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Highlights
Corpus callosum, caudate, and cerebellar volumes smaller with increased age in FASD
Corpus callosum and caudate volumes had quadratic relationship with age in FASD
Cerebellar volume was smaller in older FASD but larger in older controls
Volumetric findings persisted in FASD even after intracranial volume adjustment
Sexual dimorphism of pallidum and cerebellum volume was attenuated in FASD

Abstract

The neurodevelopmental trajectory in individuals with fetal alcohol spectrum disorders 

(FASD) has not been well characterized. We examined age-related differences in the volume of 

the corpus callosum, basal ganglia, and cerebellum across adolescence and young adulthood, due 

to the sensitivity of these regions to prenatal alcohol exposure. T1-weighted anatomical magnetic 

resonance images (MRI) were acquired from a cross-sectional sample of subjects 13-30 years old 

who had received an alcohol-related diagnosis (FASD, n=107) and typically developing controls 

(CON, n=56). FreeSurfer v5.3 was used to obtain volumetric data for the corpus callosum, 



caudate, putamen, pallidum, and cerebellum. Analysis of variance (ANOVA) was used to 

examine the effects of group (FASD, CON), sex, and age on region volume. Data were analyzed 

with and without correction for intracranial volume (ICV). All subregions were significantly 

smaller in the FASD group compared to controls, and these findings persisted even after ICV 

correction. Furthermore, the FASD and control groups differed in their relationship between age 

and total volume of the corpus callosum, caudate, and cerebellum. Specifically, older FASD 

individuals had smaller total volume in these regions; this relationship was not seen in the 

control group.  Control males demonstrated larger volumes than control females in all regions 

prior to ICV correction; however, sex differences were attenuated in the FASD group in both the 

pallidum and cerebellum. Sex differences remained after ICV correction in the pallidum and 

cerebellum. These cross-sectional findings suggest that at least some brain regions may become 

smaller at an earlier than expected age in individuals with FASD, and that sex is an important 

factor to consider when examining neural structures in FASD.  Further evaluation is necessary 

using longitudinal methods and including older ages. 

Abbreviations: ARND, alcohol-related neurodevelopmental disorder; CON, control; FAE, fetal 

alcohol effects; FASD, fetal alcohol spectrum disorders; FAS, fetal alcohol syndrome; pFAS, 

partial fetal alcohol syndrome; ICV, intracranial volume; ND-PAE, neurobehavioral disorder 

associated with prenatal alcohol exposure; MRI, magnetic resonance imaging; ROI, region of 

interest

Keywords: prenatal alcohol exposure, fetal alcohol spectrum disorders (FASD), 

neurodevelopment, neuroimaging



1. Introduction

The consequences of prenatal alcohol exposure are wide-ranging, and include physical 

characteristics, cognitive deficits, and behavioral problems (Riley et al., 2011). The term fetal 

alcohol spectrum disorder (FASD) encompasses the full range of the effects of prenatal alcohol 

exposure, including the diagnoses of fetal alcohol syndrome (FAS), partial fetal alcohol 

syndrome (pFAS), alcohol-related neurodevelopmental disorder (ARND), neurobehavioral 

disorder associated with prenatal alcohol exposure (ND-PAE), and alcohol-related birth defects 

(ARBD). Prenatal alcohol exposure is a leading preventable cause of birth defects, intellectual 

disability, and developmental disorders. Recent estimates from active case ascertainment studies 

indicate that FASD affects 1.1-5.0% of children in the United States (May et al., 2018). There is 

limited research examining the consequences of prenatal alcohol exposure in adulthood; 

however, the results to date indicate that detrimental effects can last into young adulthood (Coles 

et al., 2010; Moore and Riley, 2015; Santhanam et al., 2011; Spohr et al., 2007; Streissguth, 

2007). 

The developmental trajectory of the brain has not been well studied beyond childhood in 

individuals with prenatal alcohol exposure. Human brain development is a dynamic, protracted 

process in which different structures, tissues, and neural circuits have particular developmental 

trajectories (Giedd et al., 2015). In general, white matter volumes increase through middle age, 

whereas gray matter volumes decrease after childhood, with different central nervous system 

(CNS) regions reaching peak volumes at different points in development (Coupe et al., 2017; 

Giedd et al., 2015; Mills et al., 2016). Longitudinal studies up to age 17 have demonstrated 



atypical patterns of brain maturation in children with FASD, as well as differential relationships 

between developmental trajectory and cognitive function, compared to controls (Gautam et al., 

2014; Lebel et al., 2012; Moore and Riley, 2015; Treit et al., 2013). However, the extent to 

which these trajectories differ into adulthood in individuals with prenatal alcohol exposure has 

not been studied. 

1.1. Corpus Callosum

The corpus callosum comprises a tract of fibers that connects the left and right cerebral 

hemispheres, and allows for the transmission and coordination of information between 

homologous areas on either side of the brain. Sex differences have been reported in this structure 

(Shiino et al., 2017; Steinmetz et al., 1995; Sullivan et al., 2001), although some have reported 

that these differences are due to general brain size differences between the sexes rather than a 

localized sexual dimorphism (Giedd et al., 1999; Luders et al., 2014). This white matter structure 

is important to the integration of motor and sensory information, as well as cognitive processing, 

and is selectively affected by prenatal alcohol exposure (Bookstein et al., 2002a; Riley et al., 

1995). Compared to typically developing controls, the volume of the corpus callosum is smaller, 

and its shape is more variable in individuals exposed to alcohol in utero, with the mid- and 

posterior areas being the most severely affected (Bookstein et al., 2002a; Riley et al., 1995). 

Importantly, the shape and size of the corpus callosum are predictive of neuropsychological 

functioning (Biffen et al., 2017; Bookstein et al., 2002b). In typical development, corpus 

callosum volume demonstrates a curvilinear relationship with age: its volume increases into early 

adulthood, plateaus around age thirty, and then volume declines occur with aging (Westlye et al., 

2010). Interestingly, for children and adolescents with FASD, increases in corpus callosum 



volume over the course of development are related to improved cognitive outcomes (Gautam et 

al., 2014). 

