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Abstract

Background: Neuroimaging studies have emphasized the impact of prenatal alcohol exposure 

(PAE) on brain development, traditionally in heavily-exposed participants. However, less is known 

about how naturally occurring community patterns of PAE (including light to moderate exposure) 
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affects brain development, particularly in consideration of commonly occurring concurrent 

impacts of prenatal tobacco exposure (PTE).

Methods: 332 children (ages 8–12) living in South Africa’s Cape Flats townships underwent 

structural magnetic resonance imaging (MRI). During pregnancy, their mothers reported alcohol 

and tobacco use, which was used to evaluate PAE and PTE effects on their children’s brain 

structure. Analyses involved main effects of PAE and PTE (and their interaction) and the effects of 

PAE and PTE quantity on cortical thickness, surface area, and volume.

Results: After false-discovery rate (FDR) correction, PAE was associated with thinner left 

parahippocampal cortices, while PTE was associated with smaller cortical surface area in the 

bilateral pericalcarine, left lateral orbitofrontal, right posterior cingulate, right rostral anterior 

cingulate, left caudal middle frontal, and right caudal anterior cingulate gyri. There were no PAE × 

PTE interactions nor any associations of PAE and PTE exposure on volumetrics that survived FDR 

correction.

Conclusion: PAE was associated with reduction in structure of the medial temporal lobe, a brain 

region critical for learning and memory. PTE had stronger and broader associations, including 

with regions associated with executive function, reward processing, and emotional regulation, 

potentially reflecting continued postnatal exposure to tobacco (i.e., second-hand smoke exposure). 

These differential effects are discussed with respect to reduced PAE quantity in our exposed group 

versus prior studies within this geographical location, the deep poverty in which participants live, 

and the consequences of apartheid and the dop system. Longer-term follow-up must determine 

potential environmental and other moderators of the brain findings here and assess the extent to 

which they endure over time.

Keywords

Prenatal Exposure Delayed Effects; Neuroimaging; Tobacco Use; Alcohol Use; South Africa

Introduction

Despite public health efforts to prevent teratogenic effects of prenatal alcohol exposure 

(PAE), the prevalence of individuals affected by PAE steadily remains at 2.4–4.8% of live 

births in many representative populations in the United States (May et al., 2014). Base rates 

of PAE vary by region of the world, suggesting that they are at least partially influenced 

by historical, systemic political, and governmental policies. For example, the prevalence 

of fetal alcohol spectrum disorders (FASDs) in the wine-producing Cape region of South 

Africa (i.e., the sample discussed here) is estimated to be 13.6% to 20.9% (May et al., 2013). 

This is likely due to (1) the historical colonial practice of apartheid that created significant 

socioeconomic disadvantage among communities historically referred to as indigenous 

Black African or Cape Coloured, who have resided in Cape Town, South Africa (Jacobs 

and Jacobs, 2013, May et al., 2019) and (2) a history of racially and economically driven 

payment practices for wine farm laborers in the Western Cape known as the “dop system” 

that contributed to heavy drinking in the region (Adebiyi et al., 2021, London, 2000).

Research has consistently shown that PAE can cause dramatic effects on the brain and 

cognition in developing children (e.g., Astley and Clarren, 2001, Lees et al., 2020a, Mattson 
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et al., 2019, Riley et al., 2011, Sowell et al., 2001). In animal models, the effects of PAE 

on brain and behavior vary as a function of quantity, frequency, and timing of exposure 

(Sulik, 1984, Sulik, 2005, Sulik et al., 1986). Similar effects have been proposed in 

humans, as large variability has been observed in patterns of deficits in neurocognition, self-

regulation, and adaptive functioning (Baer et al., 2003, Hellemans et al., 2010, Lees et al., 

2020a). However, while animal studies allow detailed manipulation of quantity, frequency, 

and timing of exposure, human research is dependent on retrospective maternal reports 

of alcohol consumption patterns (Moore et al., 2014), which may reduce measurement 

accuracy and potentially be influenced by social stigma (i.e., reporting less alcohol use 

during pregnancy than what actually occurred). Further, most studies of FASDs have relied 

on retrospective data collection (i.e., caregiver report of maternal alcohol consumption 

during pregnancy in studies often conducted years later), frequently comparing children 

thought to have heavy exposure compared to individuals with no or minimal exposure (e.g., 

Donald et al., 2015a, Donald et al., 2015b, Gautam et al., 2015, Lebel et al., 2012). While 

much has been learned from such research, participants have traditionally been comprised of 

those with no exposure versus those with more intense PAE-related patterns and/or clinical 

FASD symptomology. Thus, findings are effectively limited with respect to producing 

insight into how light or moderate PAE affects neurocognitive development within children 

who may not be showing clinical levels of symptomology. Further, such research usually 

does not typically include detailed prospective assessments of other aspects of PAE, such 

as the quantity, frequency, or timing of exposure. The present study leverages prospective 

data collection on substance exposures, including alcohol, during pregnancy from biological 

mothers.

PAE frequently occurs alongside prenatal tobacco exposure (PTE) (Dukes et al., 2017b). 

Interestingly, while co-exposure has been correlated with increased oxidative stress (Li and 

Wang, 2004), some animal work has suggested that nicotine exposure (i.e., one component 

of PTE) only has minimal cumulative effects beyond PAE on its own (Bhattacharya et 

al., 2020). However, such inconsistencies across animal studies may be due to differences 

in exposure timing, dosage, and administration (Polli and Kohlmeier, 2020). Further, 

these relationships may be further impacted by the perinatal and postnatal developmental 

environments (e.g., family income, parental factors, stress) as shown in several human 

studies (Roffman et al., 2021, Lees et al., 2020a, Lees et al., 2020b, Wade et al., 2021, 

Gonzalez et al., 2020). While animal research has offered insight into the mechanistic effects 

of PAE and PTE, the translational potential is restricted. More specifically, environmental 

variables that are easily controlled in animal models of prenatal substance exposure do not 

translate well to the real-world environmental settings that influence human development 

(e.g., access to enriching resources, nutrition, stress, health care). Further, there is also the 

issue of variability in substance exposure (i.e., PAE only, PTE only, PTE + PAE) (Dukes 

et al., 2017b). Accordingly, strategies have been implemented to mitigate this potential 

confound by recruiting mothers who report alcohol use but no tobacco use, and vice versa. 

However, in doing so, the corresponding findings may be less reflective of actual behavior 

in the real world that may result in neurodevelopmental and behavioral deficits (Odendaal 

et al., 2020), considering that a large proportion of individuals tend to report both PAE and 

PTE (Oh et al., 2017, Lange et al., 2015, Skagerström et al., 2013, Lange et al., 2018). 
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Ultimately, potential participants in comparison groups serving as controls are excluded 

based on PTE, thereby eliminating any possibility of disentangling the effects of PAE and 

PTE, as well as their interactive teratogenicity.

