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Abstract

Prenatal alcohol exposure leads to alterations in cognition, behavior and underlying brain 

architecture. However, prior studies have not integrated structural and functional imaging data in 

children with prenatal alcohol exposure. The aim of this study was to characterize disruptions in 

both structural and functional brain network organization after prenatal alcohol exposure in very 

early life. A group of 11 neonates with prenatal alcohol exposure and 14 unexposed controls were 

investigated using diffusion weighted structural and resting state functional magnetic resonance 

imaging. Covariance networks were created using graph theoretical analyses for each data set, 

controlling for age and sex. Group differences in global hub arrangement and regional connectivity 

were determined using nonparametric permutation tests. Neonates with prenatal alcohol exposure 

and controls exhibited similar global structural network organization. However, global functional 

networks of neonates with prenatal alcohol exposure comprised of temporal and limbic hubs, 

while hubs were more distributed in controls representing an early default mode network. On a 
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regional level, controls showed prominent structural and functional connectivity in parietal and 

occipital regions. Neonates with prenatal alcohol exposure showed regionally, predominant 

structural and functional connectivity in several subcortical regions and occipital regions. The 

findings suggest early functional disruption on a global and regional level after prenatal alcohol 

exposure and indicate suboptimal organization of functional networks. These differences likely 

underlie sensory dysregulation and behavioral difficulties in prenatal alcohol exposure.
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Introduction

The early period of brain development represents a critical time during which effects of 

prenatal exposures may be embedded and have impact for life. The brain develops rapidly 

during the first year of life and is fundamentally connected by two years of age, while 

functional specialization continues throughout childhood into adulthood (Gao et al. 2017). 

However, core regional networks are discernable even in the neonatal brain. The infant brain 

typically has short neural connections that are strongest in primary sensorimotor and visual 

cortices (Fransson et al. 2011; Keunen et al. 2017). Subcortical projections, including with 

the thalamus, support regional integration of these networks (Alcauter et al. 2014; Smyser et 

al. 2015; Toulmin et al. 2015). Connections between medial frontal and parietal association 

regions are also present, but are yet to become fully integrated parts of the default-mode 

network (DMN) (Gao et al. 2017). Primary networks adapt over time to favor longer-range 

connections that balance the cost of segregation and integration of brain networks (Cao et al. 

2017; Vertes and Bullmore 2015).

Structural and functional networks develop in tandem. Structural networks provide the 

inherent physical framework that facilitates and limits functional network development and 

integration, thus both networks should ideally be included when studying potential insults to 

development (Grayson and Fair 2017). Structural hubs or highly connected regions in the 

neonate are similar to those observed in the adult brain, except that connections are refined 

with age, to improve strength and effectiveness, while functional network hubs gradually 

move from primary to higher order association regions to support greater functional 

specialization (Keunen et al. 2017).

Alterations in cognition, behavior and underlying brain architecture due to prenatal alcohol 

exposure (PAE) have been well-documented in children older than five years (Donald et al. 

2015; Lebel et al. 2012). Recent advances in infant imaging techniques have given impetus 

to investigations of normal brain development during the first two years of life, and to data 

on brain network connectivity (Graham et al. 2015a; Vertes and Bullmore 2015). Few 

studies, however, have addressed the effects that PAE may have on early brain network 

organization. Such work is crucial given that PAE may lead to impairments in self-

regulation, adaptive behavior, and cognition in young children (Garrison et al. 2019).
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To our knowledge, only one study has investigated brain network connectivity in neonates 

exposed to alcohol prenatally. The study found functional connectivity disruptions in 

neonates using resting state MRI between sensorimotor and striatal networks that underlie 

motor function (Donald et al. 2016a). Similarly, functional MRI studies in older children and 

adolescents continue to demonstrate disruptions in sensorimotor network connectivity after 

