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Abstract

Attention-deficit hyperactivity disorder (ADHD) is common in patients with (ADHD+PAE) and
without (ADHD-PAE) prenatal alcohol exposure (PAE). Many patients diagnosed with idiopathic
ADHD actually have covert PAE, a treatment-relevant distinction. To improve differential
diagnosis, we sought to identify brain differences between ADHD+PAE and ADHD-PAE using
neurobehavioral, magnetic resonance spectroscopy, and diffusion tensor imaging metrics that had
shown promise in past research. Children 8-13 were recruited in three groups: 23 ADHD+PAE, 19
familial ADHD-PAE, and 28 typically developing controls (TD). Neurobehavioral instruments
included the Conners 3 Parent Behavior Rating Scale and the Delis-Kaplan Executive

Function System (D-KEFS). Two dimensional magnetic resonance spectroscopic imaging was
acquired from supraventricular white matter to measure N-acetylaspartate compounds, glutamate,
creatine + phosphocreatine (creatine), and choline-compounds (choline). Whole brain diffusion
tensor imaging was acquired and used to to calculate fractional anisotropy, mean diffusivity,

axial diffusivity, and radial diffusivity from the same superventricular white matter regions

that produced magnetic resonance spectroscopy data. The Conners 3 Parent Hyperactivity/
Impulsivity Score, glutamate, mean diffusivity, axial diffusivity, and radial diffusivity were

all higher in ADHD+PAE than ADHD-PAE. Glutamate was lower in ADHD-PAE than TD.
Within ADHD+PAE, inferior performance on the D-KEFS Tower Test correlated with higher
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neurometabolite levels. These findings suggest white matter differences between the PAE and
familial etiologies of ADHD. Abnormalities detected by magnetic resonance spectroscopy and
diffusion tensor imaging co-localize in supraventricular white matter and are relevant to executive
function symptoms of ADHD.

Keywords

Fetal alcohol spectrum disorder; Attention-deficit hyperactivity disorder; White matter; Magnetic
resonance spectroscopy; Diffusion tensor imaging; Tower test

Introduction

Attention-deficit hyperactivity disorder (ADHD) is one of the most common
neurodevelopmental disorders diagnosed in children and has been demonstrated to have
multiple etiological risk factors, diverse symptomatology, and divergent long-term outcomes
(Luo et al. 2019). According to the American Psychiatric Association Diagnostic and
Statistical Manual of Mental Disorders, 5th edition (DSM 5) (American Psychiatric
Association 2013), ADHD in children is characterized by age inappropriate behavior
presenting in three ways: ADHD combined presentation is the most common type of
ADHD and is characterized by impulsive and hyperactive behaviors as well as inattention
and distractibility; ADHD impulsive/hyperactive presentation is the least common type of
ADHD and is characterized by impulsive and hyperactive behaviors without inattention

and distractibility; and ADHD inattentive and distractible presentation is characterized
predominately by inattention and distractibility without hyperactivity. Neurocognitive
impairments are a core part of ADHD symptomatology including problems in sustained
attention, executive function, working memory, and self-regulation. Evidence suggests

that ADHD is a genetic brain-based biological disorder but that etiological heterogeneity,
including environmental factors, are likely influences that also may be reflected in
differences in neural correlates. Comparing neural substrates of familial and non-familial
ADHD could facilitate the development of more tailored interventions that target underlying
neural anomalies characteristic of these subgroups.