To address gaps in the literature, the current study enrolled a subsample of children from 

the Prenatal Alcohol, SIDS and Stillbirth (PASS) Network (Elliott et al., 2020). Between 

2007 and 2015, the PASS study recruited 7,060 pregnant women during their first prenatal 

visit at obstetrical clinics in Cape Town, South Africa; during pregnancy, they reported 

their drinking and smoking behavior throughout all trimesters (Dukes et al., 2014), thus 

permitting assessment across a range of alcohol drinking behaviors and quantities consumed, 

as well as in measures of PTE quantity. Previous neuroimaging analyses of 6-year-old 

children from the PASS cohort revealed structural differences (after statistical correction) 

only in the right fusiform gyrus given PAE (Uban et al., 2022), potentially suggesting that 

any neuroanatomical effects of varying levels of PAE (or PTE) may have not yet emerged at 

this age. Accordingly, the aim of this study was to evaluate how PAE and PTE relate to brain 

development during early adolescence, which is a critical developmental period (i.e., when 

experience-dependent brain plasticity is undergoing changes that impact the brain’s structure 

and function) (Laube et al., 2020). Thus, in contrast to the minimal effects of PAE in 51 

6-year-olds within this large cohort, we analyzed the extent to which varying quantities of 

PAE and/or PTE may be associated with brain development longer after in-utero exposure.

Here, we describe brain structural variation via magnetic resonance imaging (MRI) among 

332 children (8- to 12-years-old) recruited from the larger PASS cohort; except for 8 

overlapping participants, these children are not the same children from the aforementioned 

study with 6-year-old children (n = 51). We predicted that brain structure would differ 

between individuals with and without PAE (statistically controlling for concomitant PTE) 

and that greater quantities of PAE would be associated with greater brain dysmorphology. 

As the previous literature has shown large effects of PAE in the brain structure of 

participants clinically recruited for an FASD diagnosis (Nuñez et al., 2011), we expected 

the effects of PAE to be more regionally expansive and severe than the effects of PTE 

(statistically controlling for PAE).

Materials and Methods

Participants

The PASS Network granted permission for this study to approach the existing cohort of 

children, including those without PAE and those with varying degrees of PAE, from the 

original PASS sample (Cape Town, South Africa) of over 6,000 participants. Additional 

detail on this cohort and data collection is available in earlier publications (Elliott et al., 

2020, Dukes et al., 2014, Dukes et al., 2017a).

While recruitment into the brain imaging study is ongoing, the current sample in the 

manuscript consisted of 332 participants (i.e., 220 participants with PAE, 112 participants 

without PAE), with group differences displayed in Table 1. Figure 1 shows the distribution 

of individuals with respect to the quantity of PAE and/or PTE. The larger PASS study had 

their own inclusion and exclusion criteria (Dukes et al., 2014), but for the purposes of the 
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analyses in the current manuscript, additional inclusion criteria were applied as follows: 

(1) Children were 8–12 years of age at the time of recruitment, (2) the child was able to 

give assent, (3) there was no history of traumatic brain injury with loss of consciousness, 

(4) there was no major medical or central nervous system disorder, and (5) there were no 

MRI contraindications such as an implant (e.g., metal shunt) or medical condition (e.g., 

uncontrolled epilepsy) that posed a risk during scanning. Current use of medications with 

major effects on brain function or blood flow (e.g., antipsychotics, mood stabilizers) and 

ADHD medications (e.g., stimulants including methylphenidate) were not considered to be 

exclusionary. Only participants who passed MRI inclusion criteria were included in the 

analyses (see below).

Procedure

Neuroimaging was collected using a Siemens MAGNETOM Skyra 3T scanner at the 

Cape Universities Body Imaging Centre (CUBIC). Neuroimaging included a structural 

T1w and T2w scan, diffusion tensor imaging, and a resting state functional MRI (the 

current manuscript only includes data from the structural sequences, specifically T1w). 

Total acquisition time of a typical session was ~45 minutes. The T1w acquisition parameters 

were acquired single shot, 1×1×1mm voxel size, 176 slices, slice thickness 1.00mm, FOV 

230×230, TR=2530ms, TE=1.68, TI=1240ms, flip angle=7.

Neuroimaging Processing

FreeSurfer v7.1.1 recon-all pipeline was used for cortical reconstruction and volumetric 

segmentation metrics for statistical analysis. The fully-automated directive flag –all was 

specified for the pipeline which performs all FreeSurfer pipeline stages (autorecon1–3) 

on the MR images. Briefly, these autorecon stages include motion correction (Reuter et 

al., 2010), non-uniform intensity normalization (Sled et al., 1998), skull-strip (Ségonne 

et al., 2004), Talairach transformation and volumetric labeling of cortical and subcortical 

regions (Fischl et al., 2002, Fischl et al., 2004), tessellation of gray/white matter boundaries 

for topology correction and cortical surface reconstruction (Fischl et al., 2002, Fischl et 

al., 2004), parcellation of white and gray matter to the Desikan-Killiany atlas (Regions 

of Interest or ROI), and derivation of summary statistics for cortical metrics such as 

volume, thickness, and surface areas for those ROIs. Only T1w scans were used for 

pial surface creation. All steps are described in greater detail by FreeSurfer: (https://

surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferMethodsCitation.

Statistical Analyses

All statistical analyses were performed in CRAN R v.4.1.

Exposure/No-exposure.—Linear regression was conducted in R using lm() in the 

stats package (v4.1.2) to identify associations between prenatal exposure (PAE, PTE) and 

bilateral regional volumetrics. Measurements of cortical volume, thickness, and surface area 

of each ROI were regressed on PAE, PTE, and the PAE × PTE interaction. Children’s sex, 

age, and total intracranial volume (ICV) were included as covariates in regression models:
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Covariates = Sex, Age, ICV ,

BrainStructure b0 + bPAEE∗PAEE + bPTEE∗PTEE + ∑j
3 bj∗Covariatesj,

in which the subscript E refers to “exposure” and b are the unstandardized regression 

coefficients for each predictor. The Benjamini-Hochberg false-discovery rate (FDR) 

correction (Benjamini and Hochberg, 1995) was applied within analyzed modality (e.g., 

cortical volume, thickness, surface area). We describe the main effects and interactions that 

were statistically significant (p < .05), further specifying those that passed FDR correction (q 
< .05). Supplemental Tables 1-8 provide the full model output referring to the relationships 

between exposure and brain structure (Supporting Information).

Quantity.—To further evaluate how the number of exposures to alcohol and tobacco was 

associated with brain structure within each exposure group (i.e., PAE, PTE), structural data 

were regressed (in separate models) on total alcohol consumption (PAE) and total number 

of cigarettes smoked (PTE). Total grams of alcohol consumed per drink were converted into 

total standard drinks (i.e., 14 g of alcohol = 1 standard drink); in the current dataset, total 

alcohol consumption also included total standard drinks around the last menstrual period 

(LMP) (± 15 days). The total number of cigarettes smoked during pregnancy (beginning 

at LMP/gestational age 0 days) was estimated by multiplying the participants’ reported 

cigarettes per day by 280 (i.e., 40 weeks * 7 days), with some participants maintaining 

or decreasing (and others increasing) cigarette use through pregnancy. The PAE-quantity 

and PTE-quantity analyses only included those participants whose mothers were in their 

respective exposure groups. The PAE and PTE quantity analyses controlled for PTE and 

PAE exposure, respectively. As above, sex, age, and ICV were included as covariates in 

regression models, and the Benjamini-Hochberg FDR correction was applied:

BrainStructure b0 + bPAEQ∗PAEQ + bPTEE∗PTEE + ∑j
3 bj∗Covariatesj,

BrainStructure b0 + bPTEQ∗PTEQ + bPAEE∗PAEE + ∑j
3 bj∗Covariatesj,

in which the subscript Q refers to “quantity”.Data visualization. Brain maps highlighting 

significant associations before and after FDR correction were made using R’s ggseg package 

(Mowinckel and Vidal-Piñeiro, 2019). Scatterplots of PAE × PTE interactions and PAE/PTE 

quantity associations were made using R’s ggplot2 package (Wickham et al., 2016).

