alcohol in the first 

trimester before the pregnancy was known. In the opioid-exposed group, 4/29 infants had 

additional exposures: 2 infants to THC only, one infant to THC and cocaine, and one infant 

to cocaine and methamphetamines.

Infants with prenatal opioid exposure had decreased relative volumes of the deep gray 

matter, bilateral ventrolateral nuclei of thalamus, bilateral subthalamic nuclei, bilateral 

insular white matter, brainstem, and cerebrospinal fluid (CSF), after adjustment for sex, 

PMA at MRI, birth weight, and maternal education (Table 2, Figure 2). Infants with prenatal 

opioid exposure had increased relative brain volumes of the white matter of the right 

cingulate gyrus and white matter of the left occipital lobe. Sensitivity analysis removing 

the 4 infants with additional exposures besides opioids resulted in 4 regions (overall deep 

gray, L insular white matter, and bilateral subthalamic nuclei) no longer being significantly 

different, with p values of 0.09, 0.09, 0.09, and 0.06, respectively. Although all analysis were 
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conducted using relative volumes, for ease of interpretation we presented volumes in mm3. 

This was accomplished by multiplying the least squares means and corresponding values 

obtained from the relative volume analysis by the average brain volume of the groups.

Discussion

We found that infants with prenatal opioid exposure had smaller overall deep gray matter, 

thalamus, subthalamic nucleus, insular white matter, brainstem, and CSF volumes compared 

to unexposed infants, but larger volumes of white matter in the right cingulate gyrus and left 

occipital lobe. This study builds on previous literature in opioid and polysubstance-exposed 

infants and children showing smaller regional brain volumes in exposed children compared 

with controls, with significant overlap in regions found in previous literature.

Opioids are known to cross the human placenta and the blood-brain barrier(2). Opioid 

exposure could potentially change brain volumes through direct neurotoxicity or indirect 

vascular or metabolic effects(20, 21). Smaller gray matter volumes could be explained 

by decreased neurogenesis, increased apoptosis, or decreased density. Opioids induce 

neuronal apoptosis in animal models(22, 23) and human fetal neurons(10). Opioids decrease 

neurogenesis(7, 24) and decrease dendritic spine density, both of which could explain 

smaller brain volumes(25, 26). Smaller white matter volumes could be explained by altered 

microglia(27) and decreased myelin production(9, 27) or Wallerian degeneration after 

damage to gray matter(28). However, larger white matter volumes could also be pathologic, 

reflecting inappropriate pruning or increased connections in pathways related to stress(29, 

30).

Few volumetric studies have been performed on children exposed to opioids in utero. 

A small study of 16 newborns with prenatal opioid exposure showed smaller whole 

brain and basal ganglia volumes compared to population norms, but no control group 

was used(15). Another study in 16 opioid-exposed children aged 10–14 years showed 

smaller volumes of basal ganglia, thalamus, and cerebellar white matter when compared to 

matched controls(13). A third small study in 14 children with prenatal substance exposure 

(10 exposed to opioids) and 14 controls found reduced regional volumes of multiple 

areas, including the cortex, amygdala, accumbens, putamen, pallidum, brainstem, and 

cerebellum in the substance-exposed group(14). Other studies in infants and children with 

prenatal opioid exposure have found differences in white matter microstructure(31, 32) and 

reductions in head circumference(33–35). We did not find differences in head circumference 

or overall brain volume in infants in our study.

We found that the ventrolateral thalami, subthalamic nuclei, and overall deep gray matter 

were smaller in infants exposed to opioids. The thalamus is an important structure in 

drug addiction(36). The ventrolateral thalami are integral structures in the dopaminergic 

reward circuit(37). Smaller thalamic gray matter volumes have been found for subjects 

using various substances, including alcohol, cocaine, nicotine, methamphetamine, opioids, 

and cannabinoids(36). The thalamus had lower glucose metabolism on PET scanning in 

adult subjects with opioid dependence than healthy controls(38). However, a meta-analysis 

of imaging gray matter abnormalities in opioid-dependent adults did not find significant 
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decreases in thalamic volumes(39). The subthalamic nucleus is part of the dopamine-rich 

basal ganglia, which play a role in addiction(40). The basal ganglia are smaller in children 

with prenatal substance exposure in multiple studies(13–15).

Brainstem volumes were also smaller in opioid-exposed infants. The brainstem is rich in 

opioid receptors, particularly in the ventral tegmental area of the midbrain(41). One small 

study of children exposed to opioids and other substances in utero also found the brainstem 

to be smaller compared with controls(14).

We found smaller insular white matter bilaterally in infants exposed to opioids. The insula is 

thought to be essential in drug addiction(42) as it acts as a hub for many regions relevant to 

substance use(39). In both animal studies(43) and studies of adult tobacco users(44), lesions 

of the insula appear to eliminate addiction to smoking. Decreased gray matter has been 

found in the insula of adult opioid users(12, 45, 46), including adults with chronic back pain 

randomized to 1 month of oral morphine as compared to those randomized to placebo(12).

Cerebrospinal fluid volumes were smaller in opioid-exposed infants. Overall brain volumes 

did not differ between groups, nor did ventricular volumes. This decreased CSF volume in 

the opioid-exposed group with similar brain and ventricle volumes suggests that the regional 

volumetric decreases we found in the opioid-exposed group are not due to atrophy but rather 

maldevelopment of specific structures.