Confounding the literature attributing ADHD to familial transmission is growing evidence
that many children diagnosed with ADHD may, in fact, exhibit symptoms of ADHD
secondary to prenatal alcohol exposure (PAE). PAE presents a significant public health
concern, with fetal alcohol spectrum disorders (FASDs) affecting 5-20% of children glob-
ally (Lange et al. 2017; May et al. 2018). ADHD is very common in PAE (Mattson et al.
2013; O’Connor 2014), but, in diagnosing ADHD, underlying PAE often goes unrecognized.
About 95% of children with PAE exhibit ADHD-like symptoms (Fryer et al. 2007) such
as hyperactivity, impulsivity, distractibility, and impaired executive function (Glass et al.
2014; Rasmussen 2005; Streissguth and O’Malley 2000) and the majority are diagnosed
with ADHD (O’Connor 2014). ADHD with PAE (ADHD + PAE), however, may embody
a distinct subtype of ADHD with earlier onset and unique presentation (Coles et al. 1997;
Mattson et al. 2013) compared with ADHD without PAE (ADHD-PAE). Stimulants are
frequently used to treat ADHD +PAE (O’Malley and Nanson 2002), but there is limited
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evidence of efficacy (Doig et al. 2008; Frankel et al. 2006; Oesterheld et al. 1998;

O’Malley and Nanson 2002; Peadon et al. 2009; Snyder et al. 1997). Conversely, occult
PAE is well represented in clinical ADHD populations (Coles 2001), but few studies

of ostensible ADHD-PAE screen for PAE and unintended mixing of PAE and non-PAE
subjects in studies of ADHD may hinder efforts to achieve statistically significant results.
Moreover, findings ascribed to idiopathic ADHD may in reality stem from PAE. Thus,

there are practical clinical and research needs to distinguish ADHD+PAE from ADHD-PAE.
Differential diagnosis of ADHD+PAE versus ADHD-PAE can be challenging. The PAE key
criterion of maternal alcohol consumption during pregnancy often cannot be established as
many children with PAE are adopted or in foster care with the birth mother unavailable
(Chernoff et al. 1994). Further, birth mothers are understandably reluctant to admit alcohol
consumption while pregnant (CDC 2004). Moreover, many children with PAE lack the
characteristic (but not essential) facial stigmata of the condition (Mattson et al. 2011,

2013). The use of neurobehavior assessment together with neuroimaging to improve our
understanding of the neurobiological bases of ADHD in both PAE and non-PAE etiologies
may contribute to more refined differential diagnosis and thereby to treatment innovation.

Neurobehaviorally, differing primary and secondary symptom profiles hint at distinct brain
bases for the two etiologies. Inattention and hyperactivity/impulsivity, as assessed, by the
Conners Global Index (Conners et al. 2011), are the primary symptoms of ADHD and

their proportions vary in ADHD+PAE versus ADHD-PAE (Brown et al. 1991; Coles et al.
1997; O’Malley and Nanson 2002; Raldiris et al. 2018; Roebuck et al. 1999). Secondary
symptoms of both ADHD (Krieger and Amador-Campos 2018, Mueller et al. 2017) and
PAE (Glass et al. 2013, 2014; Mattson et al. 2013) prominently include disturbances in
executive function. Building on earlier efforts, Mattson et al. (2010, 2013) and Nguyen

et al. (2014) found that multiple subtests of the Delis-Kaplan Executive Function System
(D-KEFS) executive-function battery (Delis et al. 2001) revealed more severe deficits in
ADHD+PAE than in ADHD-PAE. Neurobehavioral metrics that differ between ADHD+PAE
and ADHD-PAE, moreover, may have brain physiological reflexes, possibly ones detectable
by neuroimaging.

Proton magnetic resonance spectroscopy of the brain has demonstrated effects of ADHD
and PAE. The ADHD magnetic resonance spectroscopy literature (reviewed in O’Neill et

al. 2013; Perlov et al. 2009) is replete with findings involving levels of A-acetylaspartate
compounds, glutamate and choline-containing compounds in various cortical, subcortical,
and white matter regions. A few findings involve creatine + phosphocreatine and many

more are expressed as ratios to creatine, implying that creatine disturbances may attend
ADHD as well. Levels of all these metabolites are related to brain energy metabolism, while
N-acetylaspartate may particularly reflect neuronal density and activity, glutamate excitatory
neurotransmission, and choline membrane metabolism (Rae 2014). We are aware, however,
of no magnetic resonance spectroscopy study of ADHD that screened the study sample