PAE (e.g. Long et al. 2018). Further, a study using structural MRI, found decreased 

subcortical gray matter volume in neonates following PAE (Donald et al. 2016b), while 

another study found a smaller corpus callosum after heavy PAE (Jacobson et al. 2017) that 

has implications for network integration. The aim of this study was to apply graph 

theoretical analysis to multimodal MRI data to investigate “small-world” networks of the 

brain in neonates (Hosseini et al. 2012), allowing the simultaneous characterization of 

disruptions in structural and functional brain network organization after PAE. We expect that 

regions (or nodes) of core structural and functional networks underlying primary 

sensorimotor functions will be altered on a global and regional level in the PAE group 

compared to controls. We also posit that these alterations will be most notable on a regional 

level given prominent local neurodevelopmental patterns in the neonate.

Methods

This investigation is a sub study of the Drakenstein Child Health Study (DCHS) that is 

following mother-child dyads from mid-pregnancy until children are at least five years of 

age. Detailed methodology for the core DCHS study is described elsewhere (Stein et al. 

2015). Maternal substance use was assessed using the World Health Organization’s Alcohol, 

Smoking and Substance Involvement Screening Test (ASSIST) with a cutoff score of 11 for 

moderate to high risk of problem drinking (Humeniuk et al. 2008; Jackson et al. 2010). 

Mothers without a positive urine screen for any illicit drugs (Lozano et al. 2007); with 

neonates who were not premature (i.e. > = 36 weeks); did not have a history of hypoxic 

ischemic encephalopathy, genetic syndrome or other obvious congenital abnormalities or 

other evidence of neonatal medical complications; were approached for participation in the 

study. Mothers provided written informed consent for participation in the main and sub 

study.

Ethical approval for the main study was obtained from the Human Research Ethics 

Committee of the Faculty of Health Sciences, University of Cape Town (UCT REF 

401/2009) and this sub study was independently reviewed and approved (UCT REF 

525/2012). The study was conducted according to the guidelines of the 1964 Helsinki 

Declaration.

Brain imaging

At the brain imaging visit, 2–4 week old neonates with PAE and control neonates without 

any substance exposure history were imaged during natural sleep without sedation. Groups 

had similar sex and age distributions (Table 1). Structural diffusion tensor imaging and 

functional resting state scans were acquired using a 3T Siemens Allegra MRI scanner. T2-

weighted structural images had the following parameters: TR 3500 ms; TE 354 ms; 128 

slices; slice thickness 1 mm; voxel size 1.0 × 1.0 × 1.0 mm. Diffusion images had the 
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following parameters: 45 non-collinear gradient directions; TR 7900 ms; TE 90 ms; slice 

thickness 1.6 mm; b-values 0 and 1000s/mm2; voxel size 1.3 × 1.3 × 1.6 mm3. Resting state 

gradient echo T2-weighted echo planar images (EPI) were acquired with the following 

parameters: TR 2000 ms; TE 30 ms; flip angle = 77°; 33 slices; slice thickness 4 mm; voxel 

resolution = 2.5 × 2.5 × 4.0 mm.

Diffusion data was acquired in 50 neonates and resting state data in 36 neonates. After 

excluding 2 premature neonates and images failing quality control (see next section), the 

final sample were: PAE = 11 and controls = 14. For both the diffusion and resting state data 

analysis, the University of California (UNC) neonate structural template was used for 

registration purposes (Shi et al. 2011). Data processing steps are described in detail in Table 

2.

Diffusion data processing

Diffusion data of each participant were visually inspected for motion and signal dropout 

retaining a minimum of 14 volumes for further processing. See Table 3 for detail on volumes 

discarded by group. TORTOISE v2.5.2 (Irfanoglu et al. 2014; Pierpaoli et al. 2010; Wu et al. 

2008) was used for image preprocessing due to comprehensive correction and anatomical 

registration relevant to pediatric data (Taylor et al. 2016) (Table 2). AFNI was used for 

diffusion tensor parameter fitting (Cox 1996).

The TrackVis toolkit (Wang et al. 2007) was used to perform deterministic tractography on 

diffusion weighted images. Fractional anisotropy, fiber numbers and volume were calculated 

for each region for structural brain network creation.

