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A B S T R A C T

Aim: To quantify regional subcortical brain volume anomalies in youth with fetal alcohol spectrum disorder 
(FASD), assess the relative sensitivity and specificity of abnormal volumes in FASD vs. a comparison group, and 
examine associations with cognitive function.
Method: Participants: 47 children with FASD and 39 typically-developing comparison participants, ages 8–17 
years, who completed physical evaluations, cognitive and behavioral testing, and an MRI brain scan. A large 
normative MRI dataset that controlled for sex, age, and intracranial volume was used to quantify the develop
mental status of 7 bilateral subcortical regional volumes. Z-scores were calculated based on volumetric differ
ences from the normative sample. T-tests compared subcortical volumes across groups. Percentages of atypical 
volumes are reported as are sensitivity and specificity in discriminating groups. Lastly, Pearson correlations 
examined the relationships between subcortical volumes and neurocognitive performance.
Results: Participants with FASD demonstrated lower mean volumes across a majority of subcortical regions 
relative to the comparison group with prominent group differences in the bilateral hippocampi and bilateral 
caudate. More individuals with FASD (89%) had one or more abnormally small volume compared to 72% of the 
comparison group. The bilateral hippocampi, bilateral putamen, and right pallidum were most sensitive in 
discriminating those with FASD from the comparison group. Exploratory analyses revealed associations between 
subcortical volumes and cognitive functioning that differed across groups.
Conclusion: In this sample, youth with FASD had a greater number of atypically small subcortical volumes than 
individuals without FASD. Findings suggest MRI may have utility in identifying individuals with structural brain 
anomalies resulting from PAE.

1. Introduction

Fetal alcohol spectrum disorders (FASD) are common neuro
developmental conditions resulting from prenatal alcohol exposure 
(PAE) and are associated with lifelong neurocognitive and neuro
behavioral impairment (Mattson et al., 2019). FASDs affect approxi
mately 1.1 % to 5 % of school-aged children in the United States and up 

to 6 % in some European countries, making them among the most 
common neurodevelopmental disorders (Lange et al. 2017; May et al. 
2018). Individuals with PAE/FASD demonstrate brain anomalies 
including microcephaly (small head and brain size) (Jones et al., 1973; 
Treit et al., 2016), abnormalities in cortical thickness (Gimbel et al., 
2023; Treit et al., 2014) and smaller white matter and gray matter 
volumes at the whole-brain and regional levels (Lebel et al., 2011). 

Abbreviations: FASD, fetal alcohol spectrum disorder; PAE, prenatal alcohol exposure; HC, occipitofrontal head circumference; WISC-V, Wechsler Intelligence 
Scale for Children, 5th Edition; D-KEFS, Delis-Kaplan Executive Functioning System.
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Subcortical brain structures are thought to be particularly vulnerable to 
the effects of PAE (Lebel et al., 2011; Moore et al., 2014; Nardelli et al., 
2011). For example, an MRI study employing a multivariate approach to 
separate children with FASD from a typically-developing comparison 
group found that right and left caudate volume and left globus pallidus 
volume contributed heavily to the classification model (volumes were 
lower in the FASD group) (Little and Beaulieu 2020). Subcortical shape 
abnormalities and small volumes have been reported in youth with PAE 
for deep gray matter structures in some but not all studies (for 
comprehensive review see (Lebel et al., 2011; Moore et al., 2014)). 
Although the frequencies of various brain structural anomalies 
following PAE are not precisely known, one study reported high rates of 
volumetric anomalies (two or more standard deviations below the mean 
of a comparison group) in individuals with fetal alcohol syndrome 
(FAS)/partial FAS (78 %), static encephalopathy/alcohol exposed (58 
%), and neurodevelopmental disorder/alcohol exposed (43 %) (Astley 
et al. 2009). Another study employing clinical neuroradiologic reviews 
of MRI scans found a three-fold increase in abnormalities for those with 
PAE (Treit et al. 2020). Another study employing retrospective exami
nations of brains obtained at autopsy that were known to have been 
exposed prenatally to alcohol found microcephaly in 20.8 %, corpus 
callosum defects in 4.0 %, and atypical cortical smoothness in 0.7 % of 
the sample (Jarmasz et al. 2017).

Across the lifespan, findings have been mixed with regard to whether 
subcortical volumetric abnormalities are observed both with and 
without correction for total brain volume (TBV) or total intracranial 
volume (ICV). Youth with PAE/FASD show smaller volumes in regions 
such as the hippocampus, putamen, pallidum, caudate, and thalamus 
(Archibald et al., 2001; Astley et al., 2009; Boateng et al., 2023; Gautam 
et al., 2015; Nardelli et al., 2011; Riikonen et al., 2005; Roussotte et al., 
2012; Willoughby et al., 2008). Some studies reported atypically small 
hippocampal volume even after adjusting for ICV (Nardelli et al. 2011; 
Willoughby et al. 2008; Boateng et al. 2023) whereas others did not find 
smaller hippocampi when accounting for ICV (Riikonen et al. 2005; 
Astley et al. 2009; Coles et al. 2011; Joseph et al. 2014; Archibald et al. 
2001; Roussotte et al. 2012; Biffen et al., 2018). Another study found 
smaller right and left hippocampi in children with FASD relative to a 
comparison group, but only the right side remained significantly smaller 
after correcting for ICV (Little and Beaulieu 2020). One study of children 
with PAE reported atypically small caudate, hippocampus, and putamen 
volumes compared to non-exposed children even after controlling for 
ICV (Nardelli et al., 2011). Adults with FASD also show smaller absolute 
hippocampal volumes than unexposed comparisons (Coles et al., 2011) 
and both smaller absolute and relative volumes of the caudate, putamen, 
and pallidum (Bischoff-Grethe et al., 2024). Some studies have also 
identified a relationship between structural anomalies in subcortical 
regions and facial dysmorphology in youth with PAE (Suttie et al. 2018; 
Roussotte et al. 2012; Astley et al. 2009). For example, Astley et al 
(2009) found that lower caudate volume was associated with a higher 
degree of facial dysmorphology. Importantly, a number of studies in 
FASD have demonstrated that structural brain anomalies (e.g., cortical 
surface area, white matter microstructure) can occur even in the absence 
of facial dysmorphology (Wozniak et al. 2009; Wozniak et al. 2006; 
Rajaprakash et al. 2014).