for possible PAE. Indeed, few ADHD neuroimaging investigations of any kind conduct

such screening, despite the likely prevalence of covert FASD patients in ADHD clinical
populations. Magnetic resonance spectroscopy studies of FASD have also yielded evidence
for involvement of A-acetylaspartate (Cortese et al. 2006; du Plessis et al. 2014; Fagerlund
et al. 2006), glutamate (du Plessis et al. 2014; Howells et al. 2016), and/or choline (Astley et
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al. 1995, 2009; Cortese et al. 2006; du Plessis et al. 2014; Fagerlund et al. 2006; Gongalves
et al. 2009). Some of these results were also given relative to creatine. Typically, these
studies did not explicitly account for ADHD. There are additional reasons to further examine
glutamate and choline in ADHD and FASD. There are both hyperglutamatergic (MacMaster
et al. 2003) and hypoglutamatergic (Carlsson 2000, 2001; O’Neill et al. 2013) models of
ADHD which link the condition to cell energy metabolism (Russell et al. 2006; Todd and
Botteron 2001), but it is not established whether putative glutamatergic abnormalities prevail
in both ADHD+PAE and ADHD-PAE etiologies. Recent rodent (Ryan et al. 2008; Schneider
and Thomas 2016; Thomas et al. 2000, 2004, 2007, 2009, 2012) and human (Coles et al.
2015; Kable et al. 2015; Keen et al. 2010; Nguyen et al. 2016; Wozniak et al. 2020) trials

of prospective cholinotherapies for FASD have rekindled interest in choline. In a pilot study
(O’Neill et al. 2019), we found lower choline in the anterior corona radiata in ADHD+PAE
than ADHD-PAE.

Diffusion tensor imaging is a neuroimaging modality that has demonstrated effects of
ADHD and FASD. There are findings involving each of the four commonly employed
diffusion tensor imaging metrics fractional anisotropy, mean diffusivity, axial diffusivity, and
radial diffusivity in both ADHD (Aoki et al. 2018; Hamilton et al. 2008; Lawrence et al.
2013; Svatkova et al. 2016; Tamm et al. 2012) and FASD (Green et al. 2013; Ma et al. 2005;
Treit et al. 2017; Wozniak et al. 2006). Again, ADHD and PAE have rarely been analyzed
separately. Our pilot (O’Neill et al. 2019) found low fractional anisotropy in ADHD+PAE
compared with ADHD-PAE in the corona radiata. Low fractional anisotropy may imply
lower myelin (Budde et al 2007; Madler et al. 2008; Song et al. 2003, 2005), thinner

axons, lower axon density and/or diameter, frayed alignment of fibers (Friedrich et al. 2020;
Kelley et al. 2016; Kochunov et al. 2012), or overabundance of crossing fibers (Sherbaf

et al. 2019). These findings encourage testing more widely in white matter. Notably, the
fractional anisotropy and choline findings of O’Neill et al. (2019) occurred in anatomically
overlapping volumes. A need persists for more studies examining diffusion tensor imaging
and magnetic resonance spectroscopy in the same regions-of-interest in order to provide
converging or contrasting evidence for prospective models of pathology.

