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Abstract 

Aim 

Exposure to prenatal opioids may adversely impact the developing brain networks. The aim of 

this pilot study was to evaluate alterations in amygdalar functional connectivity in human infants 

with prenatal opioid exposure. 

Methods 

In this prospective IRB approved study, we performed resting state functional MRI (rs-fMRI) in 

10 infants with prenatal opioid exposure and 12 infants without prenatal drug exposure at <48 

weeks corrected gestational age. Following standard pre-processing, we performed seed based 

functional connectivity analysis with the right and left amygdala as the regions of interest after 

correcting for maternal depression and infant sex. We compared functional connectivity of the 

amygdala network between infants with and without prenatal opioid exposure. 

Results 

There were significant differences in connectivity of the amygdala seed regions to the several 

cortical regions including the medial prefrontal cortex in infants who had prenatal opioid 

exposure when compared to opioid naïve infants.  

Conclusion 

_______________________________________________
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This finding of increased amygdala functional connectivity in infants with in-utero opioid 

exposure suggests a potential role of maternal opioid exposure on infants’ altered amygdala 

function. This association with pre-natal exposure needs to be replicated in future larger studies. 

 

Introduction 

There has been a dramatic increase in the number of pregnant women using opioids over the 

past two decades, resulting in corresponding increase in the number of neonates born with 

prenatal opioid exposure.[1-3] In addition to the early neonatal withdrawal symptoms, prenatal  

opioid exposure is known to cause long term adverse effects on childhood cognition, 

development and behavior which are likely a combination of opioid related changes in the fetal 

and neonatal brain along with other maternal, social and environmental factors. Early 

neuroimaging could provide information on developmental alterations in brain structure and 

function in prenatal opioid exposure with potential for neurodevelopmental prognostication. [4-7] 

Methods to study the extent of impact of opioids on fetal and neonatal brain development and 

their long-term consequences would enable creation of programs to improve childhood 

developmental outcomes in these infants. 

Early brain developmental alterations have been well described in prenatal exposure to non-

opioid drugs, especially methamphetamine, cocaine, alcohol and nicotine.[8-10] Specifically, 

these groups have shown alterations in amygdala functional connections to the frontal lobe in 

marijuana, cocaine and polydrug exposure.[11,12]  There is only a limited published information 

on structural changes to developing brain with prenatal opioid exposure [13-15] and there are 

no functional connectivity study of infants exposed to in-utero opioids. Therefore, in this study, 

we aimed to evaluate alterations in brain functional connectivity of the amygdala specifically to 

the frontal lobe in infants with prenatal opioid exposure compared to healthy infants without 



prenatal drug exposure. Because of existing literature in infants with prenatal opioid and 

polysubstance exposure showing functional alterations in the amygdala to prefrontal 

connectivity [12], we specifically investigated for this relationship in our cohort as well. 

Methods 

Indiana University School of Medicine Institutional Review Board approved this prospective 

ongoing study of mothers using opioids during pregnancy and their infants. Written informed 

consent was obtained from the parent for all minor participants. Ten term born infants with 

prenatal opioid exposure and 13 healthy infants without any prenatal drug exposure were 

studied at less than 48 weeks corrected gestational age.  Infants who had any findings of 

genetic or major congenital anomalies, or significant postnatal abnormalities such as birth 

asphyxia or neonatal sepsis were not enrolled. Medical records and maternal self-report 

questionnaire were used to collect information regarding maternal opioid use, maternal 

depression, infant birth and postnatal details, and demographics. 

MR Data acquisition 

All MR imaging was performed on the same research-dedicated 3 Tesla Siemens Prisma 

(Erlangen, Germany) on infants during natural sleep with feed and swaddle technique and using 

a 64-channel head coil [16]. Sleeping infants were swaddled using Med-Vac device (Domico 

Med device). Mothers of infants were welcome to stay with the infant in the MR scan room if 

they wished. Appropriate ear protection with earplugs and earmuffs (Natus minimuffs) was 

provided for the infants. Standard ear protection was provided for mothers if they were in the 

scan room. Structural imaging included high resolution 3D T1-weighted MPGRAGE sequence at 