Results

Exposure

Cortical structure.—Figure 2 shows both the main effects of and interaction between 

PAE and PTE on cortical volume, thickness, and surface area across 68 bilateral ROIs.
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PAE (statistically controlling for PTE).—After FDR correction, PAE was associated 

with thinner cortices in the left parahippocampal gyrus, p < .001, q < .05 (Figure 2). Before 

correction, PAE was associated with thinner cortices in the right parahippocampal gyrus, p = 

.003, greater surface area of the right precentral gyrus (p = .024), smaller volumes of the left 

parahippocampal (p = .001), left entorhinal (p = .033), and left lingual gyri (p = .048), and 

greater volume of the right precentral gyrus (p = .047; qs > .05).

PTE (statistically controlling for PAE).—After FDR correction, PTE was associated 

with smaller cortical surface area of the bilateral pericalcarine (p’s < .003), left lateral 

orbitofrontal, p = .001, right posterior cingulate, p < .001, right rostral anterior cingulate, p = 

.003, left caudal middle frontal, p = .004, and right caudal anterior cingulate gyri (p = .004, 

q’s < .05) (Figure 2).

There were additional main effects of PTE that did not pass correction. Before correction, 

PTE was associated with thicker cortices in the right precuneus (p = .018), right posterior 

cingulate (p = .025), and right inferior temporal gyri (p = .026, q’s > .05). PTE was also 

associated with smaller cortical surface area of 9 other regions: the right lateral orbitofrontal 

cortex, p = .012; right medial orbitofrontal cortex, p = .012; left pars orbitalis cortex, p = 

.016; right middle temporal cortex, p = .027; right caudal middle frontal cortex, p = .032; 

right lingual cortex, p = .043; right paracentral cortex, p = .048; left postcentral cortex, p = 

.048; and, the right precentral cortex, p = .049. Additionally, before correction for multiple 

comparisons, PTE was associated with smaller cortical volume of 13 regions: the bilateral 

middle temporal cortex, ps ≤ .024; bilateral pericalcarine cortex, ps ≤ .030; bilateral lateral 

orbitofrontal cortex, p’s < .004; left caudal middle frontal cortex, p = .002; right rostral 

anterior cingulate cortex, p = .005; right caudal anterior cingulate cortex, p = .008; right 

posterior cingulate cortex, p = .011; left entorhinal cortex, p = .016; left precentral cortex, 

p = .025; and, the left insular cortex, p = .028. Again, these latter results did not pass FDR 

correction.

In addition to these main effects, there were several regions that exhibited significant PTE 

× PAE interactions (Figures 2–3), albeit none of which passed FDR correction: right cuneus 

cortical thickness, p = .023; right rostral anterior cingulate cortical thickness, p = .032; 

right superior frontal cortical thickness, p = .037; right isthmus cingulate cortical surface 

area, p = .018; right lateral occipital cortical surface area, p = .026; right pars triangularis 

cortical surface area, p = .038; right posterior cingulate cortical surface area, p = .039; right 

lateral occipital cortical volume, p = .026; right pericalcarine cortical volume, p = .030; right 

isthmus cingulate cortical volume, p = .030; and, right pars triangularis cortical volume, p = 

.034. As seen in the top row of Figure 3, PTE was associated with reduced thickness in the 

PAE group but greater thickness in the non-PAE group. In contrast, for cortical surface area 

and volume, the differences between the PTE and non-PTE groups were more pronounced in 

the non-PAE than PAE group (Figure 3, middle and bottom rows).

Subcortical structure.—There were no main effects of PAE or PTE (nor interactions) 

on subcortical volume that passed FDR correction. However, before correction, analysis 

revealed that PAE was associated with significantly greater volumes of the left caudate, p 
= .043. In contrast, PTE was associated with reduced right hippocampal volume, p = .030. 
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Further, there were significant PAE × PTE interactions on left cerebellar cortical volume, p = 

.019, and right amygdalar volume, p = .015 (Figures 4–5). For the left cerebellar cortex, the 

differences in volumes between the PTE and non-PTE groups were more pronounced given 

PAE versus no PAE (and vice versa for right amygdalar volume).

Quantity

Cortical structure.—In contrast to the analyses comparing the effects of prenatal 

exposures, there were no cortical volumetrics that passed FDR correction with respect to 

quantities of prenatal alcohol and/or tobacco exposure. Before correction, PTE quantity was 

positively associated with cortical thickness in the right lingual gyrus (p = .039) and cortical 

surface area and volume of the right pars triangularis gyrus (p’s ≤ .037) (Figure 6). In 

contrast, PTE quantity was negatively associated with cortical surface area of the bilateral 

caudal middle frontal gyri (p’s ≤ .028), bilateral precuneus gyri (p’s ≤ .044), right superior 

parietal gyrus (p = .026), left cuneus gyrus (p = .030), and the right transverse temporal 

gyrus (p = .040), as well as with cortical volume of the right caudal middle frontal gyrus (p 
= .011). PAE quantity was only associated with a decrease in left lateral occipital cortical 

volume, p = .049, but this also did not pass FDR correction (Figure 6).

Subcortical structure.—PTE quantity was negatively associated with volumes of both 

the central corpus callosum, p = .016, and the left thalamus, p = .050, but neither of these 

associations passed FDR correction (Figure 7). There were no main effects of PAE quantity 

on subcortical volume.

Discussion

In this report, we describe structural brain MRI data in a prospectively recruited community 

sample of children (living in the Western Cape region’s Cape Flats townships of South 

Africa) who had varying levels of PAE and PTE (i.e., across the range from no exposure to 

heavy exposure), which may be more reflective of naturally occurring ranges in exposure 

patterns at the community level relative to many previous studies. Our findings of brain 

structural differences between children with PAE (controlling for concomitant PTE) or PTE 

(controlling for concomitant PAE), relative to their unexposed counterparts, are important 

because they highlight the potentially greater deleterious effects of PTE as distinct from PAE 

on later brain development, which, as described below, may emphasize a need to consider 

the postnatal environment in future studies of PAE and/or PTE.

Alcohol exposure (controlling for tobacco)

Here, we found that PAE was associated with thinner cortices in the parahippocampal 

gyrus, a medial temporal lobe (MTL) structure important for learning and memory. 

Despite similarities between the exposed and control participants on extreme environmental 

adversity (described below), these results suggest that the MTL may be more vulnerable to 

PAE than other brain structures are, in comparison to previous studies of PAE in the same 

geographical region of South Africa. Abnormalities of MTL structures have been previously 

reported in PAE (Moore and Xia, 2021), and neuroimaging analyses of 51 6-year-olds from 

the PASS cohort also revealed structural differences in the fusiform gyrus given PAE (i.e., 
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another structure that spans the MTL) (Uban et al., 2022). Other cortical regions affected by 

PAE included precentral sulcus and medial occipital cortices as well as the caudate nucleus 

subcortically, but these effects did not survive correction for multiple comparisons.