The present study assessed ADHD core and executive-function symptoms using the
Conners and the D-KEFS assessments in a sample of ADHD+PAE, ADHD-PAE, and
typically developing (TD) children. Magnetic resonance spectroscopy and diffusion tensor
imaging were acquired from a wide, overlapping section of bilateral white matter in the
frontal lobes (“supraventricular white matter”). Looking forward to possible future clinical
applications, this region was chosen because it typically yields high-quality magnetic
resonance spectroscopy and diffusion tensor imaging data and is readily located by MR
technologists. Additionally, our pilot study (O’Neill et al. 2019) identified choline and
fractional anisotropy differences between ADHD+PAE and ADHD-PAE in part of this
region (corona radiata) and we were interested to see if such effects existed more broadly in
white matter. More rigorous techniques were applied than in the pilot study. These included
prospective design, systematic assessment (rather than simple screening) of PAE in all
participants, equally thorough assessment of ADHD, restriction of ADHD-PAE participants
to only those with familial ADHD, 3 T (rather than 1.5 T) magnetic field strength, shorter
magnetic resonance spectroscopy echo-time, smaller magnetic resonance spectroscopy and
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diffusion tensor imaging voxels, and more diffusion tensor imaging gradient directions.
The goals were (1) to identify core ADHD and executive-function symptoms that differ
between ADHD+PAE and ADHD-PAE, (2) to identify magnetic resonance spectroscopy
and diffusion tensor imaging signs of potential brain differences between ADHD+PAE and
ADHD-PAE, and (3) to identify possible correlations of magnetic resonance spectroscopy
and diffusion tensor imaging metrics with neurobehavioral assessment. These may point to
brain differences between the ADHD+ PAE and ADHD-PAE etiologies.

Subjects and Methods

Subjects

Participants (Table 1) comprised 23 children with ADHD+PAE, 19 with familial ADHD-
PAE, and 28 TD control children with neither ADHD nor PAE. These numbers reflect
studies that passed magnetic resonance spectroscopy and diffusion tensor imaging quality
control (described below). All children were assessed by clinicians who were blind to the
child’s prenatal alcohol exposure history. Children in the ADHD groups were required

to meet DSM-5 criteria for ADHD, any subtype, according to the computerized clinician
administered Schedule for Affective Disorders and Schizophrenia for School-Aged Children
Parent Version (K-SADS), (Kaufman et al. 1997; Townsend et al. 2020). Children in the
ADHD+PAE group had to meet criteria for fetal alcohol syndrome, partial fetal alcohol
syndrome, or alcohol-related neurodevelopmental disorder using the modified Institute of
Medicine criteria (Hoyme et al. 2016). This system examines four key diagnostic features:
growth retardation; the FASD facial phenotype, including short palpebral fissures, flat
philtrum, and flat upper vermillion border; neurodevelopmental dysfunction; and gestational
alcohol exposure. Alcohol exposure was assessed using the Health Interview for Women

or the Health Interview for Adoptive and Foster Parents (Quattlebaum and O’Connor
2013). Other teratogens (Table 1) were assessed on both the interviews. Criteria for

alcohol exposure included more than 6 drinks/week for 2 weeks or more and/or more

than 3 drinks on 2 or more occasions including the time periods prior to and following
pregnancy recognition. These criteria are based on findings that 1 drink/day (or more than
6 drinks/week) is an adequate measure of exposure for FASD and on epidemiologic studies
demonstrating adverse fetal effects of episodic drinking of 3 or more drinks per occasion
(Hoyme et al. 2016).

Additional criteria for ADHD-PAE were (1) at least one first-degree family member (e.g.,
biological parent or sibling) with diagnosed ADHD and (2) two or fewer standard drinks
throughout gestation. The inclusion criteria for the TD group were (1) no current or lifetime
Axis | mental disorder by K-SADS and (2) two or fewer standard drinks throughout
gestation.

Participants from all groups were excluded for any of the following reasons: (1) Full
Scale 1Q less than 70; (2) known genetic syndrome associated with ADHD including
fragile X, tuberous sclerosis, or generalized resistance to thyroid hormone; (3) pervasive
developmental disorder; (4) serious medical or neurologic illness likely to influence brain
function, (e.g., seizures and closed-head trauma); (5) gestation less than 34 weeks; (6)
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claustrophobia; (7) ferromagnetic metal or other contraindication to MRI; (8) English not
primary language in the home; or (9) unable to comply with study procedures.