1 x 1 x 1 mm resolution (TR= 2010 ms, TE= 2.91 ms, TI=1610 ms, flip angle= 12°, 192 mm 

field-of-view, 120 slices, and GRAPPA acceleration iPAT= 2) and high-resolution axial T2-

weighted imaging with a Turbo-Spin-Echo pulse sequence at high in-plane resolution (0.9 x 0.9 



mm, 1 mm slice thickness, TR=9550ms, TE= 145ms). Blood oxygen level dependent (BOLD) 

contrast resting-state functional MRI (rfMRI) was performed using a single-shot EPI sequence 

with a multiband factor of 3, TR=1205 ms, TE=30.4 ms, 480 volumes with an isotropic resolution 

of 2.5mm, and 9:45 min acquisition time. Total scan time was 22 minutes although actual time 

spent in scanner was typically longer for positioning or calming the infant. 

MR processing 

Preprocessing of the MR images for each subject was performed using the FMRIB (for 

Functional MRI of the Brain) software Library (FSL, Oxford, UK) [17]. Skull stripping and 

removal of non-brain tissue in T2 weighted anatomic images and BOLD contrast images were 

performed using brain tissue segmentation using FSL tool (BET) [18].  The first 10 volumes from 

the rs-fMRI BOLD sequence were excluded due to non-steady state of the MR signal [19]. 

Geometric distortions due to B0 field inhomogeneity were corrected by using the FSL-topup. 

[20]  Global intensity normalization was performed across the time series. The head motion 

parameters (volume-to-reference transform matrices, and corresponding rotation and translation 

parameters) of the rs-fMRI datasets were estimated, and realigned  using linear motion 

correction through FSL-MCFLIRT [21]. Spatial smoothing (Gaussian kernel FWHM of 5 mm), 

and regression of white matter, CSF signal and 6 motion parameters were obtained. In addition, 

second order motion derivatives were obtained and thresholded with a framewise displacement 

threshold of 0.3 and DVARS of 3 [22]. Band-pass temporal filtering was applied to remove low 

frequency scanner drift and physiologic and vascular oscillations. Regions of interest 

corresponding to the right and left amygdala were extracted from the UNC neonate atlas 

template space [23] and warped to the subject space using ANTs [24].For each seed region, 

mean time series was calculated by averaging across all the voxels within the region. BOLD 

data for each subject was then registered to the subject space T2W images and then to the 

UNC neonatal template space [24]. The UNC neonatal template is a 3D group template of T2 



weighted brain images of  95 neonates [23]. GLM seed based whole brain functional 

connectivity analysis was performed for average BOLD time series in the right and left 

amygdala separately using the motion parameters and confound matrix of the FD and DVARS 

as nuisance variables [25,26]. This produced individual subject level maps of brain regions 

correlating with the amygdala seed ROIs. Independent mixed-effects group analyses [27] 

between opioid exposed and controls were then conducted for each amygdala seed region 

using infant sex and maternal depression as covariates as both these factors are shown to 

impact amygdala connectivity [28]. We did not include gestational age and age at MRI as 

covariates as they were not significantly different between the groups. Cluster based corrections 

for multiple comparisons was performed using an FDR corrected cluster p value of <0.05.  

Since prior studies in infants with prenatal cocaine exposure have suggested a drug common 

area of altered amygdala connectivity in the medial prefrontal region [12], we also investigated 

any medial prefrontal alterations in amygdala connectivity for correlation with opioid dose for 

infants of mothers that were on medication assisted treatment with buprenorphine or methadone 

using the morphine milligram equivalent dose (https://www.cms.gov/Medicare/ Prescription-

Drug-coverage/PrescriptionDrugCovContra/Downloads/Opioid-Morphine-EQ-Conversion-

Factors-Aug-2017.pdf). 

Results 

Demographics:  

We recruited 29 infants, of whom 22 infants were included in the final analysis (Figure 1). There 

were 10 prenatal opioid exposed infants and 12 opioid naïve infants. Demographic information 

is provided in Table 1. Both groups were comparable with no significant difference in gestational 

age at birth, age at MRI, sex proportion and the APGAR scores at 1 and 5 minutes. The opioid 

exposed infants had a significantly lower birth weight and longer length of hospital stay 



compared to the non-opioid exposed infants. Nine of the 10 opioid using mothers were 

undergoing medication assisted treatment; seven were on buprenorphine therapy and two were 

on methadone replacement therapy. There were four opioid exposed mothers who used other 

substances during pregnancy, including marijuana, amphetamines, cocaine, cannabis and 

heroin. Seven of the 10 mothers also smoked during pregnancy, while none of the control 

mothers smoked during pregnancy. 

