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Abstract

White matter alterations have been reported in children with prenatal alcohol exposure (PAE) 

and in children with attention deficit hyperactivity disorder (ADHD); however, as children 

with PAE often present with ADHD, covert PAE may have contributed to previous ADHD 

findings. Additionally, data regarding intracortical myelination in ADHD are lacking. Therefore, 

we evaluated intracortical myelination (assessed as the T1w/T2w ratio at 4 cortical ribbon levels) 

and myelin-related deep white matter features in children (aged 8–13 years) with ADHD with 

PAE (ADHD + PAE), children with familial ADHD without PAE (ADHD-PAE), and typically 

developing (TD) children. In widespread tracts, ADHD + PAE children showed higher mean 

and radial diffusivity than TD and ADHD-PAE children and lower fractional anisotropy than 

ADHD-PAE children; ADHD-PAE and TD children did not differ significantly. Compared to 

TD children, ADHD + PAE children had lower intracortical myelination only at the deepest 

cortical level (mainly in right insula and cingulate cortices), while ADHD-PAE children had 

*Corresponding author. Oppenheimer Family Center for Neurobiology of Stress and Resilience University of California, Los Angeles, 
CHS 42-210 MC737818 10833 Le Conte Avenue, CA, 90095, USA. lakilpatrick@ucla.edu, lakilpatrick@mednet.ucla.edu (L.A. 
Kilpatrick). 

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

HHS Public Access
Author manuscript
Neuroimage Rep. Author manuscript; available in PMC 2023 June 06.

Published in final edited form as:
Neuroimage Rep. 2022 March ; 2(1): . doi:10.1016/j.ynirp.2022.100082.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower intracortical myelination at multiple cortical levels (mainly in right insula, sensorimotor, 

and cingulate cortices); ADHD + PAE and ADHD-PAE children did not differ significantly 

in intracortical myelination. Considering the two ADHD groups jointly (via non-parametric 

combination) revealed common reductions in intracortical myelination, but no common deep 

white matter abnormalities. These results suggest the importance of considering PAE in ADHD 

studies of white matter pathology. ADHD + PAE may be associated with deeper, white matter 

abnormalities, while familial ADHD without PAE may be associated with more superficial, 

cortical abnormalities. This may be relevant to the different treatment response observed in these 

two ADHD etiologies.

Keywords

Attention deficit hyperactivity disorder; Fetal alcohol spectrum disorders; Myelination; Diffusion-
weighted magnetic resonance imaging; Prenatal alcohol exposure

1. Introduction

Animal models have detailed long-lasting deleterious effects of prenatal alcohol exposure 

(PAE) on myelination. For example, PAE in rats reduces expression of mRNA of myelin 

basic protein and of a myelin-specific enzyme (2’,3’-cyclic nucleotide 3’-phosphodiesterase) 

in offspring throughout the entire developmental period (Bichenkov and Ellingson, 2001, 

2002; Kojima et al., 1994). Expression of transferrin, thought to play an important role 

in myelinogensis, is also reduced (Chiappelli et al., 1991). Furthermore, PAE substantially 

affects the number and morphology of oligodendrocytes, but not of astrocytes, and alters the 

composition of the myelin sheath (Bichenkov and Ellingson, 2009; Chiappelli et al., 1991). 

As the turnover rate of myelin components in already formed axon sheaths is extremely 

low, abnormal myelin composition is difficult to repair. Thus, animal models suggest that 

PAE targets oligodendrocytes, resulting in delayed maturation and long-lasting changes in 

myelination. Consistent with this, numerous studies have reported abnormal diffusion tensor 

imaging (DTI) indices in deep white matter in children with PAE (Ghazi Sherbaf et al., 

2019; Taylor et al., 2015).

Deep white matter alterations have also been reported in children with attention deficit 

hyperactivity disorder (ADHD), which have been attributed to delayed myelination (Aoki 

et al., 2018; Chen et al., 2016). Furthermore, genetic linkage and association studies have 

revealed associations between ADHD and genes that impact oligodendrocyte function and 

myelin formation, maintenance, and repair (e.g., fibroblast growth factor and sphingolipid 

metabolism genes) (Henriquez-Henriquez et al., 2020; Lesch, 2019; Mastronardi et al., 

2016; Puentes-Rozo et al., 2019). Thus, disruptions in myelination may be involved in 

ADHD. However, a recent review and meta-analysis of DTI studies on ADHD noted 

substantial variation among studies, and found that of the 6 studies that had no significant 

between-group differences in head motion, which can influence DTI results, 4 found no 

significant differences between ADHD and typically developing (TD) individuals in DTI 

metrics (Aoki et al., 2018). Furthermore, although children with PAE typically exhibit 

ADHD symptoms, underlying PAE is often unrecognized in diagnosing ADHD (Fryer et 

Kilpatrick et al. Page 2

Neuroimage Rep. Author manuscript; available in PMC 2023 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2007; O’Connor, 2014; O’Malley and Nanson, 2002). Thus, covert PAE may have 

contributed to the reported white matter pathology in some ADHD studies. Consistent with 

this, in our recently published analysis of fractional anisotropy (FA, a summary measure of 

microstructural integrity) in the anterior corona radiatae, we found lower FA associated with 

PAE regardless of ADHD status (i.e., a main effect of PAE), but no effect of ADHD (O’Neill 

et al., 2019). As treatment response to ADHD medications differs between patients with and 

without PAE (Doig et al., 2008; Frankel et al., 2006; Oesterheld et al., 1998; Peadon et al., 

2009; Snyder et al., 1997), a better understanding of the white matter pathology associated 

with PAE in ADHD may improve treatment.