Importantly, a large body of accumulating research indicates that 
deep subcortical brain structures play an integral role in both lower- and 
higher-order cognitive functions (Janacsek et al., 2022), suggesting 
implications for understanding neurocognitive and neurobehavioral 
impairment in youth with PAE. In fact, a number of studies have shown 
associations between atypical subcortical volumes and associated 
cognitive deficits in those with PAE, including in the caudate (Astley 
et al., 2009; Fryer et al., 2012; Suttie et al., 2018) and the hippocampus 
(Dodge et al., 2020; Dudek et al., 2014; Gross et al., 2018). For example, 
smaller caudate volume (accounting for ICV) was associated with worse 
performance on a measure of verbal learning in youth with FASD (Fryer 
et al. 2012). Similarly, small right and left hippocampal volumes 

correlated with lower performance on a measure of spatial working 
memory (virtual water maze) in children (Dodge et al. 2020). Among 
children with FASD, smaller right and left hippocampal volume were 
associated with worse long-term verbal recall, and right hippocampal 
volume was correlated with delayed recall on a visual memory task 
(Willoughby et al. 2008). Lastly, another study in adults with FASD 
found that right hippocampal volume was associated with both verbal 
and non-verbal memory (Coles et al. 2011). Based on the prior literature, 
we hypothesized that atypically small norm-adjusted subcortical vol
umes would also be associated with cognitive deficits in our sample of 
children with FASD. In addition to measures of memory and working 
memory, we tested for associations between subcortical volumes and IQ 
based on prior studies showing relationships between amygdala, thal
amus, basal ganglia volumes and IQ in children with very low birth 
weight (VLBW)/preterm birth—another condition with implications for 
neurodevelopment (Rimol et al. 2023; Bjuland et al. 2014). Similarly, a 
study of individuals with extreme prematurity found associations be
tween smaller hippocampal volume and lower IQ (Fernández de 
Gamarra-Oca et al. 2023). We also hypothesized that deficits in atten
tion and executive functioning would be associated with small subcor
tical volumes based on a study showing altered developmental 
trajectories in caudate, putamen, pallidum, thalamus, and hippocampus 
in children with attention-deficit hyperactivity disorder (ADHD) (Wang 
et al. 2021) and another study showing a correlation between executive 
function (spatial working memory) and putamen volume in typically 
developing children (Pangelinan et al. 2011).

Recently published normative modeling tools based on large 
numbers of individuals provide a novel approach to quantifying varia
tion in health-related variables (e.g., brain volumes) at the individual 
level (Bethlehem et al., 2022; Ge et al., 2024; Rutherford et al., 2023). 
These normative modeling tools have led to novel methods for quanti
fying intra- and inter-individual brain atypicality for whole-brain and 
regional volumes using “brain growth charts.” This approach offers 
benefits over using small, potentially unrepresentative comparison 
groups and case-control methodologies that assume within-group ho
mogeneity (Rutherford et al., 2022). In a recent study of an overlapping 
sample of youth with FASD and typically-developing comparison par
ticipants age 8 to 17 years (Gimbel et al., 2024), we computed (per) 
centiles for total cortical gray matter, total cortical white matter, and 
total subcortical gray matter and found that each was significantly 
smaller in youth with FASD relative to comparison participants. In 
addition, brain volume centiles accounted for a greater proportion of 
variance in IQ than occipito-frontal head circumference (HC), which is 
typically used as a proxy of brain anomalies in FASD diagnosis (Hoyme 
et al. 2016). Brain volume centiles also demonstrated increased relative 
sensitivity to discriminating youth with FASD from the comparison 
group, demonstrating that direct measurement of the brain using MRI 
could potentially be used to improve FASD diagnosis. In addition, FASD 
participants with at least one whole-brain volume anomaly (≤10th 
centile, which mirrors the Institute of Medicine criteria for HC and 
growth anomalies (Hoyme et al., 2016) had significantly lower perfor
mance on measures of IQ and executive function than FASD participants 
with “typical” brain volumes (>10th centile), demonstrating the clinical 
relevance of MRI-derived volumetric measures.

In the current study, we extend this approach by examining regional 
subcortical volume anomalies in youth with FASD. Using a sample of 
youth with FASD and typically-developing comparisons ages 8–17 years, 
we calculated z-scores adjusted for age, sex, and total intracranial vol
ume (ICV) for volumes of 7 bilateral subcortical regions including the 
amygdala, caudate, hippocampus, pallidum, putamen, thalamus, and 
accumbens area. We hypothesized: 1) regional subcortical volume z- 
scores would be lower for youth with FASD compared to participants in 
the comparison group, 2) youth with FASD would demonstrate between- 
group regional variability in subcortical volume anomalies, and 3) larger 
subcortical volume z-scores would be associated with better neuro
cognitive and neurobehavioral functioning.
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2. Method

2.1. Participants

Participants were children and adolescents, ages 8–17, who were 
part of a Collaborative Initiative on FASD (CIFASD) study (see www. 
cifasd.org) (Mattson et al., 2010). Data from this study are part of 
CIFASD Phase 4 (2017–2022). We used data collected at the University 
of Minnesota during the first visit of the larger longitudinal study. Par
ticipants and their parent or guardian completed assent and consent 
processes, respectively, and received monetary compensation. All study 
procedures were approved by the University of Minnesota Institutional 
Review Board.

Exclusion criteria (both FASD and comparison groups) included 
neurological and developmental disorders (e.g., seizure disorders and 
autism). Primary visual impairment and hearing impairment were 
exclusionary as these conditions would have interfered significantly 
with neuropsychological testing. Participants were also excluded for 
drug/alcohol use, severe psychiatric disabilities preventing participa
tion (e.g., psychotic illness), very low birth weight (<1500 g), and MRI 
contraindications (e.g., braces, non-MR-safe medical devices, claustro
phobia). Attention deficit/hyperactivity disorder was not exclusionary 
for the FASD group. Prenatal polysubstance exposure (including sub
stances other than alcohol) was not exclusionary for the FASD group as 
this is common. Prenatal alcohol and other drug exposure (excluding 
tobacco and caffeine) were exclusionary for participants in the com
parison group.