Contrary to the literature examining brain structure in children with FASDs (e.g., Moore 

and Xia, 2021), we did not see large effects of PAE in this community sample (i.e., large 

effect sizes and wide spatial distribution of brain differences). There could be numerous 

explanations for the discrepancies, but we highlight three possibilities. First, while most 

published reports have focused on children with heavy PAE (e.g., Lindinger et al., 2021) 

or those with FASD diagnoses, our sample was recruited prospectively, and we did not 

use quantity of exposure for inclusion in our exposed group; in other words, we did not 

design our study to maximize the chances to find differences between PAE and non-PAE 

groups. Here, we were specifically interested in understanding the extent to which variability 

in exposure may be translatable to other populations in which PAE is still prevalent, even 

though quantities of exposure may be below thresholds from most previous studies and 

among children not specifically recruited with an FASD diagnosis. Indeed, in cohorts 

of the Cape Coloured community in South Africa, as studied here, past research of (1) 

newborns who were heavily exposed to alcohol prenatally (Jacobson et al., 2017), (2) 

children who met criteria for fetal alcohol syndrome (FAS) (De Guio et al., 2014), and 

(3) young adolescents with FAS or partial FAS (Joseph et al., 2014) exhibited (1) smaller 

corpus callosum volumes, (2) smaller white and gray matter volumes, and (3) morphological 

differences in the hippocampus and caudate, respectively, compared to controls. Given 

these past and our current results, as well as similar white and gray matter volumes in 

controls and children who were heavily exposed but not syndromal for FAS (De Guio 

et al., 2014), more moderate PAE may not elicit the same severity of neuroanatomical 

change observed in individuals with FAS/FASD, especially given the deeply impoverished 

conditions experienced by the children in this sample.

Secondly, and more specifically, the extremely impoverished postnatal living conditions of 

the sample recruited may have potentially strong deleterious effects on brain development 

in those with no prenatal exposure (especially in the context of more moderate exposure, 

on average, in the PAE group, as seen here), which may then overshadow the known 

effects of PAE and/or PTE. Third, previous longitudinal studies have shown that observable 

differences between children with FASDs and unexposed children vary over time through 

adolescence (Lebel et al., 2012). Thus, it is possible that with the progression of 

developmental trajectories of brain structure (in the children studied here), differences 

between PAE groups may become more apparent. Accordingly, longitudinal brain imaging 

studies in the PASS cohort may shed more light on the age-effects of PAE long after in utero 

and early postnatal exposure.

While we expected that our results would corroborate previous reports of widespread brain 

structural abnormalities among children specifically recruited for heavy alcohol exposure 

within the same region of South Africa (Fan et al., 2016, Miles et al., 2021), this was not 

the case in our sample. Indeed, even though there were relationships between quantity of 

PAE and brain structure in the left lateral occipital cortex, these results did not survive FDR 

correction (Figure 6). Therefore, it is possible that brain biomarkers of PAE are subtler with 

Marshall et al. Page 9

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



less exposure, with no differentiation from their unexposed counterparts when analyses 

collapse across wide-ranging exposure quantities. Indeed, to our knowledge, the most 

similar studies of brain imaging research on PAE among participants in similar communities 

to the PASS cohort state that mothers of participants in their PAE groups “drank heavily 

(M=9 drinks/occasion)” (Lindinger et al., 2021, p. 145). Our PAE participants, none of 

whom were selected based on quantities of exposure had a mean level of exposure of 0.82 

drinks/week, suggesting that there may be ongoing reductions in prevalence of teratogenic 

patterns of PAE/PTE occurring within this community. Recruitment into the brain imaging 

study of the PASS cohort is ongoing, and continued research will help determine how both 

quantities, frequencies, and timings of PAE exposure relate to brain structure.

There is also considerable support for the possibility that PAE in the context of extreme 

poverty may not be dissociable given the similarity of the environments in which both the 

PAE and non-PAE participants were raised. It is well established that poverty has deleterious 

effects on cognitive development (Brooks-Gunn and Duncan, 1997), and more recent work 

has shown that the effects of poverty on cognition may be rooted in brain structure (Noble 

et al., 2015, Gonzalez et al., 2020). As previously described, the children included in this 

sample all reside in the Cape Flats townships in South Africa. The Cape Flats was an 

apartheid-designated space for people historically referred to as indigenous Black African 

or Cape Coloured, where generations of residents have historically been and continue to 

be systematically deprived of governmental resources and opportunities to enhance their 

collective educational and socioeconomic status (Turok et al., 2021). Indeed, the median 

monthly household income for our participants was R7,555 ZAR (IQR = R8,420 ZAR), 

which, on 2020 Aug 30 (i.e., approximate midpoint of scanning dates), was equivalent 

to an annual household income of $5,461 USD. While there have been efforts over time 

to enhance specific communities within the Cape Flats (Dhupelia-Mesthrie, 2014), many 

individuals have historically experienced fewer neighborhood health, economic, educational, 

and social opportunities. At the extreme end, there are areas in the Cape Flats where 

individuals continue to experience food insecurity and unstable housing (i.e., no indoor 

plumbing or electricity) (Brink et al., 2020). As the effects of PAE on brain development in 

our sample were not as extensive as has been previously reported, our data suggest the real 

possibility that the effect of environmental factors on brain development in our non-PAE or 

non-PTE group may outweigh that of prenatal exposure given 8–12 years of development 

in a deleterious environment. Indeed, similar explanations have been proffered in a recent 

study of executive functioning (EF) in children with PAE in the Saldanha Bay municipality 

in South Africa, where no effects of PAE on executive functioning were found (Louw et al., 

2021). Accordingly, while we did not set out to adequately measure specific environmental 

factors that could illuminate these possibilities, we believe it is critical to acknowledge this 

possibility to properly understand the nature of the sample under study.

Tobacco exposure (controlling for alcohol)

Here, the brain structural impact of PTE was greater than that of PAE in terms of the 

regional expanse and effect sizes observed that passed correction for multiple comparisons. 

Specifically, PTE was associated with smaller surface areas in several regions associated 

with executive function (e.g., caudal middle frontal, cingulate), reward processing (e.g., 
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orbitofrontal cortex), and emotional regulation (e.g., cingulate). Previous studies have shown 

that PTE can negatively impact neurodevelopment, including poorer cognitive performance 

in children (Cornelius and Day, 2009, Cornelius et al., 2001, Ernst et al., 2001, Huizink and 

Mulder, 2006) and lower total brain volumes among children with PTE (El Marroun et al., 

2016, El Marroun et al., 2014). Typically, alcohol exposure ends at birth or after weaning 

for potential exposure through breast milk, but tobacco exposure does not necessarily end 

in the same time frame given second-hand smoke exposure in the environment. Previous 

studies have shown exposure to second-hand smoke is associated with adverse growth 

outcomes including smaller head circumference (Nadhiroh et al., 2020). Indeed, the Cape 

Flats neighborhoods experience overcrowding (Wilkinson, 2000), and overcrowded, poorly 

ventilated conditions may facilitate secondhand smoke exposure (Sabde and Zodpey, 2011, 

Kraev et al., 2009). The PASS study includes extensive documentation of pregnancy, birth, 

and early medical and developmental outcomes (Dukes et al., 2014), which can be linked 

to all children included in this neuroimaging sub-study, which will be the focus of future 

investigations.