Although myelin is a prominent deep white matter component, the cerebral cortex also 

contains a significant number of myelinated fibers. Unlike deep white matter, myelination 

patterns in the cortex are highly complex, varying between cortical regions and layers, and 

showing discontinuity (Mazuir et al., 2021; Micheva et al., 2016; Tomassy et al., 2014). 

Cortical myelin has long been known to ensheath excitatory axons connecting to subcortical 

nuclei and other remote cortices; however, a large fraction of myelin in cortical layers 1–3 

ensheaths the axons of inhibitory neurons (specifically parvalbumin-positive basket cells) 

(Micheva et al., 2016, 2018; Stedehouder et al., 2017). In cortical deeper layers, although 

myelinated inhibitory GABA interneurons are also found, the proportion of non-GABA 

myelinated axons is greatly increased (Micheva et al., 2018). The course of intracortical 

myelination is protracted in humans, especially in the prefrontal cortex (Norbom et al., 

2020; Yakovlev and Lecours, 1967). As these regions also exhibit protracted functional 

changes, intracortical myelination is thought to play an important role in multiple aspects of 

neurodevelopment (Deoni et al., 2015; Grydeland et al., 2013; Natu et al., 2018). However, 

the impact of PAE on intracortical myelination and its role in ADHD remain unclarified.

In this investigation, we used advanced MRI techniques to evaluate intracortical myelination 

and myelin-related deep white matter features in children (aged 8–13 years) with ADHD, 

with and without PAE (“ADHD + PAE” and “ADHD-PAE”, respectively), compared to 

those in TD children. In recent work, we found lower cortical gyrification in both ADHD + 

PAE and ADHD-PAE children than in TD children, with some regional differences between 

the two ADHD etiologies (Kilpatrick et al., 2021). We further found that multi-modal 

imaging of deep white matter combined with ADHD symptom profiling could accurately 

classify individual patients as ADHD + PAE vs. ADHD-PAE (O’Neill et al., 2021). Here, 

we hypothesized that, although there may be myelination alterations common to the two 

ADHD groups, children with ADHD + PAE would show unique or more severe alterations.

2. Methods and materials

2.1. Participants

This study was approved by our Institutional Review Board; written informed assent/

consent was obtained from all participants. Children aged 8–13 years were recruited from 

community organizations, FASD parent organizations, national websites, other pediatric 

research studies, or physician referrals from local child psychiatry or pediatric clinics.
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Children in the ADHD + PAE group met DSM-5 criteria for ADHD (any subtype) 

according to the clinician-administered computerized Schedule for Affective Disorders and 

Schizophrenia for School Aged Children, Parent Version (K-SADS) (Kaufman et al., 1997; 

Townsend et al., 2020) and the Conners-3 Parent Form (Conners, 2008); had diagnostic 

features of fetal alcohol syndrome (FAS), partial fetal alcohol syndrome (pFAS), or alcohol-

related neurodevelopmental disorder (ARND) according to the Institute of Medicine (IOM) 

criteria proposed in updated guidelines (Hoyme et al., 2016; O’Connor et al., 2019); and 

had a clear history of PAE (≥6 drinks/week for ≥2 weeks and/or ≥3 drinks on ≥2 occasions 

including the time periods prior to and following pregnancy recognition). The diagnostic 

features of FAS comprised growth retardation; presence of the FAS facial phenotype, 

including short palpebral fissures, flat philtrum, and flat upper vermillion border (Hoyme 

et al., 2016); neurodevelopmental dysfunction; and gestational alcohol exposure. The criteria 

for a history of PAE are based on findings that ≥6 drinks/week is an adequate measure of 

exposure for an FASD, and on epidemiologic studies demonstrating adverse fetal effects of 

episodic drinking of ≥3 drinks per occasion (Hoyme et al., 2016).

Children in the ADHD-PAE group met ADHD criteria (as defined above), had at least 

one first-degree family member (i.e., biological parent or sibling) diagnosed with ADHD, 

and had PAE of <2 standard drinks (1.20 oz absolute alcohol) during gestation. Familial 

ADHD without PAE was selected as a homogeneous ADHD-PAE comparison group with a 

well-defined ADHD etiology.

Typically developing children (TD group) had no current or lifetime history of an Axis I 

mental disorder by K-SADS interview and PAE of <2 standard drinks during gestation.