Resting state data processing

Resting state data were preprocessed using AFNI (Table 2). Images with motion artifact 

were removed i.e. points that were displaced by > = 0.3 mm relative to an earlier time point 

(Table 3). Regions defined by registration to the UNC neonate atlas were utilized as masks 

to extract time series data from the resting state images for functional brain network 

creation.

Graph theoretical analysis

For diffusion structural networks, the UNC neonate track regions for which FA was 

calculated were incorporated as nodes. Edges were determined to be any connection with a 

fiber number of > 3 between regions (Rubinov and Sporns 2010). The fiber number was 

multiplied by the FA value and divided by the regional volume to account for differences in 

region size. From this data, an association matrix was created.

For the resting state functional networks, nodes were defined based on the average BOLD 

intensity within voxels constituting each UNC atlas region for each volume within the time 

series (Rubinov and Sporns 2010). The edges were defined as the Pearson correlations 

between the mean time series for pairs of regions, and an association matrix was 

constructed.
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In separate graph theoretical analyses, small-world networks were created using the Graph 

Theoretical Analysis Toolbox (Hosseini et al. 2012) (Table 2). Diffusion data and resting 

state association matrices were threshholded at a range of network densities; at a minimum 

density of 0.1 where networks were not fragmented, to a maximum density of 0.4 where 

connections are still deemed biological (He et al. 2008; Hosseini et al. 2013; Kaiser and 

Hilgetag 2006). Key defining network parameters of the global network included the small-

worldness, clustering coefficient and the characteristic path length (Hosseini et al. 2013; 

Rubinov and Sporns 2010).

The Brain Connectivity Toolbox (Rubinov and Sporns 2010) was used to quantify the global 

and regional network measures. Parameters included the global network parameters; and 

global and local efficiency; nodal betweenness centrality, modularity, assortativity and 

transitivity. P-values for each of the group results were FDR-corrected. Regional network 

connectivity was estimated as nodal betweenness centrality at minimum density (Hosseini et 

al. 2013). These findings subsequently provide information on regions that have highest 

network influence globally i.e. hubs were regions with connectivity 2 SD above that of mean 

network connectivity (Bernhardt et al. 2011). Hub regions are key in coordinating the flow 

of information in the brain and globally most connected. Differences between groups in 

brain network organization were determined using nonparametric permutation tests that 

control for multiple comparisons (see Nichols and Hayasaka (2003) for detail).

Results

Structural connectivity

The structural network had a minimum density of full network connectivity of 0.38 that 

defines a small-world network found within the brain (Hosseini et al. 2012). Parameters 

defining the global network across densities did not differ between groups (Fig. 1). The 

normalized clustering coefficient was > 1 (p = 0.55), the normalized characteristic path 

length was close to 1 (p = 0.43), and the small-world index was > 1 (p = 0.61) as expected 

(Bassett and Bullmore 2006).

Concerning regional connectivity, there were differences in nodal betweenness centrality of 

regions. PAE neonates had significantly higher connectivity in temporal, occipital and 

frontal regions compared to controls, while controls had higher connectivity in parietal 

regions (Table 4).

Concerning global connectivity, PAE and control neonates had similar hubs in their 

structural networks including parietal and temporal regions (Table 5, Fig. 2). There were no 

group differences in global or local efficiency as markers of network resilience, or other 

network parameters (e.g. assortativity, modularity, transitivity).

Functional connectivity

The minimum density of full network connectivity was 0.10. The constructed networks 

followed a small-world organization across densities that was not different between groups. 

Networks were balanced between segregation and integration (Fig. 1): the normalized 
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clustering coefficient was > 1 (p = 0.27), the normalized characteristic path length was close 

to 1 (p = 0.79), and the small-world index was > 1 (p = 0.29).