2.2. FASD diagnosis

Prior to enrollment, phone screening and record review were con
ducted to determine PAE history. To be eligible for the FASD group, 
documented evidence of heavy PAE was required (i.e., ≥ 13 drinks per 
week or ≥ 4 drinks in succession at least once per week during preg
nancy). However, individuals who did not meet this criterion were 
included if they met diagnostic criteria for fetal alcohol syndrome (FAS) 
or partial fetal alcohol syndrome (PFAS) based on dysmorphology and 
growth characteristics because these are relatively specific indicators of 
PAE. All participants completed a physical assessment conducted by one 
of two trained investigators (Kenneth Lyons Jones or JRW) to obtain 
ratings of the upper lip and philtrum, measurements of palpebral fissure 
length (PFL), height, weight, and HC. Diagnostic classification was 
completed in accordance with The Modified Institute of Medicine (IOM) 
criteria for FASD (Hoyme et al., 2016). For HC measurements, norma
tive data were taken from (Nellhaus, 1968). Growth deficiency was 
classified by ≤ 10th percentile in height or weight based on CDC Growth 
Charts (Grummer-Strawn et al., 2010). In accordance with the IOM 
diagnostic criteria, neurobehavioral impairment was defined by global 
intellectual impairment (IQ ≤ 78, equivalent to ≥ 1.5 standard de
viations [SD] below the mean) or standard scores ≥ 1.5 SD below the 
mean on ≥ 2 neuropsychological and parent-rated assessments in 
different domains (e.g. memory, executive function, etc.). All partici
pants in the FASD group met IOM criteria for neurobehavioral 
impairment.

2.3. Evaluations

Participants completed evaluations at the University of Minnesota 
and were administered the following assessments: Wechsler Intelligence 
Scale for Children, 5th Edition (WISC-V) (Wechsler et al., 2014) or 
Wechsler Adult Intelligence Scale 4th Edition (WAIS-IV) (Wechsler, 
2008) for participants age 17 years (measuring general intelligence 
[FSIQ, hereafter IQ]) (M = 100, SD = 15); NIH Toolbox (Weintraub 
et al., 2013) Picture Sequence Memory subtest T-score (PSMT; 
measuring visual memory) (M = 50, SD = 10); and the Delis-Kaplan 
Executive Functioning System (Delis et al. 2001) Trail-Making Test 

and Color-Word Interference Test (D-KEFS; measuring inhibitory con
trol, attention, sequencing, and cognitive flexibility) (M = 10, SD = 3). 
In order to minimize the number of comparisons, the following variables 
were examined in the current study: IQ, working memory (WISC-V/ 
WAIS-IV Digit Span), visual memory (NIH Toolbox PSMT), and execu
tive functioning (D-KEFS Trail-Making Test Number-Letter Switching 
and D-KEFS Color-Word Interference Test Inhibition-Switching). All 
standard scores were converted to z-scores (M = 0, SD = 1) for ease of 
comparison.

2.4. MRI acquisition and processing

MRI data were acquired on a Siemens 3T Prisma scanner (Siemens, 
Erlangen, Germany) equipped with a standard 32-channel head coil at 
the University of Minnesota’s Center for Magnetic Resonance Research. 
Custom pulse sequences with automatic real-time motion detection and 
k-space line rejection and replacement were used to acquire T1- 
weighted and T2-weighted scans chosen to match those used in the 
Lifespan Human Connectome Project Development sub-project (HCP-D) 
(Harms et al., 2018). Processing of structural images was completed 
using the PreFreeSurfer and FreeSurfer (version 6.0) stages of the HCP 
Minimal Preprocessing Pipeline (v4.0.1) (Glasser et al., 2013). Notably, 
the training data used in creating the CentileBrain model were primarily 
collected from the Enhancing Neuroimaging Genetics through Meta- 
Analysis (ENIGMA) Consortium (Ge et al., 2024). The ENIGMA group 
shares tools and guidelines for visual quality inspection of FreeSurfer 
outputs. Data were visually inspected by a trained operator (DJR) and 
research staff (KAT) to ensure accuracy. The ENIGMA quality control 
protocols were also used (Thompson et al., 2020). Three participants 
(comparison group) demonstrated significantly aberrant FreeSurfer 
processing (such as failed boundary identification) and they were 
excluded from analyses. Five additional participants (three comparison, 
two FASD) were excluded on the basis of motion during the visual in
spection of the images or for being an extreme outlier in regional volume 
metrics. To assess for group differences in within-scanner motion in the 
remaining participants, we used the Euler value (Dale et al., 1999) 
averaged across hemispheres. Measurements were obtained for regional 
subcortical gray matter volumes of the bilateral amygdala, caudate, 
hippocampus, pallidum, putamen, thalamus, and accumbens area 
(Fig. 1a). These 7 regions were chosen based on prior literature showing 
selective impacts from PAE (Archibald et al., 2001; Bookstein et al., 
2001; Gautam et al., 2015; Krueger et al., 2020; Mattson et al., 1996, 
1994; Nardelli et al., 2011; Roussotte et al., 2012).

2.5. Derivation of norm-adjusted volumetric scores

Individual regional volumetric z-scores were generated using Cen
tileBrain (Ge et al., 2024), an open source online software tool that le
verages an aggregated neuroimaging dataset with a large number of 
individuals (37,407 comparison brains). Z-scores (M = 0, SD = 1) were 
calculated for each of the 7 bilateral subcortical regions (Fig. 1a). These 
scores represent the degree of each participant’s regional volumetric 
(dis)similarity to typically-developing individuals of the same age and 
sex, adjusted for total intracranial volume (ICV). As a result of extensive 
modeling of possible covariates completed during development of the 
tool, CentileBrain uses ICV, which includes white matter, gray matter, 
cerebrospinal fluid, vasculature, blood, and other tissue (Ge et al. 2024). 
We examined both right and left subcortical regions separately because 
of well-known asymmetries in brain structure that are present in 
childhood and that are associated with brain function and dysfunction 
(Toga and Thompson 2003; Kong et al. 2022). For example, subcortical 
volume asymmetries were atypically pronounced in youth with 
attention-deficit hyperactivity disorder (ADHD) compared to a typically- 
developing group (Douglas et al. 2018). Similarly, pediatric obsessi
ve–compulsive disorder was associated with abnormal subcortical 
asymmetries (Kong et al. 2022). Most relevant to the current study, 
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children with PAE have previously been shown to lack the right-left 
asymmetry in caudate volume seen in typically-developing children 
(Suttie et al. 2018). A specific Laterality Working Group within the 
ENIGMA consortium that developed the CentileBrain tool we employed 
here conducted six studies of gray matter asymmetries, concluded that 
asymmetries are critical in understanding brain function and pathology, 
and built their tool accordingly to provide normative data for both right 
and left volumes independently (Kong et al. 2022).