Children were recruited from community organizations, FASD parent organizations, national
websites, other pediatric research studies, or physician referrals from local child psychiatry
or pediatric clinics. Participants were screened for ADHD, PAE, and exclusionary criteria
using a brief telephone questionnaire. Eligible participants were seen for two sessions. The
first session included demographic and medical history, diagnostic and clinical interviews,
neurocognitive testing, and mock MRI scanning. During the second session, children
underwent MRI scanning. Children taking stimulants were asked to be off-medication

for at least 24 h prior to each session. The UCLA Institutional Review Board approved

all procedures. All parents gave informed consent; all children gave assent and were
compensated for their time.

Neurobehavioral Assessments

Full Scale 1Q was estimated with the Wechsler Abbreviated Scale of Intelligence, Second
Edition (WASI-1I) (Wechsler 2011). Parent ratings on the Conners 3 Parent Behavior Rating
Scale (Conners et al. 2011) were used to evaluate inattentive and hyperactive/impulsive
symptoms of ADHD. The corresponding Teacher Rating Scales were not used due to low
teacher response rate. The Delis Kaplan Executive Function System (D-KEFS) (Delis et

al. 2001) was used to assess executive functions. The specific tests chosen for analysis

were among those for which Nguyen et al. (2014) had found effects of ADHD or of PAE.
These included Color-Word Inhibition, the Trail Making Test, Verbal Fluency, and the Tower
Test. Of the numerous metrics provided by each of these tests, analysis was restricted to

the base metrics and, in a few cases, to ancillary metrics for which Nguyen et al. (2014)

had observed effects. In particular, for Color-Word Interference we examined Conditions
1-4: Color Naming, Word Recognition, Inhibition, and Inhibition Switching, as well as
Condition 3 Inhibition Total Errors (Nguyen et al. 2014). For the Trail Making Test, we
examined scores for Conditions 1-4: Visual Scanning, Number Sequence, Letter Sequence,
and Number-Letter Switching, as well as Condition 4 Number-Letter Switching Set-Loss
Errors (Nguyen et al. 2014). For Verbal Fluency, we examined Total Correct for Letter
Fluency, Category Fluency, and Category Switching. For the Tower Test, we examined Total
Achievement Score, Total Rule Violations, and Mean First Move Time (Nguyen et al. 2014).

Magnetic Resonance Acquisition

Prior to MRI, participants underwent extensive desensitization to the MRI scanner and
training in keeping the head and body still. After training, acquisition of magnetic resonance
spectroscopy and diffusion tensor imaging was performed using a 3 Tesla Siemens Prisma-
fit MRI scanner in a single session lasting ~ 90 min. Participants watched a children’s movie
of their choice via mirror back-projection during acquisition. They were monitored by real-
time video and encouraged to hold still when motion was detected. A 32-channel phased-
array head receiver coil was used with a body transmitter coil. Magnetization-prepared

rapid gradient-echo T1-weighted imaging and diffusion tensor imaging were acquired with
custom pulse-sequences and parameters prepared at the University of Minnesota for the
Human Connectome Project. Magnetization-prepared rapid gradient-echo 3-dimensional
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T1-weighted 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 x 0.8 x 0.8 mm3). This acquisition produced a T1-weighted 3-dimensional
volume image that was used for positioning of subsequent imaging, tissue-segmentation,
and radiologic review. Diffusion tensor imaging was performed using multiband accelerated
multislice spin-echo echo-planar imaging (TR/TE = 3230/89.2 ms; &= 0, 1500, 3000 s/mm?;
92 slices; voxels 1.5 x 1.5 x 1.5 mm; multiband factor 4; genu-splenium parallel slicing;
whole-brain coverage with 98 and 99 alternating echo-planar phase-encode directions).
Water-suppressed proton magnetic resonance spectroscopic imaging was acquired as 2-
dimensional magnetic resonance spectroscopic imaging with a stimulated-echo acquisition
mode pulse-sequence provided by Siemens with TR/TE/TM = 2000/20/10 ms, voxel
dimensions 10 x 10 x 10 mm3, and 4 excitations. A non-water-suppressed acquisition
using 1 excitation was acquired from an identical volumetric prescription. The non-water-
suppressed data were used for offline quality control, and quantitation of metabolites.