1.2. Basal Ganglia

The basal ganglia are subcortical structures that include the caudate, putamen, and 

pallidum, all of which are regions sensitive to insult by prenatal alcohol (Mattson et al., 1994; 

Mattson et al., 1996). Through its connections with frontal lobe areas, the basal ganglia are 

involved in regulating motor skills and cognitive function, including attention and affective 

control (Giedd et al., 2015). Normal development of the basal ganglia tends to follow an inverted 

U-shaped trajectory, with peak volume occurring in early adolescence (i.e., age 12 in females 

and age 14 in males) (Giedd et al., 2015; Raznahan et al., 2014). This set of structures has also 

been reported to be sexually dimorphic, possibly related to the high density of sex steroid 

receptors (Peper et al., 2011). After accounting for sex differences in brain size, males have been 

reported to have larger volume of the pallidum and putamen (Ahsan et al., 2007; Rijpkema et al., 

2012; Ruigrok et al., 2014), whereas females reportedly have larger caudate (Filipek et al., 1994; 

Luders et al., 2009).  The basal ganglia are disproportionately smaller in both children and 

adolescents with FASD, even after accounting for smaller overall brain size (Archibald et al., 

2001; Mattson et al., 1994; Mattson et al., 1996). The reduced volume of the basal ganglia may 

be related to the profile of neurobehavioral deficits seen in FASD, including impaired 

visuospatial abilities and executive functioning (Mattson et al., 1996; Riley and McGee, 2005). 

1.3. Cerebellum

The cerebellum plays an important role in motor skills, balance, and coordination, as well 

as cognitive function and emotional processing (Tiemeier et al., 2010). Total cerebellum volume 

also generally follows an inverted U-shaped developmental trajectory, though subdivisions of 



this structure mature in distinct patterns (Tiemeier et al., 2010). The hemispheres of the 

cerebellum continue to grow into late adolescence, whereas the volume of the cerebellar vermis 

does not change with age (Giedd et al., 2015). Males tend to have larger cerebellar volumes than 

females even after accounting for sex differences in brain size (Carne et al., 2006; Ruigrok et al., 

2014; Tiemeier et al., 2010; Wierenga et al., 2014), although some have not found this effect 

(Nopoulos et al., 2000).  The cerebellum is often implicated in neurodevelopmental disorders 

(Tiemeier et al., 2010), and its protracted development may make it especially vulnerable to the 

effects of environmental factors and toxins (Ciesielski and Knight, 1994), such as alcohol. 

Cerebellar abnormalities are a common finding in children with prenatal alcohol exposure 

(Archibald et al., 2001; Bookstein et al., 2006; Johnson et al., 1996), including smaller total 

volume, particularly in the anterior vermis (Riley and McGee, 2005). Such effects may be 

associated with deficits in attention shifting (Courchesne et al., 1994), balance (Roebuck et al., 

1998), and poorer short-delay eyeblink conditioning (Jacobson et al., 2008; Jacobson et al., 2011; 

Spottiswoode et al., 2011) seen in individuals with FASD.

1.4. Study Rationale 

Because there is little information about the impact of prenatal alcohol exposure on the 

brain beyond adolescence, we examined age-related differences in the volumes of the corpus 

callosum, structures that comprise the basal ganglia (i.e., caudate, putamen, pallidum), and 

cerebellum in a relatively large sample of adolescents and young adults with FASD and typically 

developing controls. We chose to examine the corpus callosum, basal ganglia, and cerebellum 

because these regions have been consistently reported to be particularly sensitive to the 

teratogenic effects of alcohol in children. Indeed, numerous MRI studies have reported that these 

brain regions are disproportionately smaller in those with FASD as compared to controls 



(Archibald et al., 2001; Bookstein et al., 2001; Bookstein et al., 2002a; Bookstein et al., 2006; 

Jacobson et al., 2017; Mattson et al., 1994; Mattson et al., 1996). Furthermore, previous findings 

support that reductions in total brain volume and several subcortical regions persist into 

adulthood (Chen et al., 2012; Treit et al., 2017). Many diffusion tensor imaging (DTI) studies of 

children and adolescents have found that white matter is sensitive to prenatal alcohol exposure 

(reviewed in (Ghazi Sherbaf et al., 2019; Wozniak and Muetzel, 2011)); thus, it is not surprising 

that young adults with FASD have also demonstrated poorer white matter microstructural 

integrity in the corpus callosum (Li et al., 2009; Ma et al., 2005). However, it remains unclear 

the extent to which the trajectory of development of the corpus callosum, caudate, putamen, 

pallidum, and cerebellum may differ from that of typically developing individuals. We aimed to 

take the first step in addressing this question by determining whether these regions with known 

sensitivity to alcohol consistently showed age-related changes in a cross-sectional sample of 

adolescents and young adults with FASD. We hypothesized that the volume of these regions 

would be reduced in adulthood in the FASD group. In addition, because individuals with other 

neurodevelopmental disorders exhibit altered patterns of brain growth (e.g., ADHD, Down 

syndrome) (Shaw et al., 2007; Zigman, 2013), we hypothesized that individuals with FASD 

would also demonstrate an association between older age and smaller volumes. For example, 

individuals with ADHD exhibit a cortical maturation delay of approximately three years in 

childhood (Shaw et al., 2007); on the other hand, the majority of individuals with Down 

syndrome show neuropathological changes consistent with Alzheimer’s disease after age 35 to 

40 (Zigman, 2013). We have previously published our hypotheses regarding developmental 

trajectories in adults with FASD (Moore and Riley, 2015). In support of these hypotheses, we 

predicted that individuals with FASD would show increased brain region volume across 



adolescence and into young adulthood, similar to ADHD, but that we may also see a pattern 

suggestive of volumetric decline at an earlier age, similar to other populations with facial 

dysmorphology (e.g., Down syndrome, Prader-Willi syndrome, Williams syndrome) (Dykens, 

2013; Zigman, 2013) and congenital abnormalities, such as spina bifida (Ware et al., 2017). 

Attenuated sex differences have also been reported in FASD (Chen et al., 2012; Moore et al., 

2016; Treit et al., 2017); therefore, we hypothesized that the FASD group would demonstrate 

reduced sexual dimorphism in our regions of interest. 

2. Results

2.1. Subject Characteristics

The FASD and control (CON) groups did not differ on sex, race, or age (ps > .160). 