We found larger volumes of the right cingulate gyrus white matter in infants exposed to 

opioids prenatally. The anterior cingulate gyrus is highly connected to limbic structures 

in the brain and is a frontocortical area strongly associated with drug addiction(47). In 

the study discussed above, in which adults with back pain were randomized to 1 month 

of oral morphine or placebo, morphine administration was associated with increased gray 

matter in the cingulate cortex.(12) A similar study in adults with back pain administered 

morphine also showed dosage-correlated volumetric increase in the right ventral posterior 

cingulate(11). Chronic stress increases white matter connectivity in the cingulum in 

mice(29) and humans(30).

Opioid-exposed infants also had larger volumes of the left occipital lobe white matter. 

Multiple white matter tracts in the occipital lobe connect the visual cortex to other areas 

of the brain(48). Several case series have shown that children exposed to opioids in utero 
have altered visual development(49–51), but the mechanism by which larger white matter 

volumes could explain these visual changes is unclear.

Strengths of our study include high-resolution imaging at 3T with regional volumes 

determined by an automated pipeline, decreasing human error. We had rigorous information 

on drug exposure, with maternal urine toxicology at the time of delivery for opioid-exposed 

infants and controls, and biological samples (cord or meconium) for all opioid-exposed 

infants. We imaged infants before 8 weeks of age, which allowed for the minimization 

of the effects of caregiving and the home environment compared with imaging in older 

children. Limitations include the small sample size, although our study is larger than brain 

volume studies previously published in this population. We were unable to control for 

maternal smoking and Hepatitis C. Maternal smoking may be particularly relevant to brain 
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development(52) and neurodevelopmental outcomes(53, 54) and future studies must be 

designed with the ability to control for this important variable. Although we had maternal 

report on alcohol use during pregnancy, we did not have any biomarkers of alcohol use, and 

a previous paper has suggested that opioid use and alcohol use disorder often coexist(55). 

Other potential confounders that we were unable to account for included maternal stress and 

maternal psychiatric disorders.

Conclusions

In this prospective imaging study of opioid-exposed infants and unexposed controls imaged 

between 40–48 weeks postmenstrual age, we found multiple differences in regional brain 

volumes between groups. More research is needed to understand how the type, timing, and 

duration of opioid exposure, as well as other confounding factors such as maternal smoking 

during pregnancy, affect the developing brain and subsequent neurodevelopment.
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Impact statement:

• Prenatal opioid exposure is associated with developmental and behavioral 

consequences, but the direct effects of opioids on the developing human brain 

are poorly understood

• Prior small studies using MRI have shown smaller regional brain volumes in 

opioid-exposed infants and children

• After controlling for covariates, infants with prenatal opioid exposure scanned 

at 40–48 weeks postmenstrual age had smaller brain volumes in multiple 

regions compared to controls, with two regions larger in the opioid-exposed 

group

• This adds to the literature showing potential impact of prenatal opioid 

exposure on the developing brain
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Figure 1. 
Representative segmentation of a neonatal brain showing different brain regions 

automatically segmented using the dHCP pipeline
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Figure 2. 
Differences in regional volumes between opioid-exposed and control infants. Blue = 

brainstem (smaller in exposed infants). White/pink = bilateral insular white matter (smaller 

in exposed infants). Green = deep gray matter including ventrolateral nuclei and subthalamic 

nuclei (smaller in exposed infants). Red = right cingulate gyrus white matter (larger in 

exposed infants). Yellow = left occipital lobe white matter (larger in exposed infants). 

Cerebrospinal fluid volume (not pictured) was also smaller in opioid-exposed infants.
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Table 1

Demographics of study population

Opioid-exposed (n=29) Controls (n=42) p value

Male, n (%) 10 (34%) 20 (48%) 0.27

Gestational age at birth (weeks), mean (SD) 38.9 (1.1) 39.0 (0.72) 0.55

Birth weight (g), mean (SD) 3048 (299) 3274 (432) 0.02

Head circumference at birth (cm), mean (SD) 34.1 (1.3) 34.0 (1.4) 0.89

Postmenstrual age at scan (weeks), mean (SD) 44.7 (1.2) 44.0 (2.0) 0.07

Race/ethnicity 0.004

 Non-Hispanic White 24 20

 Non-Hispanic Black 4 20

 Non-Hispanic Asian 0 1

 Hispanic White 1 1

Maternal smoking, n (%) 25 (86%) 3 (7%) <0.001

Reported maternal alcohol use during pregnancy 1 (3%) 1 (2%) 1.0

Maternal Hepatitis C, n (%) 19 (66%) 0 (0%) <0.001

Maternal college degree, n (%) 5 (17%) 24 (57%) 0.001

Maternal methadone, n (%) 12 (41%) n/a n/a

Maternal buprenorphine, n (%) 15 (52%) n/a n/a

Maternal heroin and/or fentanyl, n (%) 12 (41%) n/a n/a

Neonatal abstinence syndrome requiring opioid treatment, n (%) 13 (45%) n/a n/a

Two-sided t-test was used to compare continuous variables and Fisher’s exact test was used to compare categorical variables.
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