Conclusion

While our results showing that PTE was more broadly associated with brain structure (vs. 

PAE) were contrary to our hypotheses, our results do illustrate that the patterning of the 

effects of PAE, PTE, and their interaction on cortical and subcortical brain structure are 

not simply the sum of PAE and PTE but rather highly complex downstream outcomes that 

warrant further investigation. Moreover, the structural associations of PAE and PTE quantity 

reflect the benefit of considering the amount of exposure along with analyses considering 

simply being exposed or not to such teratogens. Previous studies, including our own, that 

have focused on children with heavy PAE (and often adopted outside of their culture 

and biological families) show much larger effects on the brain. The findings described 

here highlight the need to further investigate quantity and timing of PAE/PTE, as well 

as individual differences between participants with PAE at any level of exposure, that is, 

effects that may depend on the age of participants under study. Ultimately, the limited effects 

of PAE observed here may reflect more universal deficits of socioeconomic disadvantage 

resulting from historic apartheid policies or the lasting impact of the “dop system” (i.e., in 

consideration of epigenetic inheritance of health problems related to alcohol) (Chastain 

and Sarkar, 2017). If secondhand smoke exposure (or other environmental factors) is 

augmenting the effects of PTE on brain structure, then further, longitudinal neuroimaging 

research with this cohort is necessary to evaluate the emergence of PAE- and/or PTE-related 

neurodevelopmental outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Funding

U01 HD055154, U01 HD045935, U01 HD055155, U01 HD045991, and U01 AA016501 to PASS Network; 
5R01AA025653–04 to ES; Carnegie Corporation of New York to DJ; and, K01AA026889 to KAU

Marshall et al. Page 11

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

ADEBIYI BO, MUKUMBANG FC & BEYTELL A-M. 2021. Policy requirements for the prevention 
and management of fetal alcohol spectrum disorder in South Africa: A policy brief. Frontiers in 
Public Health, 9, 592726. [PubMed: 33937161] 

ASTLEY SJ & CLARREN SK. 2001. Measuring the facial phenotype of individuals with prenatal 
alcohol exposure: correlations with brain dysfunction. Alcohol and Alcoholism, 36, 147–159. 
[PubMed: 11259212] 

BAER JS, SAMPSON PD, BARR HM, CONNOR PD & STREISSGUTH AP. 2003. A 21-year 
longitudinal analysis of the effects of prenatal alcohol exposure on young adult drinking. JAMA 
Psychiatry, 60, 377–385.

BENJAMINI Y & HOCHBERG Y. 1995. Controlling the false discovery rate: A practical and 
powerful approach to multiple testing. Journal of the Royal Statistical Society. Series B 
(Methodological), 57, 289–300.

BHATTACHARYA D, FUJIHASHI A, MAJRASHI M, BLOEMER J, BHATTACHARYA S, 
BUABEID M, ESCOBAR M, MOORE T, SUPPIRAMANIAM V & DHANASEKARAN M. 2020. 
Concurrent nicotine exposure to prenatal alcohol consumption alters the hippocampal and cortical 
neurotoxicity. Heliyon, 6, e03045. [PubMed: 31938742] 

BRINK LT, NEL DG, HALL DR & ODENDAAL HJ. 2020. Association of socioeconomic status and 
clinical and demographic conditions with the prevalence of preterm birth. International Journal of 
Gynecology & Obstetrics, 149, 359–369. [PubMed: 32176323] 

BROOKS-GUNN J & DUNCAN GJ. 1997. The effects of poverty on children. The Future of 
Children, 7, 55–71. [PubMed: 9299837] 

CHASTAIN LG & SARKAR DK. 2017. Alcohol effects on the epigenome in the germline: Role in the 
inheritance of alcohol-related pathology. Alcohol, 60, 53–66. [PubMed: 28431793] 

CORNELIUS MD & DAY NL. 2009. Developmental consequences of prenatal tobacco exposure. 
Current Opinion in Neurology, 22, 121–125. [PubMed: 19532034] 

CORNELIUS MD, RYAN CM, DAY NL, GOLDSCHMIDT L & WILLFORD JA. 2001. Prenatal 
tobacco effects on neuropsychological outcomes among preadolescents. Journal of Developmental 
and Behavioral Pediatrics, 22, 217–225. [PubMed: 11530894] 

DE GUIO F, MANGIN J-F, RIVIÈRE D, PERROT M, MOLTENO CD, JACOBSON SW, MEINTJES 
EM & JACOBSON JL. 2014. A study of cortical morphology in children with fetal alcohol 
spectrum disorders. Human Brain Mapping, 35, 2285–2296. [PubMed: 23946151] 

DHUPELIA-MESTHRIE U. 2014. Speaking about building Rylands (1960s to 1980s): a Cape Flats 
history. Social Dynamics, 40, 353–370.

DONALD KA, EASTMAN E, HOWELLS FM, ADNAMS C, RILEY EP, WOODS RP, NARR KL 
& STEIN DJ. 2015a. Neuroimaging effects of prenatal alcohol exposure on the developing human 
brain: A magnetic resonance imaging review. Acta Neuropsychiatrica, 27, 251–269. [PubMed: 
25780875] 

DONALD KA, ROOS A, FOUCHE J-P, KOEN N, HOWELLS FM, WOODS RP, ZAR HJ, NARR 
KL & STEIN DJ. 2015b. A study of the effects of prenatal alcohol exposure on white matter 
microstructural integrity at birth. Acta Neuropsychiatrica, 27, 197–205. [PubMed: 26022619] 

DUKES K, TRIPP T, PETERSEN J, ROBINSON F, ODENDAAL H, ELLIOT A, WILLINGER M, 
HERELD D, RAFFO C, KINNEY HC, GROENEWALD C, ANGAL J, YOUNG R, BURD L 
& PASS NETWORK 2017a. A modified Timeline Followback assessment to capture alcohol 
exposure in pregnant women: Application in the Safe Passage Study. Alcohol, 62, 17–27. 
[PubMed: 28755748] 

DUKES K, TRIPP T, WILLINGER M, ODENDAAL H, ELLIOTT AJ, KINNEY HC, ROBINSON F, 
PETERSEN JM, RAFFO C, HERELD D, GROENEWALD C, ANGAL J, HANKINS G, BURD 
L, FIFER WP, MYERS MM, HOFFMAN HJ & SULLIVAN L. 2017b. Drinking and smoking 
patterns during pregnancy: Development of group-based trajectories in the Safe Passage Study. 
Alcohol, 62, 49–60. [PubMed: 28755751] 

DUKES KA, BURD L, ELLIOTT AJ, FIFER WP, FOLKERTH RD, HANKINS GDV, HERELD D, 
HOFFMAN HJ, MYERS MM, ODENDAAL HJ, SIGNORE C, SULLIVAN LM, WILLINGER 