Exclusion criteria for all participants were as follows: estimated Full-Scale IQ <70 on the 

Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II) (Wechsler, 2011); 

known genetic syndrome associated with ADHD, including fragile X, tuberous sclerosis, 

and generalized resistance to thyroid hormone; pervasive developmental disorder; serious 

medical or neurologic illness likely to influence cognition or brain function or brain anatomy 

(e.g., a seizure disorder or history of closed-head trauma); gestation <34 weeks; history 

of claustrophobia; ferromagnetic metal implant, braces, or other contraindication to MRI; 

primary language at home was not English; unable to comply with study procedures; or 

poor imaging scan quality. Additionally, as prenatal methamphetamine exposure has been 

reported to show effects on DTI measures opposite to those seen with PAE alone (Colby et 

al., 2012), children with prenatal methamphetamine/amphetamine exposure were excluded.

Prenatal exposures were determined using the Health Interview for Women (HIW), which 

assesses the frequency and quantity of typical and binge drinking and use of other teratogens 

prior to and following recognition of pregnancy; or the Health Interview for Adoptive 

and Foster Parents (HIAFP) (Quattlebaum and O’Connor, 2013). For adopted/fostered 

participants, data regarding prenatal exposure to alcohol and other teratogens were obtained 

via birth, medical, or adoption records, or by reliable informants. As many individuals with 

FASD are adopted or fostered, this approach is often necessary, and is considered acceptable 

for establishing PAE by the scientific community (CDC, 2004). Although alcohol use was 
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measured retrospectively, studies show that recall regarding drinking during pregnancy, 

predicts neuro-developmental outcomes up to 14 years post-delivery (Hannigan et al., 2010).

2.2. Neuroimaging acquisition and analysis

Participants underwent extensive desensitization and training in keeping the head and 

other body parts still prior to MRI scanning. During scanning, participants watched a 

children’s movie of their choice and were monitored via video feed from within the 

MRI unit; participants were reminded to hold still when motion was detected. Pulse 

sequences from the Human Connectome Project (HCP; https://www.humanconnectome.org/

storage/app/media/documentation/s1200/HCP_S1200_Release_Appendix_I.pdf), as set in 

2016, were used. Images were collected using a 3T Prisma-fit system (Siemens, Erlangen, 

Germany) with a 32-channel head coil at the UCLA Ahmanson Lovelace Brain Mapping 

Center. T1-weighted (T1w) imaging, T2-weighted (T2w) imaging and diffusion tensor 

imaging (DTI) were acquired with custom pulse-sequences and parameters prepared at the 

University of Minnesota for the Human Connectome Project. Magnetization-prepared rapid 

gradient-echo (MP-RAGE) 3-dimensional T1w imaging was performed using a sagittal 

multi-echo method that included real-time motion correction (TR/TEs/TI = 2500/1.81, 3.6, 

5.39, 7.18/1000 ms; flip 8◦; voxel dimensions 0.8 × 0.8 × 0.8 mm3). This acquisition 

produced a T1w 3-dimensional image that was used for positioning of subsequent imaging, 

tissue-segmentation, and radiologic review. Subsequently a 3-dimensional T2w image was 

acquired with TR/TE = 3200/564 ms. The T2w image prescription was identical to that 

used for the T1w image acquisition. DTI was performed in four blocks using multiband 

accelerated multislice spin-echo echo-planar imaging (TR/TE = 3230/89.2 ms; b = 0, 

1500, 3000 s/mm2; 92 slices; voxel dimensions 1.5 × 1.5 × 1.5 mm3; multiband factor 

4; genu-splenium parallel slicing; whole-brain coverage with 98 or 99 b = 0 or diffusion-

weighting directions). Two of the blocks used anterior-to-posterior echo planar imaging 

phase encoding and two used posterior-to-anterior phase encoding.

T1w and T2w images were processed using the Human Connectome Project (HCP) 

pipeline(Glasser et al., 2013). Briefly, volume segmentation and cortical surface 

reconstruction were performed with FreeSurfer version 6.0 (http://surfer.nmr.harvard.edu) 

(Dale et al., 1999), generating white and pial surfaces at the gray/white matter boundary 

and gray/cerebrospinal fluid boundary, respectively. In the present study, FreeSurfer surfaces 

were manually corrected as necessary. These surfaces were used to define the cortical ribbon 

and were registered to the HCP standard mesh. The T2w image was spatially-aligned to 

the T1w image and the ratio of T1w to T2w image intensity within the cortical ribbon was 

calculated. To support a fine-grained analysis, we evaluated the T1w/T2w ratio at multiple 

levels within the cortical ribbon using the-surface-cortex-layer command (in workbench 

1.5.0 from the HCP; ttps://github.com/Washington-University/workbench). Specifically, we 

evaluated the T1w/T2w ratio at increments of 0.05 from 0.05 (i.e., 5% of the cortical 

thickness, near the white matter surface) to 1 (i.e. 100% of the cortical thickness, at the pial 

surface) and averaged over 5 consecutive increments to create 4 values per vertex, roughly 

reflecting deep cortical layers (average of the values at 5%–25% of the cortical thickness), 

lower- and upper-middle cortical layers (average at 30%– 50% and 55%–75%, respectively), 

and upper cortical layers (average at 80%–100%).
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DTI data that passed quality control (Section 2.3) were processed using FSL (http://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/), including distortion correction by topup and eddy, brain 

extraction by BET, and diffusion tensor model fitting by DTIFIT (Andersson et al., 2003, 

2016; Behrens et al., 2003; Smith, 2002). A Tract-Based Spatial Statistics (TBSS) approach 

(Smith et al., 2006) was used to investigate diffusivity parameters in white matter tracts, 

including FA, mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). 