2.6. Statistical analysis

Statistical analyses were completed with R version 4.1.1 (R Core 
Team, n.d.). As a first step in determining the appropriateness of 
examining both right and left subcortical volumes, mean differences in 
regional volume z-scores for each left and right hemisphere region were 
examined across the entire sample with paired samples t-test. Partici
pant characteristics and group differences in subcortical volume z-scores 
were examined using chi-square tests and independent samples t-tests. 
Independent samples t-tests were used to examine group differences in 
within-scanner motion (Euler values). In supplemental analyses, inde
pendent samples t-tests and chi-square tests were used to examine de
mographic differences between included participants and those 
excluded on the basis of visual inspection for excess within-scanner 
motion/poor image quality. Regional volume anomalies were charac
terized as “small” (z-scores ≤ -1.3, equivalent to the 10th percentile) and 
“large” (z-scores ≥ 1.3, equivalent to the 90th percentile). These 
thresholds for volumetric anomalies were selected in order to mirror 
IOM (Hoyme et al., 2016) diagnostic criteria for FASD with regard to 
head circumference and growth anomalies (e.g., height and weight) in 
which a threshold of ≤ 10th percentile is used. To test for potential 
confounding effects of prenatal substance exposures in addition to 
alcohol (cannabis, opioids, cocaine, and/or methamphetamine were 
reported), we used independent samples t-tests to compare subcortical 
volumes for two subgroups of the PAE group (those with other substance 
exposure [n = 12] vs. those without other exposure [n = 35]). For the 
primary analyses, we compared the relative frequencies of anomalous 
subcortical volumes across groups using sensitivity and specificity 
metrics strictly for the convenience of conveying results. It is important 
to note that, here, we only use these metrics for relative comparisons and 
are not suggesting that these measures would be used as a screening or 
diagnostic tool (for which the terms sensitivity and specificity are most 

often used). Using the total number of small regions, sensitivity (true 
positive rate), specificity (true negative rate), positive predictive value 
(probability of condition being present with a positive test), negative 
predictive value (probability of condition not being present with a 
negative test), and accuracy (overall probability of correct classifica
tion) were examined with regard to discriminating FASD and compari
son participants. These metrics were also calculated for the total number 
of large regions in an identical manner. Sensitivity and specificity (for 
relative comparisons) were also calculated for small volumes across each 
subcortical region. In exploratory analyses, Pearson correlations (un
corrected for multiple comparisons given the exploratory nature of these 
analyses) were used to examine the relationship between the 7 subcor
tical region z-scores and neurocognitive function standard scores 
(Wechsler IQ, Wechsler Digit Span, NIH Toolbox PSMT, D-KEFS Trail- 
Making Test Number-Letter Switching, D-KEFS Color-Word Interfer
ence Test Inhibition-Switching). Given previous work identifying re
lationships between facial dysmorphology and subcortical anomalies 
(Roussotte et al., 2012; Suttie et al., 2018), within the FASD group, in
dependent samples t-tests were used to compare subcortical volume z- 
scores for participants with and without a dysmorphic face (i.e., at least 
two of the following: palpebral fissure length ≤ 10 %ile, thin vermillion 
border, smooth philtrum [4 or 5 on lipometer scale]). Pearson correla
tions (uncorrected for multiple comparisons given the exploratory na
ture of these analyses) were used to examine the relationship between 
subcortical volume z-scores and height and weight percentile. Lastly, 
within the FASD group, a difference by sex in the total number of 
extreme volumes (i.e., regions classified as “small” or “large”) was 
examined with an independent sample t-test.

3. Results

3.1. Subject characteristics

A total of 100 participants were enrolled. Six comparison partici
pants were excluded for not completing an MRI. Eight participants (6 
comparison, 2 FASD) were excluded due to excess head motion (based 
on visual inspection), poor image quality (also based on visual inspec
tion), or being an extreme outlier in regional volume metrics. Therefore, 
a total of 86 participants were included in the analyses (FASD = 47, 
comparison = 39). Participant demographic information is summarized 
in Table 1. Within the FASD group, there were 35 participants with 

Fig. 1. Panel a: Three dimensional illustration of parcellation used to generate regional subcortical volumes for the bilateral amygdala (teal), caudate (light blue), 
hippocampus (yellow), pallidum (dark blue), putamen (pink), thalamus (green), and accumbens area (orange); Panel b: Z-score distributions and group comparisons 
of the normed volumes for each of the subcortical regions by hemisphere. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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alcohol-related neurodevelopmental disorder (ARND), 11 with partial 
fetal alcohol syndrome (PFAS), and 1 with fetal alcohol syndrome (FAS). 
FASD and comparison groups did not differ significantly regarding age, 
sex, ethnicity, handedness, or growth deficiency. Significantly more 
FASD participants had microcephaly and dysmorphic facial features 
than the comparison group. As expected, the FASD group had lower IQ 
scores compared to the comparison group. Groups differed significantly 
in terms of racial identity with more FASD participants than participants 
in the comparison group identifying as American Indian/Alaska Native, 
Black or African American, and Multiracial. A greater proportion of 
participants in the comparison group identified as White compared to 
the FASD group. There was no significant group difference in within- 
scanner motion as estimated with Euler values, t (56) = 1.39, p =
0.171. In supplemental analyses, there were no significant differences 
between included participants and those excluded due to excess within- 
scanner motion or poor MRI image quality with regard to age, t (8) =
0.29, p = 0.779, sex, χ2 (1) = 2.38, p = 0.123, IQ, t (8) = 0.79, p =
0.453, race (White vs. non-White), 2 (1) = 1.25, p = 0.264, ethnicity, 2 
(1) = 0.90, p = 0.344, or handedness, 2 (2) = 0.244, p = 0.885. Tests for 
the potential confounding effects of other substance exposure 

