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Abstract

Background: Prenatal alcohol exposure (PAE) affects early brain development and has been
associated with hippocampal damage. Animal models of PAE have suggested that some subfields
of the hippocampus may be more susceptible to damage than others. Recent advances in structural
MRI processing now allow us to examine the morphology of hippocampal subfields in humans
with PAE.

Method: Structural MRI scans were collected from 40 children with PAE and 39 typically
developing children (ages 8-16). The images were processed using the Human Conneetome
Project Minimal Preprocessing Pipeline (v4.0.1) and the Hippocampal Subfields package (v21)
from FreeSurfer. Using a large dataset of typically developing children enrolled in the Human
Conneetome Project in Development (HCP-D) for normative standards, we computed age-speeifie
volumetric z-seores for our two samples. Using these norm-adjusted hippocampal subfield
volumes, comparisons were performed between children with PAE and typically developing
children, controlling for total intracranial volume. Lastly, we investigated whether subfield
volumes correlated with episodic memory (i.e., Picture Sequence Memory test of the NIH
toolbox).

Results: Five subfields had significantly smaller adjusted volumes in children with PAE than in
typically developing controls: CA1, CA4, subiculum, presubiculum, and the hippocampal tail.
Subfield volumes were not significantly correlated with episodic memory.

Conclusions: The results suggest that several regions of the hippocampus may be particularly
affected by PAE. The finding of smaller CA1 volumes parallels previous reports in rodent models.
The novel findings of decreased volume in the subicular cortex, CA4 and the hippocampal tail
suggest avenues for future research.
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1. Introduction

Alcohol is a potent teratogen associated with a range of neurodevelopmental and behavioral
sequelae. Prenatal alcohol exposure (PAE) has a global effect on brain development, marked
by a wide range of outcomes. These include reduced cerebral and cerebellar volumes,
agenesis of the corpus callosum, and abnormalities in white matter microstructure among
others (Lebel et al. 2011, Sowell et al., 2008, Wozniak and Muetzel, 2011).

Hippocampal damage has long been a suspected consequence of PAE due to the memory
and learning impairments common in children with Fetal Alcohol Spectrum Disorders
(FASD) and was among the early targets of PAE research (Lewis et al., 2015, Rasmussen et
al., 2013). Since the time of the first descriptions of Fetal Alcohol Syndrome in the clinical
literature (Jones et al., 1973, Lemoine, 1968), alcohol has been known to pass the placental
barrier and ultimately accumulate in the hippocampi (along with several other subcortical
structures) of fetal hamsters and primates (Ho et al., 1972).

The nature and extent of hippocampal injury following PAE has been investigated primarily
through animal models. One unique aspect of hippocampal injury from PAE is the long-term
impact on neurogenesis that carries into adolescence and adulthood (Boschen and Klintsova,
2017). Following an early finding of lower counts of pyramidal neurons in the dorsal
hippocampus in adult rats after PAE (Barnes and Walker, 1981), many studies have
investigated relative damage in substructures of the hippocampus. Decreased cell counts
and/or lower dendritic density in CA1 of the rodent hippocampus after gestational exposure
to alcohol have been frequently reported (Gibson et al., 2000, Livy et al., 2003, Mcgoey et
al., 2003, Tran and Kelly, 2003, Wigal et al., 1990, Miller 1995). Evidence of cell loss in
other hippocampal subfields has also been described, though less reliably. Livy et al. (2003)
reported decreased cell counts in CA3 after third-trimester equivalent alcohol exposure.
Several other studies failed to show any significant decreases in this region (Byrnes et al.,
2004, Maier and West, 2001, West et al., 1986). A reduction of granule cells in the dentate
gyrus was also found in some studies (Wigal et al., 1990, Livy et al., 2003) but not others
(Bonthius and West, 1988, Miki et al., 2003, Tran and Kelly, 2003). Methodological
differences (i.e. strain of animal chosen, route of administration, and amount/duration of
exposure) may explain the variability in results from rodent studies. Thus far, the extent to
which any of these findings might be paralleled in humans is not fully understood (Gil-
Mohapel et al., 2010).