DTIFIT directly produced FA and MD maps; AD and RD maps were determined from the 

eigenvalues produced by DTIFIT (with AD as λ1 and RD as the average of λ2 and λ3). 

These maps were nonlinearly aligned to Montreal Neurological Institute 152 (MNI) space 

and a study-specific white matter skeleton was created from the FA maps of all participants, 

with a FA threshold of 0.2. For each DTI metric, individual subjects’ values were projected 

onto the group white matter skeleton. For ease in the implementation of analyses, the MD 

and RD maps were multiplied by −1 (creating negMD and negRD maps, respectively). Thus, 

lower values indicated greater abnormality (i.e., greater departure from the expected healthy 

state) for all analyzed DTI metrics.

2.3. Quality control

For T1w and T2w scans, image quality was evaluated using MRIQC (Esteban et al., 2017). 

The MRIQC reports indicated outliers in in the white matter signal-to-noise ratio (especially 

in the T2w scan) and quality index 1 (Qi1), which reflects the proportion of voxels with 

intensity corrupted by artifacts normalized by the number of voxels in the background; the 

vast majority of these participants did not show the expected overall myelination pattern 

(highest in visual cortex). Thus, a threshold for the white matter signal-to-noise ratio 

was established based on the distribution and participants with extreme values (<6) were 

excluded. Additionally, previously published thresholds for the Qi1 (Mortamet et al., 2009), 

which were established using data with a different protocol but appeared to be reasonable for 

the current data, were utilized; participants with a Qi1 exceeding 0.00506 or 0.0030 for T1w 

and T2w images, respectively, were excluded.

DTI quality control was performed as follows. For each subject study, the DTI acquisition 

produced 394 3-dimensional volumes of spin-echo echo-planar not-diffusion-weighted 

and diffusion-weighted signal intensity. Each of these volumes was comprised of 92 2-

dimensional slices. Each 2-dimensional slice in each volume was visually inspected by 

an MRI expert (JRA). Visual inspection was aided by a custom-written software tool that 

displayed a volume of 2-dimensional signal intensity images in mosaic format and allowed 

the user to rapidly scroll through each of volumes that made up a particular acquisition. 

Studies that showed excessive B0-inhomogenity as low spatial-frequency signal intensity 

variation were tagged as quality control (QC) failures. In addition, there were volumes that 

showed one or more 2-dimensional slices that displayed partial or complete signal intensity 

loss that was likely due to subject motion or to scanner instability. Studies that showed 

excessive loss of signal intensity in individual slices over multiple volumes were tagged 

as QC failures. We also calculated traditional 3-dimensional color maps that displayed 

white matter fiber orientation using red-blue-green shading from all 394 3-dimensional 

signal intensity volumes for each subject. Color maps that displayed excessive blur (likely 

due to subject movement or scanner instability) during the entire DTI acquisition were 
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tagged as QC failures. We confirmed that, after excluding participants with poor image 

quality, head motion during the DTI scan, as assessed by the average absolute and relative 

root-mean-square of the displacement, did not differ among the 3 groups (absolute: F(2,65) 

= 0.23, p = 0.76; relative: F(2,65) = 1.89, p = 0.16).

2.4. Statistical analysis

Group differences in demographic and clinical characteristics were evaluated by analyses 

of variance (ANOVAs) for continuous variables and by the chi-square test for categorical 

variables using SPSS v26 (IBM Corp., Armonk, NY).

Joint and individual differences in the 4 DTI parameters (FA, AD, negMD, negRD) between 

the groups were evaluated using non-parametric combination (NPC), implemented in the 

Permutation Analysis of Linear Models (PALM) toolbox in FSL (using the –npcmod 

flag), with 5000 permutations, threshold-free cluster enhancement, and family-wise error 

(FWE) correction for multiple comparisons, and controlling for sex and age (Smith and 

Nichols, 2009; Winkler et al., 2014). NPC combines the test statistics of separate (even 

if not independent) analyses into a single, joint statistic, the significance of which is 

assessed through synchronized permutations for each of the separate tests (Winkler et al., 

2014, 2016). NPC has advantages over classical analyses such as multivariate analysis of 

covariance in terms of assumptions and the ability to investigate the direction of joint 

effects, while simultaneously correcting across tests (Winkler et al., 2014, 2016). The 

primary comparisons comprised simple pairwise contrasts in the hypothesized direction (TD 

> ADHD + PAE, TD > ADHD-PAE, and ADHD-PAE > ADHD + PAE).