Amygdala seed-based connectivity:  

Figures 2 shows the regions of significantly correlated connectivity associated with the right and 

left amygdala seed in the frontal, temporal, parietal, occipital regions and cerebellum. We 

identified overlapping regions of increased connectivity in the medial prefrontal region, for the 

right and left amygdala seed maps, with significantly greater connectivity in the opioid exposed 

infants compared to the control infants (Figure 3). Significant regions of cluster Z score values 

for the right and left amygdala are listed in Table 2. There were no significant clusters that were 

higher in the control compared to the prenatal opioid exposed group for the left amygdala. 

There were no significant correlations between morphine milligram equivalent dose with frontal 

areas of significant amygdalar connectivity (Figure 3) in infants of mothers on medication 

assisted treatment. 

Discussion 

We report new findings of altered connectivity of the amygdala to several cortical regions of the 

brain in infants within prenatal opioid exposure compared to nondrug exposed infants. The 

amygdala is important in regulation of emotion, fear, stress response, motivation and behavior. 

Early insult to the developing infant amygdala and its functional connections have been shown 

to be associated with poor behavioral outcomes [29-31]. So far, existing studies in prenatal 

opioid exposure related brain functional connectivity are mainly in adolescents and the strength 



of our study is in assessing the infant brain early in life, before the influence of environmental 

effects [32]. 

Of the different regions of amygdala to cortical altered connectivity, there were overlapping 

regions of higher medial prefrontal connectivity in POE compared to the nondrug exposed 

infants. This finding is concordant with previous investigations in infants with prenatal 

polysubstance and cocaine exposure in which higher amygdala to medial prefrontal cortex 

connection was higher in drug exposed infants compared to healthy controls [12]. Impairment in 

normal inhibition of the amygdala by the frontal lobe due to drug exposure has been proposed 

as a mechanism for this increased connectivity of the amygdala to the frontal lobes [12]. The 

medial prefrontal cortex is an important component of the executive function and working 

memory, and therefore alterations in this regional connectivity may have the potential to 

influence long term outcomes in prenatal opioid exposure [33,32]. In older children with prenatal 

opioid exposure, impaired performance on working memory and selective attention tasks was 

shown and was associated increased activation of the prefrontal cortical regions during 

performance of the working memory task compared to non-drug exposed controls [34]. In our 

study, we did not find any correlation between medial prefrontal connectivity with dose of opioid 

used possibly explained by our small sample size and confounding effects of smoking and other 

drug exposure.  

Both the right and left amygdala also showed overlapping regions of higher connectivity to the 

precuneus in infants with POE when compared to controls. We found significant higher 

connectivity in the control group to regions of the cortex including the right medial temporal 

region, right occipital, and frontal and parietal regions, but there were no regions of significant 

higher connectivity for the right amygdala. Other studies have also shown differences in right 

and left amygdala connections, and the reason for this lack of symmetry, while not exactly 

known, may be hypothesized to be due to varying developmental trajectories of the amygdala.  

Other researchers have also shown regions of cortical connectivity to the amygdala that overlap 



with our findings. Connectivity of the amygdala to the precuneus and the supramarginal gyrus 

(part of the inferior parietal lobule) have been shown to be associated with maternal cortisol and 

infant sex interaction, with the sex specific amygdala to supramarginal gyrus connectivity found 

to be associated with internalizing behaviors at 24 months [29]. Similarly, infants of pregnant 

women with higher systemic interlukin-6, a marker of maternal inflammation, were associated 

with larger right amygdala volume and stronger bilateral amygdala connectivity to the fusiform 

gyrus, somatosensory cortex and thalamus, anterior insula and caudate and parahippocampal 

gyrus [30]. The larger right amygdala volume and stronger left amygdala connectivity in these 

infants were also found to be been associated with lower impulse control at 24 months and 

mediated the association between higher maternal interlukin-6 concentrations and lower 

impulse control [30]. In infants born to mothers with maternal depression, graph theory analysis 

of resting state functional MRI showed higher provincial hub values in the amygdala compared 

to healthy controls; these hub values predicted temperament at 6 months.[31] 