However, the FASD group had significantly lower FSIQ scores and years of education compared 

to the CON group. More individuals with FASD were left-handed compared to controls. Visual 

inspection and statistical analysis revealed the same overall pattern between right and left-handed 

subjects; therefore, we chose to retain left-handed individuals in our analysis to increase power. 

Demographics are reported in Table 1. 

2.2. Region of Interest Analyses

Table 2 reports group differences in ROI volume and ICV. See Table 3 for ANOVA 

results. Supplementary Figure 1 shows graphical representations of sex differences, with Column 

1 (graphs A/D/G/J/M) depicting differences in raw values, and Column 3 (graphs C/F/I/L/O) 

depicting differences in residuals. Column 3 graphs represent the values that were used as the 

dependent variable in the ICV-adjusted analyses described below. 

2.2.1. Corpus Callosum

2.2.1.1. Age model



 The CON group showed a linear increase in corpus callosum volume across age, whereas 

volumes in the FASD group had a quadratic relationship with age, in which corpus callosum 

volume demonstrated an initial increase, peaking in early adulthood, followed by a decrease in 

volume (see Figure 1a). There were also significant simple main effects of group (CON > FASD) 

and age2. Results were similar after adjusting corpus callosum volume for ICV.

2.2.1.2. Sex model 

There was no significant group x sex interaction or main effect of sex for the corpus 

callosum volume. However, there was a significant main effect of group, in which the CON 

group had greater volumes than the FASD group. Modeling ICV-adjusted corpus callosum 

volume revealed similar results. 

2.2.2. Caudate

2.2.2.1. Age model 

For the caudate, the CON group showed a linear decrease in volume across age, whereas 

volumes in the FASD group demonstrated a quadratic relationship with age: caudate volume 

demonstrated an initial increase, peaking in early adulthood, followed by a decrease in volume 

up to age 30 (see Figure 1b). The caudate also demonstrated a significant simple main effect of 

group (CON > FASD), as well as age2. ICV-adjusted caudate volume no longer demonstrated a 

group x age2 interaction; however, the quadratic effect of age remained significant, as did the 

main effect of group (CON > FASD).

2.2.2.2. Sex model

There was no significant group x sex interaction in the caudate. However, there were 

significant main effects of group (CON > FASD) and sex (male > female). For ICV-adjusted 



caudate volume, there was no group x sex interaction or main effect of sex. The main effect of 

group persisted, in which CON had larger ICV-adjusted caudate volume than FASD. 

2.2.3. Putamen

2.2.3.1. Age model

There was no significant group x age interaction in the putamen, nor was there a significant 

linear or quadratic effect of age (see Figure 1d). However, there was a significant main effect of 

group (CON > FASD). Results were similar for the ICV-adjusted putamen volume.

2.2.3.2. Sex model 

There was no significant group x sex interaction in the putamen. However, there were 

significant main effects of group (CON > FASD) and sex (male > female). For ICV-adjusted 

putamen volume, the main effect of group persisted (CON > FASD), although there was no 

group x sex interaction or main effect of sex. 

2.2.4. Pallidum 

2.2.4.1. Age model 

In the pallidum, there was no significant group x age interaction or quadratic main effect of 

age, although there was a significant main effect of group (see Figure 1e; CON > FASD). To 

further probe the linear effects of age, the age2 term was subsequently removed from the model. 

This analysis revealed that there was a significant linear effect of age on pallidum volume [F(1, 

146) = 8.12, p = .005, η2
 = 0.053]. For ICV-adjusted pallidum volume, there were no significant 

group x age interactions or quadratic effects of age. When only the linear effect of age was 

included in the model, both groups demonstrated a negative linear relationship between ICV-

adjusted pallidum volume and age [F(1, 146) = 9.08, p = .003, η2
 = 0.059]. Additionally, the 

main effect of group persisted at the trend level (p = .055, η2
 = 0.025; CON > FASD). 



2.2.4.2. Sex model

The pallidum demonstrated a significant group x sex interaction, and follow-up simple 

effects pairwise comparisons revealed that CON males displayed greater pallidum volume than 

FASD males (p < .001, η2
 = 0.183); however, CON females did not significantly differ from 

FASD females (p = .069, η2
 = 0.023). Results were similar following adjustment for ICV; CON 

males had larger ICV-adjusted pallidum volumes than FASD males (p = .002, η2
 = 0.064), but 

there was no difference in ICV-adjusted pallidum volumes for CON females compared to FASD 

females (p = .561, η2
 = 0.002). With regard to sex, males had significantly greater volume than 

females in both groups (CON male vs. female: p < .001, η2
 = 0.15; FASD male vs. female: p = 

.026, η2
 = 0.033). ICV-adjusted pallidum volume was significantly greater in CON males 

compared to CON females (p = .015, η2
 = 0.04), but this sex effect was not observed in the 

FASD group (p = .273, η2
 = 0.008). There was no significant simple main effect of group or sex 

after accounting for ICV. 

2.2.5. Cerebellum

2.2.5.1. Age model 

The volume of the cerebellum did not demonstrate a quadratic relationship across age, and 

when the age2 term was removed from the model, analyses revealed a significant group x age 

interaction [F(1, 146) = 4.37, p = .038, η2
 = 0.029]. The CON group demonstrated a positive 

linear relationship between cerebellum volume and age, whereas there was a negative linear 

relationship between cerebellum volume and age in the FASD group (see Figure 1c). There was 

also a simple main effect of group [CON > FASD; F(1, 146) = 35.78, p < .001, η2
 = 0.197]. 

Following adjustment for ICV, there were no significant quadratic effects of age. However, when 

only the linear effect of age was included in the model, ICV-adjusted cerebellum volume 



demonstrated a trending group x age interaction [F(1, 146) = 3.78, p = .054, η2
 = 0.025], in which 

volumes for CON were larger across age, and FASD volume demonstrated no relationship to 

age. There was also a significant simple main effect of group [CON > FASD; F(1, 146) = 7.49, p 

= .007, η2
 = 0.049].