The prescription (Fig. 1) consisted of a coronal-oblique 16 x 16 voxel-array oriented
tangent to the dorsum of the corpus callosum as seen in the sagittal plane. The 8 x 8

(or slightly different, depending on anatomy) subarray in the center of the slab constituted
the “excitation box” from which usable magnetic resonance spectra were recorded. Rostro-
caudally this box extended approximately from pregenual anterior cingulate to premotor
cortex. Lateral-mesially it straddled the longitudinal fissure symmetrically and extended

to lateral cortices (e.g., middle frontal cortex). Figure 2 shows a representative data. T1-
weighted MR, diffusion tensor imaging, and magnetic resonance spectroscopy data were
examined immediately after acquisition and those contaminated by excessive motion were
repeated.

MRI, Magnetic Resonance Spectroscopy, and Diffusion Tensor Imaging Co-analysis

Post-processing was performed blind to participant diagnosis. Offline magnetic resonance
spectroscopy and diffusion tensor imaging data were reviewed by experts (JON, JRA).
Studies showing poor quality data (e.g., excess head motion, inaccurately positioned
magnetic resonance spectroscopy slabs) were excluded.

Each 3-dimensional T1-weighted volume image was tissue-segmented into gray matter,
white matter, and cerebrospinal fluid subvolumes using the BET and FAST tools of the
FMRIB Software Library (FSL v5.0, https://fsl.fmrib.ox.ac.uk/fsl). These operations were
performed without spatial transform, so the resulting tissue-segment subvolumes are aligned
with the 3D T1w volume (“native space”™).

Magnetic resonance spectroscopic imaging spatial reconstruction and combination of data
from the 32 receive channels were performed by the manufacturer’s software. This yielded

a 16 x 16 grid of “voxel spectra” for each water-suppressed and non-water-suppressed

study. Further processing was done with SVFit2016 (Alger et al. 2016) together with a
series of purpose-written software tools. Operations performed by SVFit2016 included time-
domain filtering and non-linear least-squares spectral fitting to determine neurometabolite
levels for each magnetic resonance spectroscopic imaging voxel within the excitation box
(exclusive of box edges). SVFit2016 was written in the Interactive Data Language and
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uses the Levenberg—Marquardt implementation of the Gauss-Newton method to fit spectra
in the frequency domain. The specific fitting routine is a modified version of MPFIT
(Markwardt 2009, http://purl.com/net/mpfit). Fits for non-water-suppressed spectral arrays
used a model spectrum that included only a single water signal. Fits for water-suppressed
spectra included models of spectra for lactate, A-acetylaspartate, A-acetylaspartylglutamate,
glutamate, glutamine, y-aminobutyric acid, creatine, phosphocreatine, choline-compounds,
inositol compounds, numerous low-level neurometabolites, residual water, lipids, and
macromolecules. Model spectra were simulated in Versatile Simulation, Pulses and Analysis
software (Young et al. 1998a, b; Soher et al. 1998; https://scion.duhs.duke.edu/vespa/
project). Following fitting, the A-acetylaspartate and A+acetylaspartylglutamate signals were
summed to form total A-acetylaspartate. Similarly, creatine and phosphocreatine were
summed to total creatine. Fit quality for all spectra was reviewed by two experts (JRA,
JON). Poor fits determined by visual inspection were resubmitted for fitting with different
starting estimates of various parameters. \oxel spectra that showed poor fit quality after
multiple retries were not included in further analyses. Spectra with signal-to-noise ratio

less than 5 in the creatine spectral region were excluded, as were spectra with voxel static
magnetic field inhomogeneity greater than 0.045 parts-per-million.