Concerning regional connectivity, there were differences in nodal betweenness centrality of 

regions (Table 4). PAE neonates had significantly higher connectivity in temporal and frontal 

regions compared to controls, while controls had greater connectivity in parietal and 

occipital regions.

Concerning global connectivity, hubs in PAE neonates were dominant in subcortical regions 

(basal ganglia and temporal and limbic regions), while hubs in controls were dominant in 

parietal and occipital regions (Table 5, Fig. 3). There were no group differences in global or 

local efficiency of networks or other network parameters.

Discussion

This study compared structural and functional brain network connectivity after PAE with 

that in unexposed neonates at a time when core brain networks are being established. 

Structural and functional networks in both PAE and unexposed neonates adhered to small-

world network properties, indicative of the brain and commonalities in networks. We 

observed pronounced group differences in functional network connectivity of global and 

regional networks in neonates with PAE compared to those without alcohol exposure during 

pregnancy. These differences likely reflect disrupted prenatal neural programming due to 

alcohol toxicity.

Early global connectivity

Structural network hubs were similar in both neonates with PAE and controls consistent with 

work indicating stable structural compared to functional networks in healthy neonates 

(Keunen et al. 2017; Vertes and Bullmore 2015). Hubs are key as they maintain network 

resilience (Rubinov and Sporns 2010). Early structural networks provide an inherent 

physical framework that shapes functional network development (Cao et al. 2017; Huang et 

al. 2015). Specifically, the neonatal brain has regional prominence to support primary 

sensory and motor functions, thus is somewhat segregated before becoming integrated.

In functional networks of unexposed neonates, key regions of the emerging DMN were 

present including the precuneus, posterior cingulate gyrus and cuneus, consistent with 

previous work (Gao et al. 2017; Vertes and Bullmore 2015). These regions become 

functionally efficient on a global level with time. The calcarine hub also integrates to support 

DMN network function with age, while temporal regions that were functional hubs in the 

group with PAE but not the control group, should decrease in regional efficiency with 

development (Huang et al. 2015) to favor global efficiency. The presence of base-level 

temporal and limbic functional hubs in PAE, compared to control neonates in whom more 

distributed hubs in posterior cortical regions were observed (suggesting initial integration of 

higher order networks), may indicate early signs of disrupted and suboptimal organization of 

functional networks in PAE. Previous work in infancy following exposures to alcohol and/or 

other substances support our findings in neonates with PAE of altered connectivity of the 

amygdala and pallidum in functional networks (Donald et al. 2016a; Scott-Goodwin et al. 
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2016). Subcortical regions support early integration of cortical connectivity (Gao et al. 

2017). However, these discrete hubs demonstrated in our group with PAE may not integrate 

effectively with atypically connected key cortical regions in later development.

Prominent regional connectivity

In unexposed neonates, our regional findings confirm that primary localized structural 

connectivity is in place in parietal and occipital regions that underlie basic sensorimotor, 

visual, perceptive and auditory function (Alcauter et al. 2014; Fransson et al. 2009). 

Functional resting state studies have demonstrated involvement of the precuneus and lingual 

gyrus in visual attention in adults (Goldin et al. 2008), while the precuneus has also been 

implicated in speech perception in infants (Dehaene-Lambertz et al. 2002); these are 

expected emerging functions in infancy. The middle cingulate gyrus that showed higher 

structural connectivity in unexposed neonates compared to those with PAE may contribute to 

the trajectory of sensorimotor development in time (Vogt 2016).

In contrast, in neonates with PAE, findings implicated relatively diffuse extra and multiple 

regions outside the parietal lobe with higher regional connectivity compared to controls. 

Excessive local connections may hinder sufficient shifting of regions towards global 

integration (Huang et al. 2015). These findings after PAE suggest atypical connectivity 

patterns that may hinder primary and higher-order functional specialization with time.