Recently, magnetic resonance imaging (MRI) and automated cortical and subcortical
parcellation tools such as FreeSurfer have given researchers a non-invasive method to study
abnormalities in brain morphology in humans following PAE (Fischl et al., 2002). Using
such methods, the hippocampus as a whole has been shown to be smaller in children with
PAE (Nardelli et al., 2011, Willoughby et al., 2008), though this difference is significant
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only prior to correction for total brain volume in some reports (Astley et al., 2009, Coles et
al., 2011, Roussotte et al., 2012, Treit et al., 2013).

While volume reductions in the whole hippocampus have been reported in humans following
PAE, limitations in MRI resolution and contrast have made it difficult to reliably subdivide
the hippocampus into its constituent subfields. As a result, subfield-level descriptions of
volume differences have not been feasible outside of animal research. This has changed in
recent years as higher field magnets, advances in MRI acquisition and preprocessing, and the
development of novel automated hippocampal segmentation methods have been introduced.
Hippocampal subfield morphometry has now been used to investigate subfield-level
alterations in a variety of pediatric conditions, including prenatal exposure to maternal
obesity (Alves et al., 2020), childhood mood disorders (Tannous et al., 2018), and the effects
of preterm birth (Aanes et al., 2019).

Here we apply an automated approach to hippocampal subfield morphometry (Iglesias et al.,
2015) to derive volumes for ten hippocampal subfields. We created an age-adjusted
normative dataset from the Human Connectome Project in Development (HCP-D) (Harms et
al., 2017) and applied the normative corrections to hippocampal subfield volumes in our
samples (those with PAE and controls). We then compared the adjusted volumes across
groups.

A further aim of this study was to explore the relationship between hippocampal subfield
volumes and a behavioral measure of hippocampal function. Episodic memory, which
involves discrete learning, retention, and recall of information (as opposed to motor learning
or personal memory), is especially dependent on the hippocampus (Winocur et al., 2010).
Episodic memory has been repeatedly shown to be impaired in children with PAE (du Plooy
et al., 2016). In those with PAE, verbal declarative memory is known to be impaired in terms
of initial learning, discrimination, and recall (Crocker et al. 2011). Nonverbal memory is
also impaired following PAE, especially on measures that involve a delay (Uecker and
Nadel, 1996). To measure episodic memory performance, the Picture Sequence Memory
Test (PSMT) from NIH Toolbox (Weintraub et al. 2013) was chosen due to its
appropriateness over a wide age range and previous use as a measure of hippocampal-
dependent episodic memory. We hypothesized that PAE would be associated with lower
PSMT scores and that smaller hippocampal subfields would be associated with poorer
PSMT performance in the group with PAE.

2. Materials and methods

2.1. Participants — CIFASD

Children with PAE (= 40) and controls (7= 39) were part of a Collaborative Initiative on
Fetal Alcohol Spectrum Disorders (CIFASD) study. Information about the CIFASD project
is available at www.cifasd.org and in previous CIFASD publications (Mattson et al., 2010).
Participants were recruited between 2017 and 2019, primarily by referral from the
University of Minnesota Fetal Alcohol Spectrum Disorder Clinic. Other recruitment sources
included self-referral, community flyers, and referral by other local clinics.
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Clinical interviews in combination with a review of records, including retrospective maternal
report, social service, legal, and/or medical records, were used to determine PAE history.
Participants were included in the group with PAE if there was evidence of heavy PAE,
defined as 13+ drinks per week or 4+ drinks per occasion at least once per week during
pregnancy. When a detailed history of the alcohol exposure was unobtainable, decisions to
include or exclude were made by consensus of the clinical team and the investigators based
on available evidence. If, for example, the mother was known to have had an alcohol use
disorder and had contact with law enforcement or social services during pregnancy, PAE
was categorized as “suspected.” Finally, in some cases detailed PAE information was not
available but participants were included following a diagnosis of Fetal Alcohol Syndrome
(FAS) or Partial Fetal Alcohol Syndrome based on dysmorphology (see Classification
section below).