(comparing subcortical volumes for participants in the PAE group with 
other substance exposure vs. participants in the PAE group without) 
revealed no significant differences (Cohen’s d’s ranged from 0.002 to 
0.58; all p’s > 0.05). Because it was not a confounding variable, other 
substance exposure was not included in any subsequent analyses. Across 
the entire sample, volume z-scores were significantly smaller in the left 
compared to the right hemisphere for the caudate, t (85) = -6.32, p =
0.000, accumbens, t (85) = 8.30, p = 0.000, and at the trend-level for the 
hippocampus, t (85) = -1.89, p = 0.063. Volume z-scores were signifi
cantly smaller in the right hemisphere compared to the left for the 
thalamus, t (85) = 2.59, p = 0.011, and the pallidum, t (85) = 9.20, p =
0.000. These findings provide justification for examining left and right 
hemisphere volume z-scores separately (rather than averaging the two) 
in diagnostic group comparisons (FASD vs comparison).

3.2. Group differences in subcortical volumes

Participants in the FASD group demonstrated lower mean z-scores 
than the comparison group across 6 of the 7 subcortical regions (Fig. 1b 
and Table 2) including the bilateral thalami, bilateral caudate, left pu
tamen, bilateral hippocampi, left amygdala, and right accumbens area. 
No significant group difference was observed for the right putamen, 
bilateral pallidum, right amygdala, and left accumbens area. Effect sizes 
were largest for the bilateral caudate and bilateral hippocampi. A total 
of 89 % of participants in the FASD group demonstrated one or more 
small subcortical volume compared to 72 % of the comparison group. A 
total of 9 % of participants in the FASD group and 15 % of the com
parison group showed one or more large volume. Participants in the 
FASD group demonstrated a greater mean number of small subcortical 
volumes (M = 4.53, SD = 3.13) compared to the comparison group (M =
2.46, SD = 2.30; t [83] = − 3.53, p < 0.001, d = − 0.74). There was no 
significant difference in the mean number of large volumes between 
participants in the FASD group (M = 0.19; SD = 0.74) and the com
parison group (M = 0.15, SD = 0.37; t [70] = − 0.31, p = 0.760, d =
− 0.06).

3.3. Relative sensitivity and specificity analyses

Small volumes (z-score ≤ − 1.3) of the bilateral putamen, bilateral 
hippocampi, right pallidum, and right accumbens area had the highest 
relative sensitivity, each correctly identifying 40 to 50 percent of FASD 
participants (Table 3). Smaller volumes in the bilateral caudate, right 
thalamus, and left amygdala, while relatively less sensitive, were rela
tively specific to the FASD group, each identifying approximately 20 to 
30 percent of FASD participants. Relative specificity for smaller volumes 
across a majority of regions was generally high reflecting that fewer 
comparison group participants demonstrate small volumes.

3.4. Association of subcortical volumes to neurocognitive function

Uncorrected exploratory correlations conducted separately for FASD 
and comparison groups revealed significant positive correlations be
tween bilateral caudate volumes and both IQ and cognitive flexibility 
(D-KEFS Color-Word Interference Test Switching) for FASD participants 
(Fig. 2). For Comparison participants, significant negative correlations 
were observed between IQ and volumes of the bilateral putamen and 
pallidum and between left putamen volume and a measure of visual- 
motor speed and cognitive flexibility (D-KEFS Trail-Making Test 
Number-Letter Switching).

3.5. Association of subcortical volumes to facial features, growth, and sex 
within FASD

There were no significant differences between participants with and 
without dysmorphic faces in regional subcortical volume z-scores. There 
were no significant correlations between subcortical volumes and height 

Table 1 
Demographic characteristics of participants.

FASD (n 
= 47)

Comparison (n 
= 39)

Statistical Test

Age [M(SD)] 12.30 
(2.36)

12.82 (2.50) t(79) = 0.98, p 
= 0.330

Intelligence Quotient [M(SD)] 93.11 
(15.03)

115.39 (12.61) t(83) = 7.43, p 
< 0.001

Sex [n(%Female)] 25 (53 %) 21 (54 %) χ2 = 0.00, p =
0.952

Ethnicity [n(%Hispanic)] 2 (4 %) 2 (5 %) χ2 = 0.04, p =
0.848

Race*
[n(%American Indian/ 

Alaska Native)]
4 (9 %) 0 χ2 = 6.77, p =

0.009
[n(%Asian)] 2 (4 %) 1 (3 %) χ2 = 1.28, p =

0.258
1[n(%Black or 

AfricanAmerican)]
12 (26 %) 0 χ2 = 17.20, p <

0.001
[n(%Native Hawaiian/Other 

Pacific Islander)]
1 0 χ2 = 1.84, p =

0.175
[n(%White)] 21 (45 %) 38 (97 %) χ2 = 25.54, p <

0.001
[n(%Multiracial)] 7 (15 %) 0 χ2 = 11.04, p <

0.001
Handedness [n(%Right)]† 34 (72 %) 33 (85 %) χ2 = 1.04, p =

0.594

Physical characteristics
aGrowth Deficiency 5 (11 %) 3 (8 %) χ2 = 0.22, p =

0.640
bMicrocephaly 5 (11 %) 0 χ2 = 3.92, p =

0.048
cDysmorphic Face 12 (26 %) 2 (5 %) χ2 = 5.49, p =

0.019

FASD: Fetal Alcohol Spectrum Disorder group.
* Chi square tests reflect comparisons of each racial group to the proportion of 

participants who identified as White (e.g., proportion of participants who 
identified as Multiracial to proportion of those who identified as White).