Group differences in intracortical myelination at 4 cortical levels (deep, lower-middle, 

upper-middle, upper) were also evaluated using the PALM toolbox in FSL with 

5000 permutations, threshold-free cluster enhancement, FWE correction for multiple 

comparisons, and controlling for sex and age. However, separate analyses were conducted 

for each cortical level because, unlike the DTI parameters which had spatial concordance, 

the cortical levels used different surfaces, with different vertex areas, for threshold-free 

cluster enhancement. The primary comparisons comprised simple pairwise contrasts in the 

hypothesized direction (TD > ADHD + PAE, TD > ADHD-PAE, and ADHD-PAE > ADHD 

+ PAE).

Additional NPC analyses were performed to determine alterations common to the two 

ADHD groups. Specifically, alterations in DTI metrics and intracortical myelination in 

the two ADHD groups (ADHD + PAE, ADHD-PAE) considered jointly were tested, 

controlling for sex and age, using the–npcccon flag, 5000 permutations, threshold-free 

cluster enhancement, FWE correction for multiple comparisons, and the following contrasts: 

TD > ADHD + PAE, TD > ADHD-PAE.

P-values <0.05 (FWE-corrected for imaging data) were considered significant.
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3. Results

3.1. Participant characteristics

In total, 66 participants (ADHD + PAE: 22; ADHD-PAE: 20; TD: 24) were included in 

the DTI analysis and 71 participants (ADHD + PAE: 24; ADHD-PAE: 22; TD: 25) were 

included in the intracortical myelination analysis, with 58 participants (ADHD + PAE: 19; 

ADHD-PAE: 17; TD: 22) contributing to both analyses. We analyzed all data, rather than 

limiting the analysis to only those with useable data in both modalities, to maximize the 

sample sizes. Demographic and clinical data are summarized in Table 1. For both the DTI 

and intracortical myelination analyses, the groups did not differ in terms of demographic 

characteristics. Although IQ was significantly lower in the ADHD + PAE group than in 

the other groups, we did not include IQ as a covariate in the analyses, as this can lead 

to overcorrected, anomalous, and counterintuitive finding in studies of neurodevelopmental 

disorders (Dennis et al., 2009).

3.2. Deep white matter alterations

The NPC analysis of the two ADHD groups considered jointly did not reveal any significant 

common alterations in any of the DTI metrics. The NPC analysis of group differences across 

all DTI metrics revealed significant alterations in the ADHD + PAE group compared to 

the TD and ADHD-PAE groups in widespread tracts (Fig. 1). The partial tests revealed 

significantly lower negMD and negRD (as well as a trend for lower FA) in the ADHD + 

PAE than in the TD group, and significantly lower FA, negMD, and negRD in the ADHD 

+ PAE group than in the ADHD-PAE group, in widespread tracts (Fig. 1). In general, the 

spatial extent of the reduction in the ADHD + PAE group was greater when compared to 

ADHD-PAE group than when compared to the TD group.

3.3. Intracortical myelination alterations

The NPC analysis of the two ADHD groups considered jointly revealed common reductions 

in intracortical myelination compared to that in the TD group at multiple cortical levels, 

from the deepest level to the upper-middle level (Fig. 2; Table 2). The group difference 

analysis revealed significantly lower intracortical myelination in the ADHD + PAE group 

than in the TD group at only the deepest cortical level, mainly in the right insula and 

anterior cingulate; these regions showed only trend-level p-values at middle cortical levels 

(Fig. 2; Table 2). In contrast, the ADHD-PAE group showed lower intracortical myelination 

compared to that in the TD group at multiple cortical levels, from the deepest level to the 

upper-middle level (Fig. 2; Table 2). However, the direct comparison between the ADHD 

+ PAE and ADHD-PAE groups did not reveal any significant differences in intracortical 

myelination at any cortical level.

4. Discussion

The present study evaluated intracortical myelination (using the T1w/T2w ratio) and deep 

white matter abnormality (using the DTI metrics, FA, MD, AD, RD) in preadolescent 

children with ADHD + PAE or familial ADHD-PAE, compared to TD children. The DTI 

results demonstrated widespread white mater abnormality specific to the ADHD + PAE 
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group, supporting our hypothesis of unique alterations in children with ADHD + PAE. 

In contrast, the intracortical myelination results generally supported common alterations 

in ADHD + PAE and ADHD-PAE, with some evidence of more widespread effects in 

ADHDPAE.

The ADHD + PAE group had lower FA and higher MD and RD (i.e., lower negMD and 

negRD) than the ADHD-PAE group, and higher MD and RD than the TD group. These 

changes are consistent with the generally known effects of disrupted myelination (low 

myelination, demyelination, delayed maturation) on FA (decreased), MD (increased), and 

RD (increased) (Feldman et al., 2010). Furthermore, the results are consistent with previous 

studies comparing deep white matter integrity between children with PAE and TD children, 

which have most consistently shown abnormality in the corpus callosum and cerebellar 

peduncles, followed by the cingulum (Ghazi Sherbaf et al., 2019). The current study adds 

to this literature by showing that PAE-related reductions are also seen in the context of 

ADHD. In fact, the differences between the ADHD + PAE and ADHD-PAE groups were 

more striking than those between the ADHD + PAE and TD groups, especially for FA.