Exclusion criteria for participants were comorbid neurological or developmental disorders
(e.g. epilepsy or Autism), severe psychiatric disabilities that would prevent participation
(e.g. psychosis or mania), drug or alcohol use by the participant, very low birthweight
(<1500 g), and contraindications to MRI scanning (e.g. non-MR-safe medical devices,
braces, or claustrophobia). Use of drugs other than alcohol by the mother during pregnancy
was not considered a cause for exclusion, so long as alcohol was the primary and most
common substance used. For control participants, maternal drug or alcohol use during
pregnancy (excluding tobacco and caffeine) was also an exclusion criterion.

Participants were 8-16 years old at enrollment. A total of 84 participants were enrolled in
the study. Table 1 contains demographic information for the 79 participants who were
included in the analyses after eliminating five participants with excessive movement during
the MRI scan and/or aberrant image processing (see MRI Acquisition and Processing).
These five participants were enrolled in the group with PAE.

2.2. Human connectome project in development as normative reference group

In order to maximize the precision of our volumetric analyses, we referenced our sample
against a large, independent reference group of typically developing children enrolled in the
Lifespan Human Connectome Project in Development (HCP-D; Somerville et al., 2018).
HCP-D is a large-scale, multi-center project with data collection sites at the University of
Minnesota, Washington University, Harvard University, and the University of California, Los
Angeles. Exclusion criteria for HCP-D included learning disabilities, insufficient English
fluency, health problems, psychiatric disorders, and MRI contraindications.

Because the age range of the HCP-D participants (i.e., 5-21 years) was broader than that of
our CIFASD sample, we excluded HCP-D subjects with ages outside of the CIFASD age
range. Of the 655 subjects included in the HCP-Development 1.0 release, 514 were included
after limiting the age range to 8-16 years. Demographic data for these 514 subjects is
included in Table 1. Chi-square tests revealed no significant demographic differences
between the HCP-D reference group and the study groups in race, age, or sex.
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2.3. Procedures — CIFASD and controls

After participants assented to study procedures and parents provided informed consent,
CIFASD participants completed an MRI scan, a cognitive testing battery including the NIH
Toolkit (Bauer et al., 2013), and a brief physical exam to assess for FASD-related
characteristics. All study procedures were reviewed and approved by the University of
Minnesota Institutional Review Board (IRB). Participants were compensated per IRB
guidelines for their time and provided travel reimbursement.

2.4. Classification

For all CIFASD participants, dysmorphology information was collected by a trained
dysmorphologist (KLJ) who was blinded to group status. The physical assessment included
rating the Vermillion border of the upper lip and philtrum, measuring palpebral fissure
length (PFL), measuring occipital-frontal circumference (OFC), and measuring the height
and weight of the participant. Norms for these measures were the University of
Washington’s 4-Digit Diagnostic System for the Vermillion and philtrum (Astley, 2011),
Stromland et al. (1999), Nellhaus data for head circumference percentiles (Nellhaus, 1968),
and CDC growth charts for height and weight (Kuczmarski et al., 2000).

Multiple FASD diagnostic classification systems exist and, it is worth acknowledging that
there are differences in how these systems characterize individuals diagnostically (FAS,
partial FAS, ARND) (Coles et al., 2016). Examples of existing diagnostic systems include
the 4-Digit Diagnostic Code system (Astley, 2004, Astley, 2013), the Canadian diagnostic
criteria (Chudley et al., 2005), the Centers for Disease Control & Prevention diagnostic
criteria (Bertrand et al., 2004), and the Emory Fetal Alcohol Center Clinical Criteria (Coles
et al., 1997). For the current study, Modified Institute of Medicine criteria were used to
determine FASD classifications (Hoyme et al., 2016). A combination of standardized
neurocognitive testing and parent reports were used to characterize neurobehavioral
functioning: global intellectual ability (1Q or IQ index score), behavioral and self-regulation,
other cognition (memory, executive functioning, specific, or visual spatial processing), and
adaptive functioning. Per Hoyme et al. (2016), a participant was considered “impaired” in a
category if the standardized score was 1.5 standard deviations or more below the mean. All
participants in the PAE category had impairment in at least one domain of neurobehavioral
functioning and all but two participants had impairment in two or more domains.