The regional structural and functional connectivity patterns in the PAE group showed some 

overlap, validating the use of this multimodal approach to elicit a better understanding of 

microstructure in relation to developing functional connections (Skudlarski et al. 2008; 

Smyser et al. 2015). This overlap may suggest that the local structural foundation to primary 

functional specialization is altered by PAE, and in particular, relating to the right amygdala 

and superior temporal pole, and regions of the frontal gyrus. Alcohol affect neural plasticity 

of the amygdala, temporal regions and cortex (see Scott-Goodwin et al. 2016 for 

mechanisms). We previously reported significant differences in structural volumes, including 

higher bilateral amygdala volume in neonates with PAE compared to controls (Donald et al. 

2016b). Other functional MRI studies investigating the early effects of prenatal substance 

exposure in 2 to 6 week old infants, including alcohol, found hyper-connectivity of the 

amygdala with frontal regions (Grewen et al. 2015; Salzwedel et al. 2015). Amygdala-

frontal circuitry has been implicated in regulation of arousal, while self-regulation has been 

shown to be affected in infants with PAE (Garrison et al. 2019). Higher structural 

connectivity in the middle frontal gyrus in this cohort following PAE may indicate higher 

arousal as networks mature. The effect of postnatal environments may further impact this 

trajectory. Six-month-old infants with higher negative emotionality living in a volatile 

environment had greater connectivity of middle prefrontal cortex regions with the posterior 

cingulate gyrus of the DMN (Graham et al. 2015b).

The higher connectivity found in the superior temporal pole and inferior frontal gyrus in 

neonates with PAE compared to unexposed neonates may represent networks that process 

faces in infancy. Facial processing involves attention, auditory and language domains in 

order to make sense of sensory cues and assist language development (Dehaene-Lambertz et 

al. 2002; Paterson et al. 2006; Tzourio-Mazoyer et al. 2002). This early network interaction 
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typically develops to later involve the fusiform gyrus as part of higher-order perceptual 

processing networks (Paterson et al., 2006), while after PAE this gyrus already had 

atypically higher connectivity. Considering that connectivity in the fusiform gyrus, and 

frontal lobe is not as pronounced in healthy developing neonates (Geng et al. 2012), this may 

indicate heightened vigilance to sensory cues after PAE. Indeed, consistent with our findings 

in temporal and frontal regions, altered functional connectivity was found using resting state 

MRI between facial sensorimotor regions and the insula and frontal regions in PAE children 

suggesting sensory processing difficulties (Long et al. 2018). Children with fetal alcohol 

spectrum disorders showed difficulty in recognizing facial emotional stimuli, which has 

implications for social-emotional development (Kerns et al. 2016). Interestingly, the 

temporal lobe was implicated in youth with a familial history of alcohol use who 

demonstrated emotional face processing deficits (Cservenka 2016). Further, higher 

connectivity of the superior occipital gyrus after PAE is likely associated with heightened 

somatosensory function given anatomical overlap with dorsal attention and DMN networks 

(Gao et al. 2013).

Comparing structural and functional networks

Networks derived by diffusion tensor imaging and resting state data show high overlap due 

to both representing a slow time scale (Batista-Garcia-Ramo and Fernandez-Verdecia 2018). 

However, functional networks do not account for all anatomical connections as functional 

correlations may result from indirect connections and dynamic fluctuations (Vertes and 

Bullmore 2015). Differences between these networks are also attributed to genetics (Cao et 

al. 2017), and in how the respective correlation networks are created (Hosseini and Kesler 

2013).

Regarding this cohort, structural and functional hubs were different, similar to Cao et al. 

(2017), who attributed these patterns to different modes of maturation that converge in 

young childhood. Instead, consistent with previous work, there was prominent overlapping 

regional connectivity in neonates (Smyser et al. 2011). The neonatal period up to two years 

is characterized by considerable myelination and pruning of neurons. Since the relatively 

stable structural network confines functional development while allowing for dynamic 

configuration (Cao et al. 2017), key regions are expected to integrate gradually from primary 

to higher-order networks, thus strengthening the global structure-function relationship 

(Fransson et al. 2011; Vertes and Bullmore 2015).