Marshall et al. Page 12

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



M, WRIGHT C & KINNEY HC. 2014. The Safe Passage Study: Design, methods, recruitment, 
and follow-up approach. Paediatric and Perinatal Epidemiology, 28, 455–465. [PubMed: 
25131605] 

EL MARROUN H, SCHMIDT MN, FRANKEN IHA, JADDOE VWV, HOFMAN A, VAN DER 
LUGT A, VERHULST FC, TIEMEIER H & WHITE T. 2014. Prenatal tobacco exposure and 
brain morphology: A prospective study in young children. Neuropsychopharmacology, 39, 792–
800. [PubMed: 24096296] 

EL MARROUN H, TIEMEIER H, FRANKEN IHA, JADDOE VWV, VAN DER LUGT A, 
VERHULST FC, LAHEY BB & WHITE T. 2016. Prenatal cannabis and tobacco exposure in 
relation to brain morphology: A prospective neuroimaging study in young children. Biological 
Psychiatry, 79, 971–979. [PubMed: 26422004] 

ELLIOTT AJ, KINNEY HC, HAYNES RL, DEMPERS JD, WRIGHT C, FIFER WP, ANGAL 
J, BOYD TK, BURD L, BURGER E, FOLKERTH RD, GROENEWALD C, HANKINS G, 
HERELD D, HOFFMAN HJ, HOLM IA, MYERS MM, NELSEN LL, ODENDAAL HJ, 
PETERSEN J, RANDALL BB, ROBERTS DJ, ROBINSON F, SCHUBERT P, SENS MA, 
SULLIVAN LM, TRIPP T, VAN EERDEN P, WADEE S, WILLINGER M, ZAHARIE D & 
DUKES KA. 2020. Concurrent prenatal drinking and smoking increases risk for SIDS: Safe 
Passage Study report. EClinicalMedicine, 19, 100247. [PubMed: 32140668] 

ERNST M, MOOLCHAN ET & ROBINSON ML. 2001. Behavioral and neural consequences 
of prenatal exposure to nicotine. Journal of the American Academy of Child & Adolescent 
Psychiatry, 40, 630–641. [PubMed: 11392340] 

FAN J, JACOBSON SW, TAYLOR PA, MOLTENO CD, DODGE NC, STANTON ME, JACOBSON 
JL & MEINTJES EM. 2016. White matter deficits mediate effects of prenatal alcohol exposure 
on cognitive development in childhood. Human Brain Mapping, 37, 2943–2958. [PubMed: 
27219850] 

FISCHL B, SALAT DH, BUSA E, ALBERT M, DIETERICH M, HASELGROVE C, VAN 
DER KOUWE A, KILLIANY R, KENNEDY D, KLAVENESS S, MONTILLO A, MAKRIS 
N, ROSEN B & DALE AM. 2002. Whole brain segmentation: Automated labeling of 
neuroanatomical structures in the human brain. Neuron, 33, 341–355. [PubMed: 11832223] 

FISCHL B, SALAT DH, VAN DER KOUWE AJW, MAKRIS N, SÉGONNE F, QUINN BT & DALE 
AM. 2004. Sequence-independent segmentation of magnetic resonance images. NeuroImage, 23, 
S69–S84. [PubMed: 15501102] 

GAUTAM P, LEBEL C, NARR KL, MATTSON SN, MAY PA, ADNAMS CM, RILEY EP, JONES 
KL, KAN EC & SOWELL ER. 2015. Volume changes and brain-behavior relationships in white 
matter and subcortical gray matter in children with prenatal alcohol exposure. Human Brain 
Mapping, 36, 2318–2329. [PubMed: 25711175] 

GONZALEZ MR, PALMER CE, UBAN KA, JERNIGAN TL, THOMPSON WK & SOWELL ER. 
2020. Positive economic, psychosocial, and physiological ecologies predict brain structure and 
cognitive performance in 9–10-year-old children. Frontiers in Human Neuroscience, 14, 578822. 
[PubMed: 33192411] 

HELLEMANS KGC, SLIWOWSKA JH, VERMA P & WEINBERG J. 2010. Prenatal alcohol 
exposure: Fetal programming and later life vulnerability to stress, depression and anxiety 
disorders. Neuroscience & Biobehavioral Reviews, 34, 791–807. [PubMed: 19545588] 

HUIZINK AC & MULDER EJH. 2006. Maternal smoking, drinking or cannabis use during pregnancy 
and neurobehavioral and cognitive functioning in human offspring. Neuroscience & Biobehavioral 
Reviews, 30, 24–41. [PubMed: 16095697] 

JACOBS L & JACOBS J. 2013. Narratives on alcohol dependence in the family in post-apartheid 
South Africa. Journal of Addiction Research & Therapy, 4, 1000152.

JACOBSON SW, JACOBSON JL, MOLTENO CD, WARTON CMR, WINTERMARK P, HOYME 
HE, DE JONG G, TAYLOR P, WARTON F, LINDINGER NM, CARTER RC, DODGE NC, 
GRANT E, WARFIELD SK, ZÖLLEI L, VAN DER KOUWE AJW & MEINTJES EM. 2017. 
Heavy prenatal alcohol exposure is related to smaller corpus callosum in newborn MRI scans. 
Alcoholism: Clinical and Experimental Research, 41, 965–975. [PubMed: 28247416] 

JOSEPH J, WARTON C, JACOBSON SW, JACOBSON JL, MOLTENO CD, EICHER A, MARAIS 
P, PHILLIPS OR, NARR KL & MEINTJES EM. 2014. Three-dimensional surface deformation-

Marshall et al. Page 13

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



based shape analysis of hippocampus and caudate nucleus in children with fetal alcohol spectrum 
disorders. Human Brain Mapping, 35, 659–672. [PubMed: 23124690] 

KRAEV TA, ADAMKIEWICZ G, HAMMOND SK & SPENGLER JD. 2009. Indoor concentrations 
of nicotine in low-income multi-unit housing: Associations with smoking behaviours and housing 
characteristics. Tobacco Control, 18, 438–44. [PubMed: 19679890] 

LANGE S, PROBST C, QUERE M, REHM J & POPOVA S. 2015. Alcohol use, smoking and their 
co-occurrence during pregnancy among Canadian women, 2003 to 2011/12. Addictive Behaviors, 
50, 102–109. [PubMed: 26117214] 

LANGE S, PROBST C, REHM J & POPOVA S. 2018. National, regional, and global prevalence of 
smoking during pregnancy in the general population: a systematic review and meta-analysis. The 
Lancet Global Health, 6, E769–E776. [PubMed: 29859815] 

LAUBE C, VAN DEN BOS W & FANDAKOVA Y. 2020. The relationship between pubertal 
hormones and brain plasticity: Implications for cognitive training in adolescence. Developmental 
Cognitive Neuroscience, 42, 100753. [PubMed: 32072931] 

LEBEL C, MATTSON SN, RILEY EP, JONES KL, ADNAMS CM, MAY PA, BOOKHEIMER SY, 
O’CONNOR MJ, NARR KL, KAN E, ABARYAN Z & SOWELL ER. 2012. A longitudinal study 
of the long-term consequences of drinking during pregnancy: Heavy in utero alcohol exposure 
disrupts the normal processes of brain development. The Journal of Neuroscience, 34, 15243–
15251.