Although our study reports novel associations of brain connectivity with prenatal opioid 

exposure, there are a few limitations and the following caveats should be considered when 

interpreting the findings. First, this is a pilot study with a small sample size; a larger study is 

needed to replicate the findings and extend analysis to other brain regions. Second, although 

we accounted for known confounders such as maternal depression and infant sex as covariates 

in our analysis and demonstrated persistent alterations in amygdala connectivity, a larger study 

is needed to account for all potential confounders and environmental variables such as maternal 

smoking, other drug use, nutritional status, stress and socioeconomic status, that could also 

synergistically affect the brain functional connectivity. Third, the study’s findings of altered 

amygdala to cortical connectivity in the context of prenatal opioid exposure need to be 

correlated with clinical neurodevelopment and behaviors to better understand the long-term 

clinical implications. Given the presence of neuroplasticity of the developing brain, it is important 

to understand whether these early changes in brain function and any putative associated clinical 



outcomes would persist in childhood or adolescence, and to what extent they may be modulated 

by early and targeted therapies. All these areas would be interesting areas for future research.  

Additional avenues of inquiry should attempt to identify specific genetic factors that may 

modulate the effect of prenatal opioid exposure and should include identification of targeted 

early interventions to mitigate the impact of prenatal opioid exposure on the developing brain. 

Conclusion 

There are alterations in amygdala to cortical connectivity in infants with prenatal opioid exposure 

compared to non-opioid exposed infants. Future large clinical studies are needed to validate our 

new findings, further study the impact of prenatal maternal opioid exposure on amygdala 

connectivity and other regions of brain in infants and young children and understand the long-

term clinical neurodevelopmental and behavioral implications of increased amygdala-frontal 

cortex connectivity with prenatal opioid exposure. 
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Tables: 

Table 1. Demographics  

 

† Fisher exact Chi Square test 

 

 

 

 

 

Prenatal Opioid 

Exposed infants 

N = 10 

Non-opioid  

Exposed infants 

N = 12 

P-value  

(t test) 

Gestational age in weeks, Mean (SD) 38.48 (1.17) 39.37 (0.81)  0.07 

Age at MRI in days, Mean (SD) 31.9 (14) 28.5 (14.83) 0.61 

Sex  8 Female: 2 Male 6 Female: 6 Male 0.20†  

Maternal depression (N) 4 1 0.14†  

Need for postnatal opioid treatment (N) 3 N/A N/A 

APGAR 1 min, Mean 8.56 8.25 0.51 

APGAR 5 min, Mean 8.78 8.83 0.84 

Birth weight in Kg, Mean (SD)  2.84 (0.25) 3.34 (0.27) < 0.001 

Length of hospital stay, Mean (SD) 7.7 (4.73) 2 (0.91) <0.01 



Table 2. 

 FDR cluster corrected Z-score values of significant regions  

 

 

Figures: 

Figure 1: Flowchart of subject selection 

 



 

 

 

Figure 2: Representative images of how right and left amygdala seed region connectivity 

differed between the opioid exposed and opioid non-exposed groups. Warm colors indicate 

greater signal in opioid exposed compared to opioid non-exposed infants. Cooler colors indicate 



greater signal in opioid non-exposed compared to opioid exposed infants. Displayed in 

radiologic convention at FDR corrected cluster p < 0.05. 

 

 

 

 

 

 

Figure 3a: Right frontal cluster showing higher functional connectivity with the seed region in 

the right amygdala in infants with prenatal opioid exposure compared to non-opioid exposed 



infants. Displayed on the University of North Carolina (UNC) neonatal template at FDR 

corrected cluster p < 0.05 .  

 

Figure 3b: Right frontal cluster showing increased functional connectivity of the seed region 

with the left amygdala in infants with prenatal opioid exposure compared to non-opioid exposed 

infants. Displayed on the UNC neonatal template FDR corrected cluster p < 0.05.  

 