2.5. MRI acquisition and processing

Structural MRI data for the CIFASD group and the local controls were acquired at the
University of Minnesota’s Center for Magnetic Resonance Research on two 3 T Siemens
Prisma scanners (Siemens, Erlangen, Germany) equipped with standard 32-channel head
coils. For each participant, a Tl-weighted and T2-weighted scan were acquired using custom
pulse sequences which included automatic real-time motion detection and k-space line
rejection and replacement software. Pulse sequence parameters were chosen to match those
used in the HCP-D project (Harms et al., 2018). These parameters are described in Table 2.
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MRI data for the HCP-D reference group were acquired at four collection sites, also using
the Siemens Prisma platform. We obtained these data, unprocessed, through the National
Data Archive as made available in HCP-Development Release 1.0.

The HCP Minimal Preprocessing Pipeline (v4.0.1) was used to pre-process the structural
data for all groups (Glasser et al., 2013). In this pipeline, the initial processing includes an
alignment between the Tlw and T2w images, bias field and gradient distortion corrections,
and registration of the data to MNI space. FreeSurfer (v6.0.0) was then used for cortical
parcellation and subcortical segmentation of the Tlw volume, including the estimation of
total intracranial volume used in correction for head size (surfer.nmr.mgh.harvard.edu) (Dale
et al., 1999, Fischl et al., 2002). FreeSurfer processing included removal of non-brain tissue,
automated Talairach transformation, segmentation, intensity normalization, tessellation of
the grey matter / white matter boundary, topology correction, and surface deformation. The
T2w volume was included in the FreeSurfer processing stream to better refine the pial
surface by excluding dura and vasculature. To maximize reproducibility, we have
encapsulated the HCP preprocessing pipeline into a Singularity container (Kurtzer et al.,
2017). This container is available upon request.

After preprocessing, the right and left hippocampi were parcellated into constituent subfields
using the hippocampal subfield segmentation tool (v21) included with development releases
of FreeSurfer 6.0.0 (Iglesias et al., 2015). Both Tlw and T2w volumes were used to inform
the segmentation. This hippocampal parcellation method utilizes statistical maps created
from high resolution ex vivo imaging to inform a segmentation of each hippocampus into 19
preliminary subregions which are then combined using one of three merging schemes. The
“CA” merging scheme was chosen, resulting in 10 hippocampal subfields per hemisphere in
the final segmentation. An example of the resulting segmentation on an individual from the
CIFASD group is shown in Fig. 1.

All segmented volumes of CIFASD participants were visually inspected by a trained
operator (DJR). Hippocampal subfield volumes were plotted and outliers were flagged for a
secondary inspection. Additionally, ENIGMA imaging protocols (http://enigma.ini.usc.edu)
were used to assess the quality of the overall FreeSurfer parcellation, including cortical
parcellation (Hibar et al., 2015). In cases where subject images had obvious processing
errors (e.g. significant cortical boundary misidentification) the data were excluded from this
analysis even if the hippocampal segmentation appeared normal.

2.6. Episodic memory

To assess episodic memory, all 84 CIFASD participants completed the Picture Sequence
Memory Test (PSMT) from the NIH Toolbox ® for Assessment of Neurological and
Behavioral Function (NIH Toolbox) (Weintraub et al., 2013) on an iPad, though only those
participants with usable MRI data were ultimately included in the subsequent analyses (7=
79). In this task, participants were asked to recall a series of illustrated objects and activities
that were presented in a particular order on the screen, while audio-recorded phrases
describing the objects and activities were played. Participants were asked to recall the
sequence of pictures presented over two learning trials. Fifteen pictures were shown during
the first trial and 18 pictures were shown during the second trial. We used fully corrected T-
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scores (i.e., corrected for age, gender, education and race/ethnicity) in the analyses. T-scores
have a mean of 50 and standard deviation of 10; higher T-scores indicate better episodic
memory.

3. Data analysis

SPSS version 22 was used for all analyses described below.