† Handedness information was not available for 5 participants (4 PAE, 1 
comparison).

a Height or weight ≤ 10 %ile.
b Head circumference ≤ 10 %ile.
c At least two of the following: Palpebral fissure length ≤ 10 %ile, thin 

vermillion border, smooth philtrum (4 or 5 on lipometer scale). The two com
parison participants who had “dysmorphic faces” had scores of 4 on the philtrum 
and 4 on the vermillion border; neither had any other facial features nor 
abnormal growth parameters.
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or weight percentile. Lastly, there was no significant difference in the 
total number of extreme volumes by sex.

4. Discussion

We demonstrate the value of normative MRI “brain growth charts” in 
identifying and quantifying regional subcortical brain anomalies in 
youth with FASD at the individual level. Building on previous findings of 
reduced whole-brain volumes for cortical white matter and cortical and 
subcortical gray matter in FASD (Gimbel et al., 2024), we demonstrate 

smaller regional subcortical volumes in youth with FASD after applying 
normative corrections accounting for age, sex, and ICV. In addition, we 
show that abnormal subcortical volumes in several specific regions, 
including the hippocampus and putamen, are common in FASD and 
could potentially help identify neurodevelopmental anomalies that 
would otherwise go unidentified. Finally, we find that subcortical vol
umes are associated with cognitive skills important for supporting life
long independent functioning and well-being in youth with FASD.

4.1. Group differences in subcortical volumes

As expected, participants in the FASD group demonstrated lower 
mean subcortical volume z-scores (adjusted for age, sex, and ICV) across 
a majority of regions compared to typically-developing comparison 
participants, consistent with evidence from some human and animal 
studies suggesting vulnerability of subcortical structures to the terato
genic insult of PAE (Lebel et al., 2011; Moore et al., 2014; Petrelli et al., 
2018). Specifically, participants in the FASD group demonstrated lower 
mean volume z-scores than the comparison group in 6 out of 7 subcor
tical regions of interest including the bilateral thalami, caudate, and 
hippocampi and lateralized smaller volumes in the left amygdala, left 
putamen, and right accumbens area. In total, 89 percent of individuals in 
the FASD group demonstrated one or more small subcortical volume 
compared to 72 percent of the comparison group.

These findings are consistent with prior work in which uncorrected 
neuroimaging data features were used (e.g., values for regional volumes 
without adjusting for age and sex using large normative datasets). 
Specifically, some studies of children and adolescents with FASD/PAE 
have documented smaller subcortical volumes compared to unexposed 

Table 2 
Diagnostic group differences in regional subcortical volume z-scores.

Mean (SD) FASD Comparison Statistic (t) Significance (p-value) Effect Size (Cohen’s d)

Left thalamus − 0.46 (0.92) − 0.02 (0.91) 2.22 0.029 0.48
Right thalamus − 0.65 (0.95) − 0.17 (0.87) 2.42 0.017 0.52
Left caudate − 0.87 (1.09) − 0.01 (0.93) 3.97 < 0.001 0.85
Right caudate − 0.62 (1.09) 0.26 (0.84) 4.24 < 0.001 0.90
Left putamen − 1.36 (0.89) − 0.92 (0.91) 2.28 0.025 0.50
Right putamen − 1.25 (0.96) − 0.96 (1.05) 1.31 0.193 0.29
Left pallidum − 0.49 (1.08) − 0.39 (1.05) 0.45 0.656 0.10
Right pallidum − 1.25 (0.80) − 0.99 (0.98) 1.33 0.188 0.29
Left hippocampus − 1.31 (1.10) − 0.48 (0.80) 4.05 < 0.001 0.85
Right hippocampus − 1.09 (1.09) − 0.47 (0.88) 2.96 0.004 0.63
Left amygdala − 0.69 (0.99) − 0.25 (0.98) 2.07 0.042 0.45
Right amygdala − 0.67 (0.76) − 0.46 (0.86) 1.17 0.246 0.26
Left accumbens 0.07 (1.14) 0.48 (0.84) 1.94 0.056 0.41
Right accumbens − 0.83 (1.17) − 0.27 (1.0) 2.38 0.019 0.51

NOTE: The z-scores in the table are standardized scores, with a mean of 0 and a standard deviation of 1, representing the amount of deviation from the normative mean 
for each subcortical volume. All normative means have been adjusted for age, sex, and intracranial volume (ICV). All p-values are unadjusted.

Table 3 
Relative sensitivity and specificity of small regional subcortical volumes.

Sensitivity Specificity PPV NPV Accuracy

Left thalamus 17 % 90 % 67 % 47 % 50 %
Right thalamus 23 % 92 % 79 % 50 % 55 %
Left caudate 36 % 92 % 85 % 55 % 62 %
Right caudate 28 % 100 % 100 % 53 % 60 %
Left putamen 53 % 62 % 63 % 52 % 57 %
Right putamen 47 % 67 % 63 % 51 % 56 %
Left pallidum 26 % 77 % 57 % 46 % 49 %
Right pallidum 45 % 54 % 54 % 45 % 49 %
Left hippocampus 49 % 82 % 77 % 57 % 64 %
Right hippocampus 43 % 87 % 80 % 56 % 63 %
Left amygdala 23 % 90 % 73 % 49 % 53 %
Right amygdala 13 % 85 % 50 % 45 % 45 %
Left accumbens 11 % 92 % 63 % 46 % 48 %
Right accumbens 40 % 85 % 76 % 54 % 60 %

Note: PPV Positive predictive value; NPV Negative predictive value; small vol
umes reflect z-scores ≤ -1.3.