2.2.5.2. Sex model

The cerebellum demonstrated a significant group x sex interaction, and follow-up simple 

effects pairwise comparisons indicated that CON had greater cerebellum volumes than FASD for 

both sexes (CON vs. FASD males: p < .001, η2
 = 0.22; CON vs. FASD females: p = .003, η2

 = 

0.06). After adjusting for ICV, the group x sex interaction persisted: CON males had larger ICV-

adjusted cerebellum volumes than FASD males (p < .001, η2
 = 0.084), but there was no 

difference in ICV-adjusted cerebellum volumes in CON females compared to FASD females (p 

= .704, η2
 = 0.001).  With regard to sex, males had significantly greater volume than females in 

both groups (CON male vs. female: p < .001, η2
 = 0.145; FASD male vs. female: p = .005, η2

 = 

0.054). ICV-adjusted cerebellum volume did not significantly differ in CON males compared to 

CON females (p = .083, η2
 = 0.02), or in FASD males compared to FASD females (p = .136, η2

 = 

0.015). After controlling for ICV, there was a simple main effect of group (CON > FASD), but 

not sex. 

2.3. Post-hoc Analyses: Diagnostic Subtype

Given the uniquely large number of individuals with FAS in this sample, we conducted a 

post-hoc analysis to examine the effects of sex and age across the three diagnostic categories: 

CON, FAE, and FAS. With regard to demographic characteristics of the FAS group, the mean 

age was 19.3, 37 (65%) were White, 28 (49%) were female, and 44 (77%) were right-handed. 



The FAS group completed an average of 9.9 years of education, and had a mean FSIQ of 80.5, 

verbal IQ of 80.5, and performance IQ of 84.3. The three groups did not significantly differ on 

age, sex, or race, although there were significant group differences in education level, 

handedness, FSIQ, verbal IQ, and performance IQ. Follow-up analyses indicated that CON had a 

higher level of education, fewer left-handers, and higher FSIQ, verbal IQ, and performance IQ, 

compared to both FAE and FAS groups. FAE and FAS groups did not significantly differ on any 

demographic variables. 

It is important to note that findings from these 3-group analyses are limited by power, and 

thus, certain effects may not have been detectable. There were no statistically significant age-

related differences across the groups for any of the regions examined. The pallidum was the only 

region that demonstrated a significant group x sex interaction [F(2,144) = 7.238, p = .001, η2
 = 

.091). Follow-up simple effects pairwise comparisons revealed that CON males displayed greater 

pallidum volume than both FAE (p < .001, η2
 = 0.131) and FAS males (p < .001, η2

 = 0.183). In 

contrast, the volume of the pallidum in CON females did not differ from FAE females (p = .577, 

η2
 = 0.002), and both CON and FAE females had significantly larger volumes compared to FAS 

females (CON vs. FAS: p < .001, η2
 = 0.096; FAE vs. FAS: p < .001, η2

 = 0.117). Additionally, 

males had significantly greater volume than females in the CON and FAS groups (CON male vs. 

female: p < .001, η2
 = 0.163; FAS male vs. female: p < .001, η2

 = 0.086); however, pallidum 

volume did not differ between FAE males and females (FAE male vs. female: p = .892, η2
 < 

0.001). 

3. Discussion

We examined age- and sex-related differences in the volume of the corpus callosum, 

caudate, putamen, pallidum, and cerebellum in adolescents and young adults with FASD. These 



regions are especially sensitive to prenatal alcohol exposure, and other studies have found 

disproportionately smaller volumes in these areas in individuals prenatally exposed to alcohol 

(Archibald et al., 2001; Bookstein et al., 2006; Jacobson et al., 2017; Mattson et al., 1994; 

Mattson et al., 1996; Riley and McGee, 2005). However, few studies have examined the effects 

of prenatal alcohol exposure on brain development into adulthood. Chen et al. (2012) 

investigated volumetric differences in cortical and subcortical structures in young adults with 

prenatal alcohol exposure in their early 20s, and found that whole brain volumes were smaller at 

this age, and volume of the cerebellum was negatively related to level of prenatal alcohol 

exposure. We expanded upon these findings by examining whether there were consistent 

alcohol-related volumetric differences in the corpus callosum, basal ganglia, and cerebellum, and 

the extent to which these changes in volume were associated with age in an adolescent and adult 

sample of individuals with FASD. 

We hypothesized that the volume of the corpus callosum, caudate, putamen, pallidum, 

and cerebellum would continue to be smaller in adulthood in alcohol-exposed individuals 

compared to controls, as has been found in infant and pediatric FASD samples (Archibald et al., 

2001; Biffen et al., 2017; Jacobson et al., 2017; Roussotte et al., 2012). Our results were 

consistent with this hypothesis, and the volumes of these regions were smaller in the FASD 

group, compared to typically developing controls, even when adjusting for ICV. In particular, the 

volumes of the corpus callosum, caudate, putamen, and cerebellum were smaller; a finding that 

supports that these areas are especially sensitive to alcohol and that alcohol’s impact on the brain 

persists into early adulthood. 

The developmental trajectory of the brain has not been well studied beyond childhood in 

individuals with prenatal alcohol exposure. Children with other developmental disorders exhibit 



patterns of brain development that deviate from typical brain maturation (Giedd et al., 2015). 

Understanding the neurodevelopmental pattern of FASD into adulthood could offer additional 

insights regarding long-term outcomes of prenatal alcohol exposure in the context of cognition, 

behavior, adaptive functioning, and secondary disabilities and problems (e.g., substance use, 

incarceration). Thus, we had hypothesized that the developmental trajectories of the corpus 

callosum, basal ganglia, and cerebellum would differ between alcohol-exposed individuals and 

typically developing controls. 

In the corpus callosum and caudate, the FASD group displayed a positive relationship 

between volume and age across adolescence but a negative relationship with age across young 

adulthood. In contrast, the control group showed a tendency for a positive linear relationship 

between age and volume in the corpus callosum, and a negative linear relationship between age 

and volume in the caudate throughout the age span. In the cerebellum, FASD demonstrated a 

negative linear relationship across age, whereas volumes had a positive linear relationship with 

age in controls. These findings are supportive of an altered trajectory of development in the 

corpus callosum, caudate, and cerebellum, and indicate that those with FASD may undergo a 

premature volumetric decline in these regions.  Other populations with facial dysmorphology and 

cognitive impairment due to genetic disorders (e.g., Prader-Willi syndrome, Williams syndrome 

(Dykens, 2013), Down Syndrome (Zigman, 2013)) also have been found to have early decreases 

in brain volume. This pattern may suggest a premature aging or potentially an accelerated 

cognitive decline process; however, further research with longitudinal samples is necessary to 

characterize the brain maturation pattern for individuals with FASD.