LEES B, MEWTON L, JACOBUS J, VALADEZ EA, STAPINSKI LA, TEESSON M, TAPERT SF & 
SQUEGLIA LM. 2020a. Association of prenatal alcohol exposure with psychological, behavioral, 
and neurodevelopmental outcomes in children from the Adolescent Brain Cognitive Development 
Study. The American Journal of Psychiatry, 177, 1060–1072. [PubMed: 32972200] 

LEES B, MEWTON L, STAPINSKI LA, TEESSON M & SQUEGLIA LM. 2020b. Association of 
prenatal alcohol exposure with preadolescent alcohol sipping in the ABCD study®. Drug and 
Alcohol Dependence, 214, 108187. [PubMed: 32731083] 

LI Y & WANG H. 2004. In utero exposure to tobacco and alcohol modifies neurobehavioral 
development in mice offspring: consideration a role of oxidative stress. Pharmacological Research, 
49, 467–473. [PubMed: 14998557] 

LINDINGER NM, JACOBSON JL, WARTON CMR, MALCOLM-SMITH S, MOLTENO CD, 
DODGE NC, ROBERTSON F, MEINTJES EM & JACOBSON SW. 2021. Fetal alcohol exposure 
alters BOLD activation patterns in brain regions mediating the interpretation of facial affect. 
Alcoholism: Clinical and Experimental Research, 45, 140–152. [PubMed: 33220071] 

LONDON L. 2000. Alcohol consumption amongst South African farm workers: A challenge for post-
apartheid health sector transformation. Drug and Alcohol Dependence, 59, 199–206. [PubMed: 
10891634] 

LOUW JG, VAN HEERDEN A, OLIVIER L, LAMBRECHTS T, BROODRYK M, BUNGE L, 
VOSLOO M & TOMLINSON M. 2021. Executive function after prenatal alcohol exposure 
inc hildren in a South African population: Cross-sectional study. JMIR Formative Research, 5, 
e20658. [PubMed: 34255647] 

MATTSON SN, BERNES GA & DOYLE LR. 2019. Fetal alcohol spectrum disorders: A review 
of neurobehavioral deficits associated with prenatal alcohol exposure. Alcoholism: Clinical and 
Experimental Research, 43, 1046–1062. [PubMed: 30964197] 

MAY PA, BAETE A, RUSSO J, ELLIOTT AJ, BLANKENSHIP J, KALBERG WO, BUCKLEY 
D, BROOKS M, HASKEN J, ABDUL-RAHMAN O, ADAM MP, ROBINSON LK, MANNING 
M & HOYME HE. 2014. Prevalence and characterstics of fetal alcohol spectrum disorders. 
Pediatrics, 134, 855–866. [PubMed: 25349310] 

MAY PA, BLANKENSHIP J, MARAIS A-S, GOSSAGE JP, KALBERG WO, BARNARD R, DE 
VRIES M, ROBINSON LK, ADNAMS CM, BUCKLEY D, MANNING M, JONES KL, PARRY 
C, HOYME HE & SEEDAT S. 2013. Approaching the prevalence of the full spectrum of fetal 
alcohol spectrum disorders in a South African population-based study. Alcoholism: Clinical and 
Experimental Research, 37, 818–830. [PubMed: 23241076] 

MAY PA, MARAIS A-S, DE VRIES M, HASKEN JM, STEGALL JM, HEDRICK DM, SNELL 
CL, SEEDAT S & PARRY CDH. 2019. “The Dop system of alcohol distribution is dead, but it’s 

Marshall et al. Page 14

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



legacy lives on...”. International Journal of Environmental Research and Public Health, 16, 3701. 
[PubMed: 31581441] 

MILES M, WARTON FL, MEINTJES EM, MOLTENO CD, JACOBSON JL, JACOBSON SW 
& WARTON CMR. 2021. Effects of prenatal alcohol exposure on the volumes of the lateral 
and medial walls of the intraparietal sulcus. Frontiers in Neuroanatomy, 15, 639800. [PubMed: 
34163333] 

MOORE EM, MIGLIORINI R, INFANTE MA & RILEY EP. 2014. Fetal alcohol spectrum disorders: 
Recent neuroimaging findings. Current Developmental Disorders Reports, 1, 161–172. [PubMed: 
25346882] 

MOORE EM & XIA Y. 2021. Neurodevelopmental trajectories following prenatal alcohol exposure. 
Frontiers in Human Neuroscience, 15, 695855. [PubMed: 35058760] 

MOWINCKEL AM & VIDAL-PIÑEIRO D. 2019. Visualisation of Brain Statistics with R-packages 
ggseg and ggseg3d. arXiv preprint arXiv:1912.08200.

NADHIROH SR, DJOKOSUJONO K & UTARI DM. 2020. The association between secondhand 
smoke exposure and growth outcomes of children: A systematic literature review. Tobacco Induced 
Diseases, 18, 12. [PubMed: 32180689] 

NOBLE KG, HOUSTON SM, BRITO NH, BARTSCH H, KAN E, KUPERMAN JM, 
AKSHOOMOFF N, AMARAL DG, BLOSS CS, LIBIGER O, SCHORK NJ, MURRAY SS, 
CASEY BJ, CHANG L, ERNST TM, FRAZIER JA, GRUEN JR, KENNEDY DN, VAN ZIJL P, 
MOSTOFSKY S, KAUFMANN WE, KENET T, DALE AM, JERNIGAN TL & SOWELL ER. 
2015. Family income, parental education and brain structure in children and adolescents. Nature 
Neuroscience, 18, 773–778. [PubMed: 25821911] 

NUÑEZ SC, ROUSSOTTE F & SOWELL ER. 2011. Focus on: Structural and functional brain 
abnormalities in fetal alcohol spectrum disorders. Alcohol Research & Health, 34, 121–132. 
[PubMed: 23580049] 

ODENDAAL HJ, KRUGER M & BOTHA MH. 2020. Dangers of smoking cigarettes and drinking 
alcohol during pregnancy. South African Medical Journal, 110, 1066–1067. [PubMed: 33403977] 

OH S, GONZALEZ JMR, SALAS-WRIGHT CP, VAUGHN MG & DINITTO DM. 2017. Prevalence 
and correlates of alcohol and tobacco use among pregnant women in the United States: Evidence 
from the NSDUH 2005–2014. Preventative Medicine, 97, 93–99.

POLLI FS & KOHLMEIER KA. 2020. Prenatal nicotine exposure in rodents: Why are there so 
many variations in behavioral outcomes? Nicotine & Tobacco Research, 22, 1694–1710. [PubMed: 
31595949] 

RILEY EP, INFANTE MA & WARREN KR. 2011. Fetal alcohol spectrum disorders: An overview. 
Neuropsychology Review, 21, 73. [PubMed: 21499711] 

ROFFMAN JL, SIPAHI ED, DOWLING KF, HUGHES DE, HOPKINSON CE, LEE H, ERYILMAZ 
H, COHEN LS, GILMAN J, DOYLE AE & DUNN EC. 2021. Association of adverse prenatal 
exposure burden with child psychopathology in the Adolescent Brain Cognitive Development 
(ABCD) Study. PLOS ONE, 16, e0250235. [PubMed: 33909652] 

SABDE Y & ZODPEY S. 2011. Secondhand tobacco smoke exposure in low income group women of 
Nagpur, India. Asian Journal of Experimental Sciences, 25, 81–85.