Fig. 2. Exploratory (uncorrected) correlations between regional subcortical volume z-scores and neurocognitive and neurobehavioral function. Blue-shaded cells 
indicate positive correlations; red-shaded cells indicate negative correlations. IQ = Intelligence Quotient; CW = D-KEFS Color-Word Interference Test. *p < 0.05, **p 
< 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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comparisons even after controlling for whole brain volumes (i.e., ac
counting for TBV or ICV) in regions such as the caudate (Astley et al. 
2009; Nardelli et al. 2011; Boateng et al. 2023; Archibald et al. 2001), 
putamen (Roussotte et al. 2012; Nardelli et al. 2011), pallidum 
(Roussotte et al. 2012; Boateng et al. 2023; Nardelli et al. 2011), thal
amus (Boateng et al. 2023; Nardelli et al. 2011), and hippocampus 
(Boateng et al. 2023; Willoughby et al. 2008; Nardelli et al. 2011). 
However, it is important to note that several other child and adolescent 
studies have found either no such group differences across subcortical 
regions (Subramoney et al. 2022) or only smaller subcortical volumes 
without controlling for TBV or ICV (Riikonen et al. 2005; Biffen et al., 
2018). We observed the largest mean group differences in z-scores for 
volumes of the bilateral hippocampi and bilateral caudate—regions in 
which smaller volumes have been repeatedly demonstrated in in
dividuals with FASD (Lebel et al., 2011; Mattson et al., 2019; Moore 
et al., 2014). Together, results of diagnostic group comparisons in 
regional subcortical volumes derived from a novel normative modeling 
approach are consistent with previous work using uncorrected brain 
volume data, highlighting widespread structural brain anomalies in 
youth with FASD. The specific regions in which the largest differences 
were observed here, the caudate nuclei and the hippocampi (both part of 
the mesolimbic dopamine system and hypothalamic–pituitary–adrenal 
[HPA] axis), serve important information processing and behavior/ 
emotion regulation functions that are highly relevant to FASD (Mattson 
et al. 1996; Krueger et al. 2020; Saint-Cyr 2003). For example, the basal 
ganglia, including the caudate nuclei, play an important role in modu
lating attentional control and learning among other functions (Saint- 
Cyr, 2003). In one study, caudate volume (after accounting for ICV) was 
significantly associated with elements of cognitive control and memory 
(perseverations, false positive errors, and total memory performance) in 
a sample of children and adolescents with heavy PAE (Fryer et al., 
2012). In another study, adolescents with depressive disorders were 
found to have smaller volumes in the hippocampus, amygdala, and 
putamen (Whittle et al., 2014). The hippocampi are critically important 
for memory functioning (Hannula and Duff, 2018; Li et al., 2019), and 
previous studies have shown associations between atypical hippocampal 
structure and cognitive functioning in FASD (Roediger et al., 2021; 
Willoughby et al., 2008). Thus, the findings are consistent with the 
literature and suggest possible relationships with neurobehavioral 
challenges that are commonly seen in FASD.

Unexpectedly, our participants (including those in the comparison 
group) demonstrated smaller than expected norm-corrected subcortical 
volumes (mean z-scores for those in the comparison group were negative 
as opposed to zero) in several regions including the left and right pu
tamen and the right pallidum. These lower than expected z-scores could 
be due to differences in image acquisition and processing. The Centile
Brain model is based on structural imaging data from 87 datasets. These 
datasets are heterogeneous and include a variety of MR pulse sequences, 
magnetic field strengths, vendors, resolutions, and preprocessing steps. 
Our acquisition and preprocessing decisions were aligned with the 
Human Connectome Project (Glasser et al., 2013; Harms et al., 2018) 
rather than aiming to “match” the normative data. Our preprocessing 
workflow included some steps (i.e., intensity normalization and gradient 
distortion correction using the proprietary Siemens gradient table), 
which may not have been performed in some of the datasets that 
informed the CentileBrain model. Additionally, while the HCP Minimal 
Preprocessing Pipelines are based around FreeSurfer version 6.0, many 
of the datasets used for CentileBrain were processed using either older or 
more recent versions of FreeSurfer (≤ 5.3 or ≥ 7.1) (Ge et al., 2024). 
Small differences across FreeSurfer versions, as well as the optional ar
guments used during processing, may have a significant impact on 
morphometric analyses and may explain the smaller than expected 
volumes we observed across both groups of participants in some 
subcortical structures (Filip et al., 2022). In direct comparisons of 
FreeSurfer versions, prominent differences in regional subcortical vol
umes have been reported between versions 5.3 and 6.0, while versions 

6.0 and 7.1 are reported to be relatively consistent (Bigler et al., 2018; 
Haddad et al., 2022). Thus, we expect that the systematic differences 
observed between our data and the normative data were largely caused 
by the inclusion of many older (versions ≤ 5.3) FreeSurfer outputs in the 
CentileBrain training set. Despite the systematic difference between our 
data and the normative data, we were still able to detect that the FASD 
group had smaller subcortical volumes than the comparison group.

In order to further parse individual variation in subcortical volume 
differences, we examined associations of norm-corrected subcortical 
volume z-scores with demographic variables within the FASD group. We 
observed no significant differences in the number of abnormal subcor
tical volumes by sex or facial dysmorphology, and there were no sig
nificant associations between subcortical volume z-scores and growth 
abnormalities in height and weight. Interestingly, previous work has 
documented an association between the degree of regional subcortical 
anomalies and dysmorphic facial features such as ratings of the upper 
lip, philtrum, and measurements of the eye opening (palpebral fissure 
length) (Roussotte et al., 2012). Future research should examine re
lationships between clinical characteristics and structural brain differ
ences at the level of the individual.

4.2. Relative proportions of subcortical anomalies in FASD vs. A 
comparison group

Normative modeling of neuroimaging data may offer several benefits 
over traditional approaches using uncorrected data features by offering 
a method for characterizing within-group and within-individual varia
tions in brain structure, which is obscured in traditional case-control 
studies that (perhaps erroneously) assume within-group homogeneity 
(Rutherford et al., 2022). Normative modeling may also function to 
reduce sources of noise or variance in the data (e.g., due to age, sex, and 
within-scanner motion) (Rutherford et al., 2023) offering psychometric 
advantages over uncorrected data features. We leverage this novel 
normative modeling approach to demonstrate the relative proportions 
of atypically small regional subcortical volumes and the potential utility 
of MRI evidence in characterizing underlying neurodevelopmental 
anomalies. Small volumes (z-scores ≤ -1.3) in the bilateral putamen, 
bilateral hippocampi, right pallidum, and right accumbens occurred in 
40 to 50 percent of FASD participants. Small volumes in the bilateral 
caudate, right thalamus, or left amygdala were relatively specific to the 
FASD group. Similarly, a study using a multivariate classification 
approach to analyzing MRI-derived regional brain volumes in two in
dependent samples of youth with FASD (ages 5–18 years and 6–19 years, 
respectively) found that among the most heavily weighted brain regions 
in the model were the left globus pallidus and left and right caudate 
(Little and Beaulieu, 2020). Our findings are consistent with our previ
ous work (Gimbel et al., 2024) showing that smaller whole-brain vol
umes are common in youth with FASD and suggest that smaller regional 
subcortical volumes could play a role in characterizing neuro
developmental effects of PAE. These findings highlight the importance 
of examining the variability of structural brain anomalies in youth with 
FASD at the individual level. Further research with larger samples is 
needed and may offer valuable insights into risk and protective factors 
that are associated with individual variation in structural brain anom
alies (e.g., timing and amount of PAE, maternal nutrition, genetic 
variation).