Elucidating the developmental trajectories of regions that have demonstrated sensitivity 

to prenatal alcohol exposure is an important step in understanding how neurobehavioral 



functioning and clinical outcomes of individuals with FASD may change over time. These data 

indicate that in adolescents and adults with FASD, volumes of the corpus callosum, caudate, 

putamen, pallidum, and cerebellum are significantly smaller, compared to controls. Furthermore, 

this reduction in volume is disproportionate in all regions examined, with the exception of the 

pallidum, suggesting that the observed effects are specifically related to alcohol, rather than a 

secondary effect of smaller brain size associated with FASD. These findings are consistent with 

reduced cortical volumes shown in adolescent and adult mice with developmental ethanol 

exposure (Leigland et al., 2013), and provide further evidence that the detrimental effects of 

prenatal alcohol exposure persist into adulthood. The corpus callosum, caudate, and cerebellum 

demonstrate a differential trajectory of development, in which FASD volumes initially appear to 

catch up to those of controls, but in young adulthood, seem to show a premature decline. This 

premature decline is consistent with the developmental trajectories of other populations with 

reduced cognitive reserve (e.g., Down syndrome, adult survivors of childhood cancer, childhood 

maltreatment, traumatic brain injury, spina bifida) (Moretti et al., 2012; Ness et al., 2013; Tyrka 

et al., 2010; Ware et al., 2017; Zigman, 2013). 

While the FASD group also had smaller putamen and pallidum volumes compared to 

controls, the developmental trajectory of these regions was similar in both groups. Given the 

variability in developmental patterns for different neural structures, it may also be the case that 

other parts of the alcohol-exposed brain converge toward a normal developmental trajectory. 

Another possibility is that individuals with prenatal alcohol exposure exhibit altered 

developmental timing in certain regions relative to other regions. In the first 20 years of life, 

cortical gray matter volume decreases significantly, likely related to the high rate of pruning and 

the myelination of subcortical white matter fibers, whereas white matter volume follows an 



inverted U-shaped trajectory, peaking in middle life (Coupe et al., 2017). Neurobiological 

changes (e.g., pruning, myelination) that accompany neurodevelopment may be differentially 

affected by prenatal alcohol exposure (Lebel et al., 2012), and could underlie the consistent 

volumetric reductions and altered developmental trajectories observed in this study. Longitudinal 

DTI has already shown that children with FASD have delayed white matter development (Treit 

et al., 2013). Differences in developmental timing of gray matter versus white matter could 

potentially impact clinical outcomes in individuals with FASD. For example, there are 

differential relationships between neural developmental trajectory and cognitive function, 

compared to controls (Gautam et al., 2014; Lebel et al., 2012; Treit et al., 2013). Children with 

FASD and typically developing controls demonstrate similar patterns of increasing white matter 

volume across childhood and adolescence, but only in alcohol-exposed children is this increase 

significantly associated with cognitive improvement over time (Gautam et al., 2014). Children 

with FASD also show differences in the shape of neural structures, even in the absence of overall 

volumetric differences (Joseph et al., 2014). Indeed, Bookstein et al. (2002b) previously 

analyzed the three-dimensional shape of the corpus callosum in a subset of individuals in this 

sample, and found greater shape variability in the alcohol-exposed group, which in turn was 

associated with different profiles of neurobehavioral deficits. One could therefore speculate that, 

even if gross volumetric trajectories did not differ based on prenatal exposure to alcohol, the 

relationship between these trajectories, shape of the structure, and neurobehavioral function 

could still be altered in affected individuals. 

Few studies have examined the corresponding neurobehavioral outcomes of adults with 

FASD, but the limited findings in adults ranging from ages 18 to 41 years indicate that in 

addition to having more behavior problems than controls (Day et al., 2013), adults with FASD 



perform worse on measures of balance, motor functioning (Connor et al., 2006), sustaining and 

shifting attention (Connor et al., 1999), cognitive flexibility, planning, and learning and memory 

(Coles et al., 2010; Rangmar et al., 2015). In particular, arithmetic skills and adaptive behavior 

remain prominent areas of deficit in affected adults (Streissguth et al., 2004). The corpus 

callosum, basal ganglia, and cerebellum are crucial to proper motor and cognitive functioning 

(Tiemeier et al., 2010), particularly in the domains of attention, visuospatial ability, and 

executive function (Mattson et al., 1996; Riley and McGee, 2005). Thus, the persistence of such 

deficits into adulthood may be directly related to the robust volumetric reduction, and it will be 

important to know if a premature decline of corpus callosum, caudate, and cerebellum volumes 

may also be related to an age-related functional decline in these individuals. 

Sex differences have also been described in numerous brain regions, and smaller overall 

brain volume in females compared to males has been one of the most consistent findings in 

typically developing samples (Giedd et al., 2012). However, few neuroimaging studies have 

examined sex differences in brain structure in FASD, and even fewer have done so in 

adolescents and adults with FASD. Based on the existing MRI evidence of attenuated sex 

differences in FASD (Chen et al., 2012; Moore et al., 2016; Treit et al., 2017), we hypothesized 

that the FASD group would demonstrate reduced sexual dimorphism in the selected ROIs. The 

group by sex interaction observed in both the pallidum and cerebellum indicated that sex 

differences were attenuated in the FASD group, compared to controls. This attenuated sexual 

dimorphism was particularly evident when ICV was considered, and alcohol-exposed males and 

females no longer significantly differed from each other. In contrast, studies of healthy young 

adults have demonstrated sexual dimorphism of the pallidum and cerebellum, in which male 

volumes are disproportionately larger compared to females (Fan et al., 2010; Rijpkema et al., 



2012; Ruigrok et al., 2014). Results from our control group are consistent with this finding. 

Others have also reported attenuated sexual dimorphism of neural structures, including the 

pallidum, caudate, putamen, and thalamus (Treit et al., 2017). Furthermore, prenatal alcohol 

exposure has been associated with significantly smaller volumes of several cortical regions in 

males, but not females (Chen et al., 2012). Results from our post-hoc 3-group analyses suggest 

that this attenuation is particularly evident in the pallidum in males with FAE. The lack of sex 

differences observed in the alcohol-exposed group could be related to alterations in the 

hypothalamic-pituitary-gonadal axis. Testosterone plays an important role in increasing neuronal 

density, size, and synaptogenesis (Goldstein et al., 2001), and in humans with prenatal alcohol 

exposure, testosterone levels are lower in both males and females (Carter et al., 2014). 