Although numerous DTI studies have reported abnormalities in ADHD vs TD, many of 

those with confirmed lack of significant head motion did not find differences between 

groups (Aoki et al., 2018). In the current study, we confirmed that there were no significant 

differences in head motion among the groups after performing stringent quality control. 

Under these conditions, and with a focus specifically on familial ADHD (i.e., no covert 

ADHD + PAE cases), we did not find any significant alterations in deep white matter tracts 

in ADHD-PAE (vs TD). Furthermore, there were no alterations common to ADHD-PAE and 

ADHD + PAE.

In contrast to the analysis on deep white matter integrity, the intracortical myelination 

analysis showed myelination disruptions in both ADHD + PAE and ADHD-PAE (vs TD). 

When the two ADHD groups were considered jointly, bilateral reductions in myelination 

at the deep cortical level (i.e., the deepest cortical layers), and predominately right-sided 

reductions in myelination at middle cortical levels, were observed. Additionally, there were 

no significant differences between the ADHD + PAE and ADHD-PAE groups, suggesting 

similar cortical myelin abnormalities in the two groups. However, when analyzed separately 

against the TD group, the ADHD + PAE and ADHD-PAE groups showed a difference in 

the robustness of the myelination disruptions observed in the joint analysis. In the ADHD 

+ PAE vs TD comparison, only right-sided reductions in myelination at the deep cortical 

level (mainly in insular, cingulate, and medial temporal regions) reached significance. In 

contrast, the ADHD-PAE group, compared to the TD group, showed significant reductions 

in myelination throughout most cortical levels, mainly involving insular, sensorimotor, 

posterior cingulate, and temporal cortical regions. These results may indicate that, in the 

affected regions, the ensheathment of axons in deep cortical layers (containing some GABA 

axons, but predominately comprising non-GABA axons, and largely impacting cortical-

subcortical connectivity) (Micheva et al., 2016, 2018; Stedehouder et al., 2017) are impaired 

in both ADHD + PAE and ADHD-PAE. The fraction of cortical myelin ensheathing the 

axons of inhibitory neurons in layers 2/3 (mainly parvalbumin-positive basket cells, and 

largely impacting intercortical connectivity) (Micheva et al., 2016, 2018; Stedehouder et al., 
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2017) may also be disrupted in both ADHD + PAE and ADHD-PAE; however, the results 

were more robust in ADHD-PAE.

Alternatively, the number/density of cell populations typically myelinated, such as 

parvalbumin-positive interneurons, could be reduced. Consistent with this, several animal 

studies have found that PAE resulted in a reduced number/density of parvalbumin-positive 

interneurons, especially in the anterior cingulate cortex (Hamilton et al., 2017; Moore et 

al., 1998; Smiley et al., 2015). Parvalbumin-positive interneurons play an important role 

in excitatory/inhibitory balance in the cortex; fewer such interneurons could result in less 

inhibition on pyramidal cells, leading to over-excitation (Selten et al., 2018). Furthermore, 

axonal myelination of parvalbumin-positive interneurons might function in part to inhibit 

synapse formation along the proximal axon, potentially facilitating synchronous inhibition 

of postsynaptic targets (Stedehouder et al., 2017). Disruption of parvalbumin-positive 

interneurons during adolescence (a sensitive period) has been shown to lead to increased 

hyperactivity and impulsivity (Khan et al., 2017). Additionally, an animal study reported 

that PAE-related reduction in the number/density of parvalbumin-positive interneurons in 

the anterior cingulate cortex is associated with delayed learning of a passive avoidance task 

that requires behavioral flexibility and inhibitory control (Hamilton et al., 2017). Another 

animal study showed that medial prefrontal parvalbumin-positive interneurons are recruited 

by attentional processing and that elevated and sustained parvalbumin-positive interneuronal 

activity predicts the successful execution of goal-directed behavior (Kim et al., 2016). Thus, 

disruptions in parvalbumin-positive interneurons may contribute to ADHD symptomatology.

Furthermore, the results of DTI studies on ADHD have been used as a rationale for focused 

genetic studies (Henriquez-Henriquez et al., 2020). However, the current study results 

suggest that the impact of ADHD on white matter pathology is complicated and PAE must 

be considered. Additionally, intracortical myelination might be a more potent phenotype 

than deep white matter integrity in investigating the genetics of ADHD without the presence 

of PAE.