4.3. Associations of subcortical volumes to cognitive functioning

In exploratory analyses, we show that regional subcortical volumes 
adjusted for ICV, age, and sex are associated with aspects of neuro
cognitive functioning with diverging patterns across diagnostic groups. 
For youth with FASD, smaller bilateral caudate volume z-scores were 
associated with lower IQ and lower executive functioning (i.e., a mea
sure of cognitive flexibility). These findings are consistent with previous 
work identifying the caudate as an important structure in 
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neurocognitive functions (e.g., intellectual performance, executive 
functioning skills such as planning and working memory; learning/ 
memory; and reward processing) (Janacsek et al., 2022; Pangelinan 
et al., 2011), as well as findings of a relationship between reduced 
caudate volumes and deficits in cognitive control and verbal learning 
and recall in youth with FASD (Fryer et al., 2012). In contrast, for par
ticipants in the comparison group, higher IQ was associated with lower 
volume z-scores in the bilateral putamen and pallidum. Together, these 
findings suggest smaller regional subcortical volumes in FASD may 
contribute to important functional outcomes such as lower IQ and may 
point to atypical brain-behavior relationships in youth with FASD.

5. Limitations

There are several limitations of this study that should be acknowl
edged. Participants in this study were recruited based on a history of 
PAE or being typically-developing (resulting in two distinct groups). As 
such, further research is needed to extend this approach in samples with 
greater generalizability (e.g., samples including youth with other neu
rodevelopmental conditions such as ADHD and autism spectrum disor
der). Polysubstance exposure is common in individuals who were 
exposed to alcohol prenatally and was, therefore, not exclusionary in 
this study. We did, however, conduct analyses which showed that other 
substance exposure was not a confounding variable in relation to our 
outcomes of interest (subcortical volumetrics). We did not have access to 
detailed information about tobacco exposures and, therefore, we were 
unable to determine if prenatal tobacco exposure could have influenced 
the results. Also, there was a higher proportion of White participants in 
the comparison group vs. the FASD group, potentially introducing bias 
into the analyses. For example, lower socioeconomic status (SES),which 
is associated with race in the United States, has been shown to be 
associated with smaller brain volumes including subcortical volumes 
(Jenkins et al., 2020). We did not attempt to characterize the partici
pants’ SES because we did not have access to details of the birth parents’ 
races, education levels, incomes, occupations, or other socioeconomic 
details. Furthermore, children were with their birth parents for different 
lengths of time, and some children also lived with foster parents 
(introducing a third set of socioeconomic variables). Therefore, it is 
important to acknowledge that the neurodevelopmental anomalies 
observed here are not the sole result of PAE but, rather, likely represent 
the combined impact of numerous factors including PAE, other prenatal 
substance exposures, SES, and other associated factors. It is worth noting 
that at least two previous studies have examined the relationship be
tween SES and subcortical volumes in children with FASD and com
parison groups (McLachlan et al. 2020; Uban et al. 2020). Both studies 
found that SES correlated positively with brain volumes in the com
parison group but there were no significant correlations in the groups of 
children with FASD. The authors of those studies suggest that early 
neurodevelopmental insults like PAE may limit the ability of the envi
ronment/SES to positively influence subsequent brain growth. They also 
suggest that the differences in SES between birth parents and adoptive 
parents contributes error/variance to the quantification of SES and, 
therefore, may lead to lower correlations in FASD samples. Our sample 
was also cognitively high-functioning (i.e., mean IQ was average for the 
FASD group and high average for participants in the comparison group), 
which differs from a number of studies with other samples documenting 
deficits in IQ in youth with FASD (Mattson et al., 2019) and suggests that 
we had an acquisition bias in our sample (higher functioning families 
were more likely to respond to requests to participate, etc.). This may 
also suggest that, for some individuals in the FASD group, marginally 
lower IQ performance may not be the most clinically relevant functional 
domain in the context of other neurocognitive impairments. Our sample 
of youth with FASD also consisted predominantly of individuals with 
ARND (n = 35) and had fewer individuals with FAS (n = 1) and PFAS (n 
= 11). Replication of our findings with FASD samples with a wider range 
of clinical presentations will be important.

In the context of previous research findings suggesting a vulnera
bility of subcortical structures to PAE, we focused our examination on 
subcortical regions of interest. However, it is important to acknowledge 
that PAE has numerous impacts on brain development. As such, asso
ciations between any single aspect of brain structure and cognitive 
function are not evidence of causality and must be interpreted in the 
context of the existing literature. Future work using the normative 
modeling method we used here could benefit from network-based ap
proaches that model the structural and functional connectivity between 
regions in the brain (e.g., between cortical and subcortical regions) 
(Grayson and Fair 2017; Sporns 2013). It is also important to note that 
we found systematically smaller norm-corrected subcortical volumes in 
our participants, likely reflecting differences in image acquisition and 
processing differences with the heterogeneous samples used by Centi
leBrain, which represents a limitation of this study.

6. Conclusion

We demonstrate the value of using a normative modeling approach 
to characterizing structural subcortical brain anomalies that occur in 
FASD. Youth with FASD show significantly smaller volumes across a 
majority of subcortical regions compared to typically-developing in
dividuals. In addition, youth with FASD who show atypical subcortical 
volumes demonstrate greater impairment in neurocognitive func
tioning, suggesting such brain-based differences may contribute to 
important functional outcomes.
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