Furthermore, preclinical studies have shown that male rats with prenatal alcohol exposure are 

less sensitive to the neurophysiological effects of testosterone (Lan et al., 2009); it is possible 

that the effects of alcohol on the hormonal system are an underlying mechanism for the smaller 

region volumes observed in males with FASD (Chen et al., 2012). Regardless, our findings 

suggest that the relationship between prenatal alcohol exposure and brain structure is dependent 

on sex, making it an important factor to consider when examining the brain structure of 

individuals with FASD. 

This study is limited by its use of cross-sectional data, particularly regarding conclusions 

drawn about developmental trajectories. Longitudinal data are essential to understanding within-

subject changes over time, and future studies should aim to assess individuals with FASD at 

multiple points across their lifespan. Of note, some of the older adults in the FASD group were 

born prior to the characterization of FAS and subsequent public awareness of the consequences 

of prenatal alcohol exposure. Thus, these older adults may have been exposed to greater amounts 



of alcohol compared to younger adults with FASD. In addition, we had a limited number of 

female controls over the age of 25, which prevented us from adequately probing the impact of 

sex on development in the alcohol-exposed and control individuals. Given the differential 

relationship between region volume and sex in this older sample, it will be crucial for future 

studies to include an equal distribution of males and females across the entire age range so that 

these effects may be thoroughly examined. Pubertal status also was not available for this study, 

but would be an important factor to consider in future studies of neurodevelopment in FASD. 

While there were no group differences in age, sex, or race, the FASD group had fewer years of 

education than the control group; information on income level was not available for this sample, 

but its relationship to neurodevelopment in FASD should be considered in future research. 

Additionally, although this sample included a large number of individuals with FAS, our power 

to detect significant differences across all three diagnostic groups may have been limited by 

sample size. This study also examined relatively young adults; it remains unknown how the 

brains of individuals with prenatal alcohol exposure change into middle and older adulthood, and 

the extent to which they exhibit cognitive or behavioral changes with age. With longitudinal 

information, we will be better able to characterize the developmental trajectories of the brain in 

adults with FASD, and thereby improve our understanding of neurobehavioral outcomes across 

age, and implement interventions that are developmentally appropriate. 

3.1. Conclusions

Adults with FASD show consistently smaller volumes in the corpus callosum, basal 

ganglia, and cerebellum, compared to controls; these findings persist even after controlling for 

total brain size. Based on these cross-sectional data, it would appear that individuals with FASD 

may also follow a differential pattern of brain maturation in the corpus callosum, caudate, and 



cerebellum, such that the volumes of these regions tend to decline at an earlier age as compared 

to controls. Future studies are needed to examine how these brain abnormalities manifest in 

adulthood, particularly in neurobehavioral domains related to the corpus callosum, caudate, 

putamen, and cerebellar white matter (e.g., learning, attention, memory, motor skills, balance, 

coordination). Other neuroimaging techniques (e.g., tensor-based morphometry) and analytical 

methods (e.g., independent components analysis) (Meintjes et al., 2014) may further elucidate 

patterns of structural deformation that are not easily observed from gross volumetric analysis. 

Longitudinal studies are also crucial to better characterizing the developmental pattern of these 

and other brain regions, and to determining the factors that affect neurobehavioral outcomes in 

adulthood, such as environment and education. Furthermore, the extent to which the brain 

maintains plasticity across age in this population remains unclear; examining the cognitive and 

behavioral functioning of adults with FASD along with trajectories of underlying neuronal 

structures could point to areas of the brain that are more resistant to prenatal alcohol exposure, or 

that may have the potential to recover with appropriate intervention (Lebel et al., 2012). 

Understanding the effects of prenatal alcohol exposure across age will help to determine the 

extent to which the features seen in children with FASD are still present in adulthood, and will 

ultimately aid in the creation of interventions tailored to individuals identified after childhood 

(e.g., educational, vocational, social, physical, occupational). Such information will increase our 

understanding of the high rates of incarceration, substance abuse, and psychiatric disorders in 

adults with FASD (Streissguth et al., 2004), and will lay the groundwork to most effectively 

address FASD as a public health issue across the lifespan. 

4. Experimental Procedure

4.1. Subjects



Participants included 161 individuals enrolled in the FAS Follow-up Study conducted by 

Streissguth and colleagues at the University of Washington, which began over 40 years ago 

(Bookstein et al., 2002a; Streissguth et al., 1991). The University of Washington Institutional 

Review Board approved all study procedures, and informed consent was obtained from each 

participant. Participants in the alcohol-exposed group were recruited from the Seattle FAS 

Follow-up Database, which was accrued from over 30 years of referrals from dysmorphologists. 

The diagnoses were made by Dr. David Smith or one of his fellows, most often Dr. Sterling 

Clarren, after a dysmorphology exam based on the clinical guidelines of the time; however, it is 

important to note that this occurred before the Institute of Medicine diagnostic changes 

(Bookstein et al., 2001; Streissguth et al., 1991; Streissguth et al., 2004). We analyzed archival 

demographic information (i.e., age, sex, race, years of education, handedness), full scale IQ, and 

de-identified magnetic resonance imaging data collected from subjects age 13 to 30 years, 

including 106 individuals with FASD and 55 healthy control subjects (CON). Fifty-four percent 

of the individuals in the FASD group were diagnosed with FAS based on the guidelines 

described in Streissguth et al. (1991): evidence of a compromised CNS (e.g., microcephaly, 

history of delayed development, hyperactivity, attention deficits, learning disabilities, intellectual 

disability, seizures), growth deficiency of prenatal origin, and dysmorphic features unique to 

heavy prenatal alcohol exposure (i.e., short palpebral fissures, flat philtrum, thin upper vermilion, 

flat midface). Those who did not meet criteria for FAS were diagnosed with fetal alcohol effects 

(FAE), a term that has since been replaced, and would likely be most similar to a current 

diagnosis of alcohol-related neurodevelopmental disorder (ARND) or perhaps partial fetal 

alcohol syndrome (pFAS). The individuals categorized as FAE may have lacked sufficient facial 

dysmorphology for an FAS diagnosis, but they demonstrated CNS dysfunction, as described 



above, and had a confirmed history of prenatal alcohol exposure. These two groups of subjects 

were combined into a single FASD group based on the literature showing that, even in the 

absence of facial dysmorphology, individuals with prenatal alcohol exposure are similar with 

regard to IQ (Mattson et al., 1997), neuropsychological deficits (Mattson et al., 1998; Mattson et 

al., 1999), behavior problems (Roebuck et al., 1999), and adaptive functioning (Whaley et al., 

2001). 