4.1. Limitations

The present study has limitations. The sample size was too small to examine the impact of 

sex and various epidemiological epiphenomena that may co-occur with PAE (e.g., neglect, 

maternal stress, etc.) However, the sample sizes were comparable to previous PAE and 

ADHD DTI studies (Aoki et al., 2018; Ghazi Sherbaf et al., 2019). All participants in our 

study had IQ >70. This criterion may have diluted differences between sample groups, 

as most studies of children with PAE include those from more extreme cases meeting 

the criteria for an intellectual disability. However, IQ >70 is more representative of the 

vast majority of children with developmental sequelae associated with PAE. On the one 

hand, this implies that our sample was more homogeneous; on the other hand, it means 

our results may not be extrapolated to the large category of children with low IQ and 

PAE. Our results also cannot be generalized to children with prenatal poly-drug exposures 

including both alcohol and methamphetamine, as methamphetamine exposure may have 

different (opposing) effects on DTI metrics than PAE alone (Colby et al., 2012). Regarding 

the MRI in our study, although the T1w/T2w ratio is a commonly used measure of 
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intracortical myelination, it is an indirect measure (Glasser and Van Essen, 2011). Finally, 

the MRI spatial resolution in the current study allowed only a crude investigation of laminar 

differences. It is possible that the substantial reduction in the neighboring superficial white 

matter in the ADHD + PAE group contributed to the ADHD + PAE findings in the deeper 

cortical layers due to current limitations in partial-volume correction. Thus, results should 

be confirmed (e.g., at ultra-high field) and expanded upon in further studies with a similar 

design, but larger sample sizes and additional imaging acquisition protocols sensitive to 

intracortical myelination.

4.2. Conclusions

Present results suggest the importance of considering PAE in ADHD studies of white 

matter pathology. In the context of ADHD, PAE clearly reduces deep white matter integrity 

in many tracts, and may reduce intracortical myelination, especially in deeper cortical 

layers, during preadolescence. In contrast, familial ADHD, without PAE, does not appear 

to impact deep white matter integrity, but reduces intracortical myelination at multiple 

cortical levels, potentially affecting different cell populations and the coordination of a wider 

range of connections (cortico-subcortical and cortico-cortical) during preadolescence. In a 

modification of Carlsson et al.’s (1999) model, we proposed that there are separate “gray 

matter” and “white matter” paths to ADHD, characteristic of ADHD-PAE and ADHD + 

PAE, respectively (O’Neill et al., 2021). Present findings revealing greater deep white matter 

abnormalities in ADHD + PAE and more robust cortical abnormalities in ADHD-PAE 

are consistent with this picture. These results may further support the need for different 

treatment strategies for children with and without PAE.
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Fig. 1. 
Reduced deep white matter DTI metrics in children with ADHD + PAE compared to 

that in children with ADHD-PAE and TD children. The ADHD + PAE group showed 

significant (pfwe<0.05) reductions in all DTI metrics considered jointly (All), fractional 

anisotropy (FA), negative mean diffusivity (negMD; reverse coded for ease in presentation), 

and negative radial diffusivity (negRD) compared to those in the ADHD-PAE and TD 

groups (with the exception of FA). The mean FA skeleton is shown in green. Voxels with 

significance on both TD > ADHD + PAE and ADHD-PAE > ADHD + PAE are shown in 

cyan; voxels with significance on ADHD-PAE > ADHD + PAE only are shown in dark 

blue. ADHD, attention deficit hyperactivity disorder; PAE, prenatal alcohol exposure; TD, 

typically developing; DTI, diffusion tensor imaging.
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Fig. 2. 
Intracortical myelination reductions in children with ADHD + PAE and with ADHD-PAE 

compared to TD children. The ADHD + PAE and ADHD-PAE groups considered jointly 

(ADHD ± PAE) showed significantly (pfwe<0.05) reduced myelination in the deep (5–25% 

of the cortical thickness from the white-gray boundary), lower-middle (30–50% of the 

cortical thickness from the white-gray boundary), lower-upper cortical layers (55–75% of 

the cortical thickness from the white-gray boundary). When compared against TD children 

separately, the ADHD-PAE group showed more spatially extensive reduction in myelination 

than the ADHD + PAE group. ADHD, attention deficit hyperactivity disorder; PAE, prenatal 

alcohol exposure; TD, typically developing.
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Table 2

Clusters showing significant differences in intracortical myelination between groups.

Peak X Y Z Size mm2 FWE-corrected p-value

ADHD + PAE < TD

Deepest cortical level (5%−25%)

Cluster 1 R_PHA3 (temporal) 37.1 −25.6 −21.6 58906 0.034

temporal R_Pir 39.9 1.7 −23.4 2093

occipital R_TF 39.7 −25.4 −23.6 686

insula R_AAIC 36.3 12.1 −7.0 2930

frontal R_SCEF 10.1 15.1 49.4 1736

R_SCEF 10.7 12.8 48.7 2934

cingulate R_POS1 13.2 −55.7 18.6 601

parietal R_23c 13.9 −24.2 36.8 568

ADHD-PAE < TD

Deepest cortical level (5%−25%)