3.1. Z-scores using HCP-D participants as a normative reference group

The means and standard deviations of the 10 hippocampal subfields within HCP-D
participants were computed for each one-year age group (i.e., 8-year-olds, 9-year-olds, 10-
year-olds, etc.) separately. These values were used to compute z-scores for each subfield for
each CIFASD participant (those with PAE and controls). These z-scores thus reflect age-
corrected volumes using HCP-D participants as a reference group, and they were used in all
analyses reported below. Z-scores were computed separately for the left and right
hemispheres of each subfield, and the mean of the z-scores for both hemispheres was
subsequently computed and used in all analyses, since we had no a priori hypotheses about
lateralized effects and to limit the number of comparisons.

3.2. Group comparison: CIFASD group with PAE vs. controls

To account for the correlations among different subfield volumes (/s up to 0.91) and to
reduce the number of univariate comparisons, group differences in subfield volumes were
evaluated by performing a repeated-measures ANCOVA with the 10 hippocampal subfields
as within-subjects variables, group (those with PAE vs. Controls) as the between-subjects
factor and total intracranial volume as a covariate. Total intracranial volume (z-score) was
included as a covariate in order to account for the group difference (Controls > those with
PAE) in intracranial volume (= -2.09, p = 0.04), and the significant correlations between
intracranial volume and subfield volumes (7’s 0.31-0.69; p’s < 0.01). Because there were no
sex differences in either the group with PAE or the control group after controlling for
intracranial volume, sex was not included as a covariate in any of the subsequent analyses.

3.3. Associations of hippocampal subfield volumes with spatial memory

We performed multiple regression analyses with each of the subfields that showed a
significant group difference as a dependent variable, and fully corrected T-score for the
PSMT and total intracranial volume (z-score) as independent variables. Regression analyses
were performed collapsed across both groups, and, subsequently, within children with PAE
and controls separately.

4. Results

4.1. Group differences in hippocampal subfield volumes

The repeated-measures ANCOVA revealed a significant effect of group on adjusted
hippocampal subfield volumes (A1,76) = 9.58; p = 0.003; partial n 2 = 0.112). Parameter
estimates showed that children with PAE had significantly smaller volumes of the CA1,

Neurotoxicol Teratol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roediger et al. Page 8

CAA4, presubiculum, subiculum, and hippocampal tail (see Table 3 and Fig. 2). The other five
subfields did not differ significantly between the groups (see Table 3 and Fig. 2).

4.2. Associations between hippocampal subfield volumes and episodic memory

Participants with PAE had significantly lower performance on the PSMT than control
participants (= —3.38, p< 0.001). However, volumes of the five subfields that showed
significant group differences were not found to be significantly associated with episodic
memory, neither in the full sample, nor when examined separately in children with PAE and
in controls (all p’s > 0.07). The only association that approached significance was with the
presubiculum in the full sample (£=1.78, p=0.079). This association was in the expected
direction; i.e., a larger volume was associated with better episodic memory.

5. Discussion

To our knowledge, this report is the first application of automated hippocampal
segmentation to a clinical population of children with PAE. This approach allows a more
detailed mapping of the hippocampus than has previously been feasible with MRI. Of the
ten subfields examined, five were significantly smaller in children with PAE after correction
for head size.

5.1. Observed differences in adjusted hippocampal subfield volumes

Our observation of decreased volume in CA1 is in agreement with similar findings in animal
models (Livy et al., 2003, Mcgoey et al., 2003, Miller 1995, Tran and Kelly, 2003, Wigal et
al., 1990, Gibson et al., 2000). In humans, CAL1 is thought to be involved in long term
episodic memory, especially that of an autobiographical nature (Bartsch et al., 2011).
Decreased volume in CA4 is a novel finding. This region is comprised of mostly mossy cells
at the junction of the dentate gyrus and CA3 of the hippocampus. CA4 has been proposed to
play a role in pattern separation, ensuring that memories are encoded separately and thus can
be retrieved without the contamination of information from other memories (Senzai 2019).
Encoding of episodic memories has been shown to be impaired in FASD, independently of
global memory impairment (du Plooy et al., 2016). PAE’s impact on CA4 volume may play
arole in these impairments.

In the subicular cortex, two subfields were found to be smaller in children with PAE
compared to controls. The subiculum has not been a specific target of PAE research in past
studies. However, as it is one of the primary gateways from the hippocampus to the
entorhinal cortex and neocortex, the subiculum is thought to play an important role in
memory recall and consolidation (Ledergerber and Moser, 2017).