Diffusion tensor imaging was post-processed, blind to diagnosis, using purpose-written
Interactive Data Language software that calculates the diffusion tensor, fractional anisotropy,
mean diffusivity, axial diffusivity, and radial diffusivity within each voxel using the
formalism of Basser et al. (1994).

Spatial co-ordinates of the T1-weighted imaging, diffusion tensor imaging, and magnetic
resonance spectroscopy studies were read from the corresponding file headers. This,
together with the tissue-segmented subvolumes produced by FSL enabled co-alignment

of gray matter, white matter, and CSF segment volumes with the magnetic resonance
spectroscopic imaging voxels. In co-alignment, the tissue-segmented subvolumes were
resampled in order to estimate the tissue content of each magnetic resonance spectroscopic
imaging voxel (as shown in Fig. 2). These data were used to implement CSF-correction

of metabolite levels and to select specific magnetic resonance spectroscopic imaging voxel
spectra for further analysis. Similar procedures were used to resample the above-described
fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity volumes to
the magnetic resonance spectroscopic imaging spatial grid. This co-alignment provided
estimates of the values of fractional anisotropy, mean diffusivity, axial diffusivity, and
radial diffusivity in each magnetic resonance spectroscopic imaging voxel and permitted
study of the relationships between neurometabolite levels and diffusion tensor imaging
metrics. Magnetic resonance spectroscopic imaging voxels from left and right hemispheres
that contained 60% or more white matter and passed the above described quality control
procedures were selected for further analysis. Each participant produced between 2 and 18
quality-control pass spectroscopic imaging voxels. Figure 2 shows a representative example
of a quality-control pass spectrum. Group-mean (standard deviation) numbers of voxels per
subject were 18 (2.7) for ADHD+PAE, 18.7 (3.4) for ADHD-PAE, and 19.9 (2.8) for TD.
Volume percent white matter was 82% (3%) for ADHD+PAE, 84% (4%) for ADHD-PAE,
and 83% (4%) for TD. Cross-voxel averaging was performed for each participant to yield
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a single value for each neurometabolite level and diffusion tensor imaging metric for that
participant’s left + right supraventricular white matter.

Statistical Analysis

Results

Table 1 reveals that the three participant groups were not well age-matched. Accordingly,
each magnetic resonance spectroscopy and diffusion tensor imaging metric was adjusted for
participant age prior to statistical analyses. This was accomplished by linear least-squares
fitting of each metric as a function of age within each group, followed by extrapolation to
the common age of 128 months. These “age-extrapolated” neuroimaging metrics were used
throughout the results reported below. Scaled scores (already normed for age) were used for
all neurobehavioral metrics.

Non-parametric statistics were used throughout since these are more conservative, less
sensitive to outliers, and appropriate for both normally and non-normally distributed data.
Preliminary histogram examination and Shapiro-Wilks testing revealed that several metrics
were non-normally distributed. Criterion for statistical significance for all tests was p < 0.05.

To deal with multiple comparisons in pursuit of goal (1), Kruskal-Wallis omnibus testing
was performed across all three participant groups. For those neurobehavioral metrics
showing a significant or trend (p < 0.10) main effect of group, this was followed

by pair-wise protected post hoc Mann-Whitney U-Tests to determine which group-pairs
(ADHD+PAE versus ADHD-PAE, ADHD+PAE versus TD, ADHD-PAE versus TD)
manifested significant between-group differences.

For goal (2), an identical procedure was followed for the age-extrapolated magnetic
resonance spectroscopy and diffusion tensor imaging metrics.

For the first part of goal (3)—within-group correlations between neurobehavioral and
neuroimaging metrics, to deal with multiple comparisons, multivariate analysis of
covariance was performed on the rank-transformed neurobehavioral and neuroimaging
metrics within each participant group. For those neurobehavioral metrics having a significant
or trend effect on the ensemble of magnetic resonance spectroscopy or diffusion tensor
imaging metrics, protected posthoc Spearman correlations were performed between the
neurobehavioral metric in question and each of the individual neuroimaging metrics.
For the second part of goal (3)—within-group correlations between magnetic resonance
spectroscopy and diffusion tensor imaging metrics, a similar procedure was followed,
whereby the effects of each diffusion tensor imaging metric on each magnetic resonance
spectroscopy metric were determined.