SÉGONNE F, DALE AM, BUSA E, GLESSNER M, SALAT D, HAHN HK & FISCHL B. 2004. A 
hybrid approach to the skull stripping problem in MRI. NeuroImage, 22, 1060–1075. [PubMed: 
15219578] 

SKAGERSTRÖM J, ALEHAGEN S, HÄGGSTRÖM-NORDIN E, ÅRESTEDT K & NILSEN P. 
2013. Prevalence of alcohol use before and during pregnancy and predictors of drinking during 
pregnancy: a cross sectional study in Sweden. BMC Public Health, 13, 780. [PubMed: 23981786] 

SLED JG, ZIJDENBOS AP & EVANS AC. 1998. A nonparametric method for automatic correction 
of intensity nonuniformity in MRI data. IEEE Transactions on Medical Imaging, 17, 87–97. 
[PubMed: 9617910] 

SOWELL ER, MATTSON SN, THOMPSON PM, JERNIGAN TL, RILEY EP & TOGA AW. 2001. 
Mapping callosal morphology and cognitive correlates: Effects of heavy prenatal alcohol exposure. 
Neurology, 57, 235–244. [PubMed: 11468307] 

Marshall et al. Page 15

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SULIK KK. 1984. Critical periods for alcohol teratogenesis in mice, with special reference to the 
gastrulation stage of embryogenesis. Ciba Foundation Symposium, 105, 124–141. [PubMed: 
6563984] 

SULIK KK. 2005. Genesis of alcohol-induced craniofacial dysmorphism. Experimental Biology and 
Medicine, 230, 366–375. [PubMed: 15956766] 

SULIK KK, JOHNSTON MC, DAFT PA, RUSSELL WE, DEHART DB, OPITZ JM & REYNOLDS 
JF. 1986. Fetal alcohol syndrome and DiGeorge anomaly: Critical ethanol exposure periods 
for craniofacial malformations as illustrated in an animal model. American Journal of Medical 
Genetics, 25, 97–112.

TUROK I, VISAGIE J & SCHEBA A. 2021. Social Inequality and Spatial Segregation in Cape 
Town. In: VAN HAM M, TAMMARU T, UBAREVIČIENĖ R & JANSSEN H (eds.) Urban 
Socio-Economic Segregation and Income Inequality. Springer.

UBAN KA, JONKER D, DONALD KA, BROOKS SJ, BODISON SC, KAN E, BUTLER-KRUGER 
L, ROOS A, STEIGELMANN B, MELLY B, ADISE S, MARSHALL A, NARR KL, JOSHI S, 
ODENDAAL HJ, SOWELL ER & STEIN DJ. 2022. Associations between prenatal alcohol and 
tobacco exposure and cortical and subcortical brain measures in South African children: A pilot 
study. medRxiv.

WADE NE, PALMER CE, GONZALEZ MR, WALLACE AL, INFANTE MA, TAPERT SF, 
JACOBUS J & BAGOT KS. 2021. Risk factors associated with curiosity about alcohol use in 
the ABCD cohort. Alcohol, 92, 11–19. [PubMed: 33434614] 

WICKHAM H, CHANG W, HENRY L, PEDERSEN TL, TAKAHASHI K, WILKE C, WOO K, 
YUTANI H & DUNNINGTON D. 2016. ggplot2: Elegant Graphics for Data Analysis, New York, 
Springer-Verlag.

WILKINSON P. 2000. City profile: Cape Town. Cities, 17, 195–205.

Marshall et al. Page 16

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Distribution of participants per PAE and/or PTE quantity. The abscissa and ordinate are 

presented on a log10 scale. CON = control group (i.e., no exposure).
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Figure 2. 
Brain maps of cortical regions significantly associated with alcohol and tobacco exposure 

during pregnancy. L = left hemisphere. R = right hemisphere. EXP = Exposed to prenatal 

alcohol and/or tobacco. CON = control group. INT = interaction.
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Figure 3. 
Cortical regions exhibiting significant interactions between prenatal alcohol exposure (PAE) 

and prenatal tobacco exposure (PTE). CON = control group. Black data points and dashed 

lines designate the means of each PAE × PTE subgroup.

Marshall et al. Page 19

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Brain maps of subcortical regions significantly associated with alcohol and tobacco exposure 

during pregnancy. L = left hemisphere. R = right hemisphere. EXP = Exposed to prenatal 

alcohol and/or tobacco. CON = control group. INT = interaction.
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Figure 5. 
Subcortical regions exhibiting significant interactions between prenatal alcohol exposure 

(PAE) and prenatal tobacco exposure (PTE). CON = control group. Black data points and 

dashed lines designate the means of each PAE × PTE subgroup.
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Figure 6. 
Cortical regions exhibiting significant (uncorrected) associations with quantity of tobacco or 

alcohol exposure during pregnancy (i.e., total cigarettes smoked: prenatal tobacco exposure, 

PTE; total drinks: prenatal alcohol exposure, PAE). Red data points reflect those not exposed 

to tobacco or alcohol prenatally (i.e., controls; CON). Blue data points are the individuals 

in the PTE group or PAE group (bottom right panel). The abscissa is presented on a log10 

scale, and the dashed line is a best fit, simple regression line to convey directionality of the 

association. LH = left hemisphere. RH = right hemisphere.

Marshall et al. Page 22

Alcohol Clin Exp Res. Author manuscript; available in PMC 2024 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Subcortical regions exhibiting significant (uncorrected) associations with quantity of tobacco 

exposure during pregnancy (i.e., total cigarettes smoked: prenatal tobacco exposure, PTE). 

Red data points reflect those not exposed to tobacco prenatally (i.e., controls; CON). Blue 

data points are the individuals in the PTE group. The abscissa is presented on a log scale, 

and the dashed line is a best fit, simple regression line to convey directionality of the 

association. LH = left hemisphere. CC = corpus callosum.
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Table 1.
Participant demographics.

“Total Drinks” and “Total Cigarettes” refer to the total number of standard drinks and cigarettes smoked, 

respectively, during pregnancy (“Total Drinks” also included alcohol consumption around the last menstrual 

period [LMP] [± 15 days]; “Total Cigarettes” were estimated by multiplying cigarettes per day since LMP/

gestational age 0 days by 280 [40 weeks * 7 days]). PAE = prenatal alcohol exposure. PTE = prenatal tobacco 

exposure.

PAE (N=220) No-PAE (N=112)

Sex [n (%)]

 Female 124 (56.4%) 53 (47.3%)

 Male 96 (43.6%) 59 (51.7%)

Age (Years)

 Mean (SD) 10.3 (1.4) 10.3 (1.3)

Total Drinks

 Missing (n) 9 0

 Mean (SD) 28.7 (60.7) 0 (0)

Prenatal Tobacco Exposure [n (%)]

 No-PTE 70 (31.8%) 63 (56.2%)

 PTE 150 (68.2%) 49 (43.8%)

Total Cigarettes

 Mean (SD) 741.8 (824.4) 454.2 (751.0)
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