Another novel finding was decreased volume in the hippocampal tail among our group with
PAE. While the hippocampal tail has not been explored in prior literature concerning PAE,
the volume of this region has recently been associated with Major Depressive Disorder and
used as a biomarker to predict antidepressant treatment outcome (with smaller volume
associated with a lessened likelihood of remission) (Nogovitsyn et al., 2020). Depression in
children with FASD is a common comorbidity, and suicide risk is markedly increased in this
population (O’connor and Kasari, 2000, O’connor et al., 2019, Famy et al., 1998).
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No significant differences were detected in the remaining subfields (CA3, fimbria, HATA,
hippocampal fissure, and parasubiculum). A post-hoc power analysis was performed to
estimate the sample size that would be required to detect significant group differences in
these subfields. The results suggest that a sample size greater than 336 would be needed to
detect group differences in adjusted fimbria volumes, while the remaining subfields would
require samples in excess of 1000 participants. Notably, the five subfields in which no
significant differences were found are also the smallest of the 10 subfields (by mean
absolute volume across all subjects; see Table 3). Volumes of these smaller subfields may be
more difficult to reliably measure using this automated approach at the current resolution.
More reliable segmentations of these smaller structures may reveal group differences that
were obscured in our data.

5.2. Picture sequence memory task and hippocampal subfield volumes

While impairment in episodic memory as measured by the PSMT was apparent in our group
with PAE compared to controls, we did not observe any of the predicted associations
between hippocampal subfield volumes and PSMT performance in either group. The PSMT
was chosen for this analysis from a limited battery of cognitive measures that had been
obtained by the parent study (CIFASD) due to its face validity and appropriateness for the
age range of participants in our study. Impaired performance on visual-spatial episodic
memory tasks such as the PSMT has been linked to smaller hippocampal volumes in
individuals with PAE (DU Plooy et al., 2016). However, impaired performance on these
tasks may also be associated with volumes of other brain areas (i.e., the caudate nucleus)
(Fryer et al., 2012), and with deficits in other aspects of cognitive processing known to be
impaired following PAE including attention and executive functioning (Mattson et al., 2019).
Future investigations would benefit from a broader battery of tasks specifically chosen for
their sensitivity to hippocampal-dependent functions, possibly including verbal memory
measures such as the California Verbal Learning Test (Delis et al., 2000), or multi-modal
memory tasks like those from the NEPSY (i.e., Memory for Names) (Korkman et al., 2007).
Other memory domains such as spatial memory (as could be assessed with a virtual water
maze task; Hamilton et al. (2003)) may show greater specificity to hippocampal function
(Dodge et al., 2020), whereas episodic memory is supported by a broader network of brain
regions in children, including the hippocampus, parahippocampal gyrus, perirhinal cortex,
lateral prefrontal cortex and parietal cortex (Ghetti and Bunge, 2012). Additionally, the
choice of memory measures for future investigations may benefit from targeting domains
related to the subfields that were most affected in this analysis: CA1 (long term
autobiographical memory), CA4 (pattern separation during encoding), hippocampal tail
(emotional memory), and subicular regions (long term memory recall and consolidation).

A recent meta-analysis from DU Plooy et al. (2016) revealed that episodic memory encoding
is impacted by PAE while delayed recall performance is spared in many tests after
controlling for encoding deficits. The PSMT does not measure delayed recall so we were
unable to investigate this phenomenon. Future investigations should employ tests of episodic
memory that measure both immediate and delayed recall, ideally including tasks with longer
delays that allow for memory consolidation before recall. Several of the hippocampal
subfields which exhibited reduced volume in PAE (CA1 and subicular regions) are thought
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to be functionally related to recall rather than encoding, but these subfields are likely
involved in the recall of remote consolidated memories, largely of an autobiographical
nature.