Age- and ethnicity-matched typically developing controls were recruited from employees 

and their children at local healthcare and educational institutions in Washington state (Bookstein 

et al., 2002a). Individuals were excluded if they had HIV, were taking neurotoxic medications, 

were legally blind, wore dental braces, had psychological testing within the past year, or were 

not primary English speakers. Typically developing controls were also excluded if they had 

alcohol or drug problems, neurological problems, birth defects involving the brain, reported 

seeing visions or hearing voices, had a bachelor’s degree or higher education, or if their 

biological mother had a history of alcohol problems, drug problems, or binge drinking around the 

time of pregnancy with the participant (Bookstein et al., 2002a; Streissguth et al., 1991). 

4.2. MRI Data Acquisition

T1-weighted anatomical magnetic resonance images (MRI) were collected using the 

same 1.5-Tesla General Electric Signa scanner at the University of Washington over three years 

(1997-2000). De-identified images were shared with our group for analysis, as approved by the 

University of Washington Institutional Review Board. Scan parameters were as follows: 

TE=8ms, TR=29ms, flip angle=45°, field of view=220x220mm2, producing images containing 

2562 x 124 voxels of size 0.862 x 1.50 mm3 (Bookstein et al., 2002b). Volumetric data were 

obtained for intracranial volume [ICV], corpus callosum, caudate, putamen, pallidum, and 



cerebellum using automatic segmentation in FreeSurfer v5.3 (http://surfer.nmr.mgh.harvard.edu/) 

(Fischl et al., 2002). Left and right hemisphere volumes for each ROI were summed to obtain 

estimates of bilateral volume and to reduce the number of hypotheses tested. All images were 

visually inspected for quality control and edited, if necessary, by an individual blind to subject 

group. Six subjects were excluded for poor scan quality (e.g., excessive motion), and 72 scans 

(44 FASD, 28 CON) were manually edited to ensure accurate segmentation. The most common 

error was inclusion of the fornix within the corpus callosum segmentation. Two subjects were 

excluded due to unknown group membership.

4.3. Statistical Analyses

Statistical analyses were conducted using SPSS 25. Results were considered significant at 

p < .05. The Holm-Bonferroni method was used to correct for multiple comparisons. Continuous 

independent variables were tested for normality using skewness and kurtosis statistics, and were 

centered to reduce multicollinearity. Data were assessed for outliers using box plots, and were 

removed from an analysis if they had an absolute value greater than 1.5 times the interquartile 

range (IQR) on the observed variable. In total, six subjects from the FASD group and three 

subjects from the CON group were deemed to be outliers on one or more regions of interest. 

Final sample sizes for each analysis are included in Table 2. Predictors of interest were exposure 

group, sex, and age; however, there were a limited number of CON females over the age of 25. 

Therefore, we conducted two separate 2 x 2 analyses of variance (ANOVAs) to probe the effects 

of age and sex on the following ROIs: corpus callosum, caudate, putamen, pallidum, and 

cerebellum. The first model included group, age, age2, group x age, and group x age2, to evaluate 

the linear and quadratic effects of age. The second model included group (FASD vs. CON), sex 

http://surfer.nmr.mgh.harvard.edu/)


(male vs. female), and the group x sex interaction. Significant interactions were followed up with 

simple effects pairwise comparisons.

4.3.1. Subject Characteristics.

Group differences in age, years of education, and FSIQ were evaluated with independent 

samples t-tests. Separate chi-square analyses were conducted to evaluate group differences in 

sex, race, and handedness.

4.3.2. Evaluation of Potential Covariates.

ICV was evaluated as a potential covariate for follow-up analysis of variance (ANOVA) 

tests. ICV did not interact with independent variables group or sex, meeting the assumptions of 

homogeneity of regression. ICV demonstrated significant associations with all region of interest 

(ROI) volumes (rs ≥ .481, ps < .001). Therefore, ROI volumes were analyzed with and without 

adjustment for ICV (explained below). 

Sex was also examined as a potential covariate for inclusion within the overarching age 

model. The corpus callosum and pallidum demonstrated a significant interaction effect of sex 

and age, indicating the homogeneity of regression assumption was not met for these regions. 

Unfortunately, there were too few CON females over the age of 25 to adequately assess these 

relationships. Therefore, we chose to probe the effects of sex in a separate model as an 

independent variable.   

4.3.3. Correction for ICV.

Data were analyzed with and without correction for ICV. Adjustment for ICV was 

conducted following the residual approach discussed in Mathalon et al. (Mathalon et al., 1993) 

and O’Brien et al. (O'Brien et al., 2011). Data from the control group were analyzed using a 

regression model that included the ROI volume as the dependent variable and estimated ICV as 



the independent variable. Estimates from the model were then used to generate residuals for each 

group, representing the discrepancy between the subject’s observed ROI volume and predicted 

ROI volume. For all analyses correcting for ICV, the ROI residual was used as the dependent 

variable. 
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Figure 1. Raw region volumes across age in the FASD and control group. Raw volumes in all 
regions were significantly smaller across age in the FASD group, compared to controls. The 



corpus callosum (a), caudate (b), and cerebellum (e) demonstrated an altered trajectory of 
development in the FASD group, suggesting that prenatal alcohol exposure is associated with 
premature volumetric decline in these regions.
*group x age interaction (linear)
**group x age2 interaction (quadratic)

Table 1. Subject characteristics. 