Cluster 1 L_5m (parietal) −11.1 −32.8 51.0 319 0.049

Cluster 2 L_2 (parietal) −21.3 −36.8 61.6 200 0.049

Cluster 3 L_5L (parietal) −16.0 −42.1 74.0 124 0.049

Cluster 4 R_Mbelt (temporal) 35.9 −27.6 9.4 35778 0.016

temporal R_Pir 36.0 1.5 −23.2 4719

R_VMV3 31.6 −58.2 −5.9 2827

R_A1 38.9 −26.2 9.3 809

R_ProS 14.6 −46.3 1.2 4498

insula R_4 23.1 −22.7 55.9 4321

frontal R_AAIC 30 13.9 −12.9 1105

R_PreS 12.9 −42.8 1.2 1458

cingulate R_PFcm 44.7 −25.6 21.1 9255

parietal R_V3 11.6 −88.7 19.3 765

Lower-middle (30%−50%)

Cluster 1 R_V2 (occipital) 12.1 −65.7 14.0 106 0.049

Cluster 2 R_PoI1 (insula) 34.7 −17.9 5.9 12628 0.033

Cluster 3 R_VMV2 (temporal) 22.6 −60.5 −7.0 11993 0.043

Upper-middle (55%−75%)

Cluster 1 L_24dd (frontal) −10.2 −30.5 49.6 5436 0.049

Cluster 2 L_5L (parietal) −13.6 −40.7 68.6 250 0.048

Cluster 3 L_2 (parietal) −20.6 −38.5 60.6 112 0.049

Cluster 4 R_RI (insula) 35.5 −32 20.7 37207 0.016

temporal R_MBelt 41.0 −24.5 7.4 6323

R_VMV2 31.2 −58.3 −5.4 2282

occipital R_VMV1 21.2 −61.2 −7.1 2434

R_PGs 37.2 −76.4 33.1 944

R_MST 45.0 −61.1 3.1 627
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Peak X Y Z Size mm2 FWE-corrected p-value

frontal R_OP1 42.1 −22.8 20.4 4583

R_24dd 9.8 −22 49.6 526

cingulate R_RSC 12.8 −46.7 2.4 2205

parietal R_PFcm 52.7 −22.2 20.3 11856

ADHD ± PAE < TD

Deepest cortical level (5%−25%)

Cluster 1 R_6a (frontal) 22.8 12.3 46.4 161 0.019

Cluster 2 L_TGv (temporal) −28.8 3.1 −40.5 31462 0.048

temporal L_MBelt −40.1 −25.7 8.7 1188

occipital L_V3 −21.8 −75.0 −5.5 1984

L_RSC −10.6 −50.5 5.1 525

insula L_PI −41.5 −1.2 −22.9 2708

frontal L_SFL −10.1 9.5 64.0 5729

L_OFC −16.0 16.9 −21.4 2188

L_PFcm −53.4 −24.1 21.4 1224

cingulate L_RSC −9.5 −50.0 5.1 1790

L_d32 −12.4 37.4 13.9 631

parietal L_POS1 −13.5 −58.8 11.5 4749

L_PFop −58.3 −24.9 23 1149

Cluster 3 R_52 (insula) 32.3 −23.9 10.6 42757 0.016

temporal R_Pir 37.2 1.8 −23.1 7993

R_A1 38.4 −26.6 9.0 896

occipital R_RSC 14.0 −46.2 1.4 4105

R_TF 39.7 −26.0 −23.4 896

frontal R_OP1 44.7 −24.4 21.0 3028

R_9m 10.3 53.8 6.3 2539

R_24dd 6.7 −29 51.0 2335

R_3a 24.0 −22.8 53.6 2116

R_AAIC 28.9 13.6 −14.1 1351

cingulate R_PreS 12.7 −43.3 1.1 3864

parietal R_PFcm 44.7 −25.6 21.1 7019

R_PF 58.5 −34.1 36.8 1409

Lower-middle (30%−50%)

Cluster 1 L_TGv (temporal) −29.0 4.3 −40.6 4602 0.042

Cluster 2 R_PoI2 (insula) 37.6 2.2 −11.8 21495 0.033

temporal R_PHA3 37.2 −24.3 −22.8 2238

occipital R_ProS 15.0 −46.2 0.9 938

frontal R_3a 34.3 −25.8 45.5 1609

R_SCEF 10.1 15.1 49.4 1369

R_FOP4 41.9 4.8 11.2 1320

cingulate R_PreS 13.9 −44.8 0.3 2637

parietal R_POS1 9.4 −55.9 14.3 3705
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Peak X Y Z Size mm2 FWE-corrected p-value

R_PFcm 44.7 −25.6 21.1 1650

Upper-middle (55%−75%)

Cluster 1 L_TGv (temporal) −29.0 4.3 −40.6 367 0.046

Cluster 2 R_VMV2 (temporal) 30.4 −59.8 −5.0 9249 0.036

Cluster 3 R_PoI1 (insula) 34.7 −21.8 2.7 3877 0.036

For each cluster, the peak region (based on the HCPMMP1.0 atlas), peak coordinates (in MNI space), cluster size, and corrected p-value are 

provided. For extremely large clusters (>20,000 mm2), subcluster information is provided. ADHD, attention deficit hyperactivity disorder; PAE, 
prenatal alcohol exposure; TD, typically developing.
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