5.3. Other limitations and future directions

Several limitations in the present study are related to the recruitment of children with PAE.
Imperfect demographic matching between the group with PAE and controls is a limitation of
the present study. Some of this variance was reduced by applying adjustments from a large
normative dataset (HCP-D) based on age. The inclusion of six children with suspected, but
not confirmed, alcohol exposure in the group with PAE may have diluted our sample.
However, the evidence supporting inclusion was convincing (see note, Table 1) and our
ultimate results did not differ if these six participants were excluded from the analysis
(except that the observed difference in adjusted CA4 volumes would fail to meet our
significance threshold; p = 0.065). Prenatal exposure to drugs other than alcohol is common
is this population (Astley 2010) as well as in our clinical sample. By not excluding children
with polydrug exposure, we benefit from a sample that is more representative of the clinical
population. However, polydrug exposure has the potential to drive changes in regional brain
volumes and may be a confound (Rivkin et al., 2008). We strived to mitigate this effect by
ensuring that alcohol was the primary and most common substance of exposure.
Additionally, a post hoc analysis determined that hippocampal subfield volumes in
participants with PAE and confirmed polydrug exposure (n=22) did not differ significantly
from rest of the sample with PAE (F(1,37) = 1.36, p= 0.252). Future studies may be able to
better address this confound if thorough maternal substance use histories are available and
sufficiently large samples of children with confirmed alcohol-only exposure can be
recruited.

The relatively small sample size did not provide enough power to examine different
diagnostic subgroups. A post hoc analysis was run to compare subjects with ARND
diagnosis (77 = 26) to those with either FAS or pFAS diagnoses (7= 12). There were no
significant differences in adjusted volumes between these two groups in any of the ten
subfields. Compared to controls, both groups had significantly smaller adjusted volumes
only in the subiculum, likely a result of decreased power after dividing the sample.

Imaging and image processing limitations are also a factor due to the relatively small size of
the structures involved. Because the hippocampal subfield segmentation tool relies in part on
predefined statistical maps, the segmentations may not be completely reliable and quality
control beyond exclusion of obvious errors is difficult due to insufficient contrast and
resolution (Iglesias et al., 2015). As noted previously, our ability to detect to group
differences in the five largest structures but not the five smallest structures suggests that
reliability of volume measurements in the smallest subfields may be a significant limitation.
Nonetheless, the ability to perform in vivo segmentations of a structure that has otherwise
been largely treated as monolithic is valuable. Continued improvements in image resolution
with higher field strength MRI will likely lead to more reliable hippocampal segmentation
methods.
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Finally, the hippocampal volume-memory relationship may be complex and dependent on
both age and neuropsychiatric diagnosis, with some populations exhibiting a “bigger is
better” relationship while others may exhibit a negative correlation between volume and
memory (Van Petten, 2004). Volume as a measure may be too coarse and insensitive to the
variations in cell type, density, and connectivity that may drive cognitive and behavioral
impairments.

In conclusion, the present study may be the first to report hippocampal subfield
measurements in children with PAE. We observed that several subfields (CA1, CA4,
presubiculum, subiculum, and hippocampal tail) are smaller in children exposed to alcohol
in utero, while the remaining subfields are relatively spared. These findings parallel earlier
reports in rodent models which suggested a variation in the extent to which different regions
of the hippocampus are affected by PAE. Further research using this approach may provide a
more detailed description of the teratological effects of alcohol on the hippocampus, allow
for cross-species comparisons, and inform future clinical interventions.
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Fig. 1.

Results of automated hippocampal segmentation.

Note. The segmented left hippocampus of a CIFASD participant rendered as a 3D
isosurface. Lateral (A), inferior (B), medial (C), and superior (D) aspects are shown.
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Subfield volume Z-scores for those with PAE and controls.
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Characteristics of participants included in final analyses.
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N(%) or mean (SD)

PAE (n=40) Control (n=39) Statistical test (PAE vs Control)

HCP-D (n = 514)

Age (vears)

Gender
Male

Female

Racial Categories

White

Black or African American
American Indian/Alaska Native
Asian
Native Hawaiian or Other Pacific Islander
Other or Not Reported
More than One Race
Alcohol Exposure
Alcohol Confirmed
Alcohol Suspected
Other Drug Exposure
None
Drug Exposure Suspected
Drug Exposure Confirmed
Dysmorphic Facial Features

Lip (score 4 or 5)

Philtrum (score 4 or 5)

Palpebral Fissure (<10th percentile)