CON FASD Group difference
Total Sample n = 55 n = 106
Age in Years [M (SD)] 19.1 (4.1) 19 (4.52) ns
Sex [n (% female)] 28 (50.9) 54 (50.9) ns
Race [n (%)] ns

White 33 (60) 67 (63.2)
American Indian/Alaska Native 14 (25.5) 32 (30.2)
Black/African American 8 (14.5) 6 (5.7)
Unknown/Not Reported 0 (0) 1 (0.9)

FAS [n (%)] - 57 (53.8) -
Handedness [n (% right)] 54 (98.2) 87 (82.1) p = 0.004
Years Education [M (SD)] 11.6 (2.65) 10 (2.03) p < .001
WAIS FSIQ [M (SD)] 108.2 (14.47) 82.3 (13.71) p < .001
WAIS Verbal IQ [M (SD)] 107.5 (12.5) 82.1 (12.74) p < .001
WAIS Performance IQ [M (SD)] 107.5 (16.15) 86.4 (15.9) p < .001

FASD = individuals with prenatal alcohol exposure, CON = non-exposed control subjects, FAS 
= fetal alcohol syndrome, IQ = Wechsler Adult Intelligence Scale (WAIS-III) Full Scale IQ 
(FSIQ). 
ns = No significant difference, p > .05.

Table 2. Average region volumes and intracranial volume (ICV) in mm3 for the alcohol-exposed 
(FASD) and control (CON) groups.

Male Female

CON FASD CON FASD

Variable n Volume [M(SD)] n Volume [M(SD)] n Volume [M(SD)] n
Volume 
[M(SD)]

Corpus Callosum 26 3043 (317) 50 2655 (514) 26 3036 (476) 48 2580 
(432)

Caudate 24 8118 (1029) 50 6853 (1352) 26 7459 (78) 48 6479 
(1253)

Putamen 26 11725 (1147) 50 9858 (1578) 26 10222 (1054) 49 9210 
(1380)



Pallidum 26 4220 (469) 50 3466 (607) 26 3462 (404) 48 3218 
(583)

Cerebellum 26 152882 (12389) 51 131806 (16080) 26 134084 (12653) 47 123895 
(11697)

ICV 27 1732705 (121953) 52 1550700 (192448) 28 1548705 (172022) 54 1392326 
(165905)

Note: Sample size n indicates number of subjects included for each analysis.

FASD = individuals with prenatal alcohol exposure, CON = non-exposed control subjects

Table 3. ANOVA results for Age Model and Sex Model for both raw and ICV-controlled region 
volumes.

  Age Model  Sex Model

Region Group Age Age2

 
Group x 

Age 
interaction

 
Group x 

Age2 
interaction

Group Sex
Group x 

Sex 
interaction

           

Corpus 
Callosum

Raw 
Volume

<.001 
(0.168)

.006 
(0.051)

.007 
(0.05)

.018 
(0.038)

.014 
(0.041)

Raw 
Volume

<.001 
(0.168)

.60 
(0.002)

.663 
(0.001)

F (1,144) 29.10 7.78 7.51 5.70 6.16 F (1,146) 29.58 0.28 0.19
ICV 
Controlled

<.001 
(0.101)

.01 
(0.046)

.014 
(0.041)

.045 
(0.028)

.041 
(0.029)

ICV 
Controlled

<.001 
(0.104)

.167 
(0.013)

.473 
(0.004)

F (1,144) 16.17 6.87 6.23 4.11 4.25 F (1,146) 16.94 1.93 0.52

Caudate
Raw 
Volume

<.001 
(0.169)

.06 
(0.025)

.032 
(0.032)

.062 
(0.024)

.041 
(0.029)

Raw 
Volume

<.001 
(0.17)

.013 
(0.042)

.491 
(0.003)

F (1,142) 28.78 3.59 4.68 3.54 4.25 F (1,144) 29.57 6.26 0.48
ICV 
Controlled

.001 
(0.079)

.053 
(0.026)

.034 
(0.031)

.256 
(0.009)

.214 
(0.011)

ICV 
Controlled

<.001 
(0.081)

.384 
(0.005)

.629 
(0.002)

F (1,142) 12.18 3.80 4.59 1.30 1.56 F (1,144) 12.69 0.76 0.24

Putamen
Raw 
Volume

<.001 
(0.187)

.965 
(<0.001)

.916 
(<0.001)

.462 
(0.004) .37 (0.006) Raw 

Volume
<.001 

(0.205)
<.001 

(0.126)
.069 

(0.022)
F (1, 145) 33.31 0.002 0.01 0.55 0.81 F (1,147) 37.90 21.16 3.35

ICV 
Controlled

.013 
(0.042)

0.337 
(0.006)

.356 
(0.006)

.709 
(0.001)

.758 
(0.001)

ICV 
Controlled

.013 
(0.041) .841 (0) .083 (0.02)

F (1, 145) 6.39 0.93 0.86 0.14 0.10 F (1,147) 6.27 0.04 3.04

Pallidum
Raw 
Volume

<.001 
(0.143)

0.213 
(0.011)

.12 
(0.017)

.697 
(0.001)

.622 
(0.002)

Raw 
Volume

<.001 
(0.163)

<.001 
(0.165)

.007 
(0.048)

F (1, 144) 24.04 1.56 2.44 0.15 0.25 F (1,146) 28.35 28.81 7.40
ICV 
Controlled

.087 
(0.02)

0.366 
(0.006)

.231 
(0.01)

.534 
(0.003)

.558 
(0.002)

ICV 
Controlled

.073 
(0.022)

.184 
(0.012)

.009 
(0.045)



F (1, 144) 2.97 0.82 1.45 0.39 0.35 F (1,146) 3.25 1.79 6.92

Cerebellum
Raw 
Volume

<.001 
(0.195)

0.849 
(<.001)

.859 
(<0.001) .75 (0.001) .591 

(0.002)
Raw 
Volume

<.001 
(0.235)

<.001 
(0.183)

.021 
(0.036)

F (1, 144) 34.94 0.04 0.03 0.10 0.29 F (1, 146) 44.77 32.67 5.43

 ICV 
Controlled

.008 
(0.049)

0.607 
(0.002)

.485 
(0.003) .38 (0.005) .48 (0.003)  ICV 

Controlled
.005 

(0.052)
.598 

(0.002)
.023 

(0.035)

F (1, 144) 7.35 0.27 0.49 0.78 0.50 F (1, 146) 8.04 0.28 5.26

All values are presented as p (η2). ICV = intracranial volume