Limitations and strengths

Several limitations and strengths should be emphasized. First, although sample size was 

small the age-window was narrow. Our sample size was comparable to other studies that 

have used either diffusion tensor imaging or resting state modalities separately in neonates 

with prenatal substance exposure (e.g. Grewen et al. 2015; Taylor et al. 2015). Second, this 

was a cross-sectional study. Ideally, studies should assess structural and functional network 

development in a longitudinal study design in order to better assess the clinical significance 

and causality of early alterations. Nevertheless, our findings are consistent with much of 

what is known about normal brain development in neonates as well as neural alterations 
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following prenatal substance exposure. The study provides important clues on early 

interrelatedness of co-developing structural and functional networks following PAE.

Conclusion

PAE disrupts the global and regional architecture of brain networks and this is already 

evident during the first month of life. Although the same structural hubs were present in both 

groups, key functional regions that should lead integration of the DMN were not present as 

hubs in PAE; consistent with aberrant connectivity that has implications for future strength 

and functionality of core networks. Longitudinal studies are required to determine whether 

lower connectivity of key hubs implicate delays, disruptions or compensatory responses to 

PAE in childhood. There were clear differences in structural-functional network 

arrangements after PAE, suggesting suboptimal connectivity. Larger apparent group 

differences in functional compared to structural brain organization suggests that structural 

differences may only emerge as the brain matures and as functional demand increases. 

Atypical regional connectivity that was found in temporal, frontal and occipital regions 

likely underlie sensory dysregulation and hypervigilance (e.g. self-regulation difficulties), 

and other behavioral difficulties in infants with PAE.
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Fig. 1. 
Between-group differences and 95% confidence intervals in normalized global network 

measures as a function of network density. There were no significant differences in any of 

the parameters between groups, thus no ‘x’ fell outside of the confidence intervals. CON, 

controls; PAE, prenatal alcohol exposed
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Fig. 2. 
Hubs of the structural network of the control (CON) and PAE group as derived from 

diffusion tensor imaging data. These were regions with connectivity 2 SD above that of 

mean network connectivity. Hubs indicated by circles are the middle cingulate gyrus 

(MCG), fusiform gyrus (FG) and parahippocampal gyrus (PHIP)
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Fig. 3. 
Hubs of the functional network of the control (CON) and PAE group as derived from resting 

state data. These were regions with connectivity 2 SD above that of mean network 

connectivity. Hubs indicated by circles are the posterior cingulate gyrus (PCG), superior 

temporal pole (STP), pallidum (PLD), amygdala (AMYG), precuneus (PCUN), cuneus 

(CUN), calcarine sulcus (CALC) and lingual gyrus (LNG)
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Table 1

Demographic and anthropometric information of neonates

PAE Controls Statistics

Age in days (SD) 21.9 (4.3) 23.7 (6.1) F = 0.81, p = 0.39

Gestation in weeks (SD) 39.5 (2.3) 39.1 (1.5) F = 0.29, p = 0.60

Boys/girls (n) 5/9 6/5 X2 = 0.89, p = 0.35

Length (cm) 51.6 51.6 F = 0.001, p = 0.98

Weight (kg) 4.2 4.0 F = 0.63, p = 0.44

Head circumference (cm) 36.3 36.5 F = 0.08, p = 0.79

PAE, prenatal alcohol exposed
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Table 5

Highly connected network hubs

PAE Controls

Structural hubs Bilateral MCG Bilateral MCG

R PHIP R PHIP

RFG LFG

Functional hubs R AMYG R CALC

RPLD LPCG

RSTP R LNG

R CUN

R PCUN

PAE, prenatal alcohol exposed; AMYG, amygdala; CALC, calcarine; CUN, cuneus; FG; fusiform gyrus; LNG, lingual gyrus; MCG, middle 
cingulate gyrus; PLD, pallidum; PCUN, precuneus; PCG, posterior cingulate gyrus; PHIP, parahippocampal gyrus; STP, superior temporal pole
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