> 2 Facial Features Present

Growth Deficiency (< 10th percentile)
Height

Weight

Deficient Brain Growth (<10th percentile)
Occipital-Frontal Circumference (OFC)

1OM Diagnostic Category
FAS
Partial FAS

12.00 (2.49)  12.21(2.67) {77) = -0.353
p=0.725

18 (45.0%) 21 (53.8%) x%(1) = 0.618
p=0.432

22 (55.0%) 18 (46.2%) x%(1) = 0.618
p=0.432

22 (55.0%) 30 (76.9%) X2(6) = 10.579
p=0.102

6 (15.0%) 0 (0.0%)

1 (2.5%) 2 (5.1%)

2 (5.0%) 1 (2.6%)

0 (0.0%) 1 (2.6%)

1 (2.5%) 0 (0.0%)

8 (20.0%) 5 (12.8%)

34 (85.0%)

6 (15.0%)

8 (20.0%)

10 (25.0%)

22 (55.0%)

11 (27.5%) 3(7.7%) x%(1) = 3.207
p=0.073

15 (37.5%) 3(7.7%) x%(1) =6.723
p=0.010

1 (2.5%) 3(7.7%) x%(1) = 1.850
p=0.174

11 (27.5%) 1(2.6%) x3(1) = 6.978
p=0.008

4 (10.0%) 0 (0.0%) x3(1) = 3.138
p=0.077

1 (2.5%) 3(7.7%) x2(1) = 1.850
p=0.174

4 (10.0%) 0 (0.0%) x%(1) =3.138
p=0.077

1 (2.50%)

11 (27.50%)
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12.18 (2.44)

258 (50.2%)

256 (49.8%)

342 (66.5%)

49 (9.5%)
2 (0.3%)
26 (5.0%)
0 (0.0%)

3 (0.5%)
92 (17.9%)
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N(%) or mean (SD) PAE (n=40) Control (n=39) Statistical test (PAE vsControl) HCP-D (n =514)
ARND 26 (65.00%)

Note. 2 participants in the group with PAE and 11 participants in the control group did not have available physical exam information for analysis. 3
of the 6 participants in the group with PAE classified under “suspected alcohol exposure” were included because they had characteristics of pFAS.
The remaining 3 participants in this group received this classification for the following reasons: 1) information in adoption documents indicating
chronic maternal alcohol use, 2) information from the biological father indicating maternal alcohol use and 2 siblings with pFAS diagnoses, 3) thin
Vermillion border at a previous point in development, a biological sibling with known FASD diagnosis, and documentation of multiple siblings
removed from the biological mother’s home due to alcohol use.
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Table 2

MRI scan parameters.

Sequence Imaging parameters

T1-weighted Multi-echo MP-RAGE sequence with TR = 2500 ms, TE = 1.8/3.6/5.4/7.2 ms, TI = 1000 ms, voxel size = 0.8 mm isotropic, flip
angle = 8 degrees

T2-weighted  SPACE sequence with TR = 3200 ms, TE = 564 ms, voxel size = 0.8 mm isotropic, variable flip angle

Note. TR = repetition time, TE = echo time; ms = milliseconds.
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Comparison of hippocampal subfield volumes between participants with prenatal alcohol exposure (PAE; n=
40) and control participants (/7= 39).

Subfield Mean SD t p
PAE Control  PAE  Control

Parasubiculum 132 138 26 29 0.14  0.890
Presubiculum 693 782 101 94 -3.09 0.003
Subiculum 968 1089 136 114 -3.62 0.001
CAl 1599 1760 226 184 -2.48 0.015
CA3 498 523 65 65 -0.72 0471
CA4 1201 1301 156 135 -2.16 0.034
HATA 96 101 17 14 -0.64 0.523
Fimbria 172 194 37 39 -1.35 0.182
Fissure 197 212 50 41 -0.56 0.579
Tail 1071 1189 163 146 -2.56 0.012

Note. SD = standard deviation. Untransformed volumes (in mm3) are presented here to allow inclusion of these data in future meta-analyses, but #
scores and p-values were obtained from analyses using transformed volumes (i.e., z-scores computed using HCP-D data). Reported p-values were

corrected for total intracranial volume.
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