Group Demaographics

Xz—testing found no significant difference in number of boys and girls between the

groups ()(2(2) =3.0, p>0.10; Table 1). Age differed significantly between the groups
(Kruskal-Wallis H(2) = 13.8, p=0.001). Post hoc testing confirmed that ADHD+PAE were
significantly younger than ADHD-PAE (Mann-Whitney U= 107, p=0.005) and TD (U=

Neurotox Res. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alger et al.

Page 10

147.5, p < 0.0005), but ADHD-PAE did not differ significantly in age from TD (U= 200, p
> 0.10). As indicated above, all neuroimaging metrics were age-extrapolated to account for
these imbalances. Years of mother’s education (a proxy for socioeconomic status) did not
differ significantly between the groups (H(2) = 3.3, p> 0.10). As is common in studies of
FASD, Full Scale 1Q differed significantly between the groups (H(2) = 22.9, p < 0.0005).

IQ was lower in ADHD+PAE than in ADHD-PAE (U= 105, p< 0.005) and TD (U= 86,

£ <0.0005), and was lower in ADHD-PAE than in TD (U= 161, p< 0.05). No adjustment
was made for 1Q imbalances as it is not conventional to do so; low 1Q is a frequent symptom
of ADHD (Kuntsi et al. 2004) and of PAE (Coles et al. 1991) and to correct for such could
inadvertently remove the effects of illness.

Between-Group Differences in Neurobehavioral Metrics

Kruskal-Wallis testing (Table 2) revealed significant or trend effects of group on Conners
Inattention (H(2) = 42.5, p < 0.0005), Conners Hyperactivity/Impulsivity (H(2) = 46.5,

p < 0.0005), Color-Word Interference Word Recognition (H(2) = 2.9, p < 0.10 trend),

Trail Making Test Letter Sequence (H(2) = 12.3, p< 0.005), Trail Making Test Switching
Set-Loss Errors (H(2) = 7.1, p< 0.01), Verbal Fluency Letter Fluency Total Correct (H(2) =
6.6, p< 0.05), Verbal Fluency Category Switching (H(2) = 3.3, p< 0.10 trend), Tower Test
Total Achievement Score (H(2) = 8.1, p< 0.05), and Tower Test Total Rule Violations (H(2)
=15.1, p=0.001). No other scores manifested a significant omnibus effect of group (all p>
0.10).

In protected post hoc tests (Table 2), Conners Hyperactivity/Impulsivity Index was 12.2%
higher in ADHD+PAE than ADHD-PAE (U= 133.5, p< 0.05; Fig. 3) but no other
neurobehavioral metric (i.e., none of the other scores) distinguished ADHD+PAE from
ADHD-PAE (all p> 0.10). Conners Hyperactivity/Impulsivity Index was 74.8% higher

in ADHD+PAE than TD (U= 10, p< 0.0005; Fig. 3). The Conners Inattention Index

was 68.2% higher in ADHD+PAE than TD (U= 36, p < 0.0005; Fig. 3) and 71.7%

higher in ADHD-PAE than TD (U= 27, p< 0.0005; Fig. 3). Several executive function
measures signaled worse performance in ADHD+PAE than in TD: ADHD+PAE scored
37.1% lower on Trail Making Test Letter Sequence (U= 129.5, p< 0.0005), 213% higher
on Trail Making Test Switching Set-Loss Errors (U= 200, p< 0.01), 22.7% lower on
Verbal Fluency Letter Fluency (U= 188.5, p< 0.05), 31.6% lower on Verbal Fluency
Category Switching (U= 104.5, p< 0.0005; Fig. 3), 17% lower on Tower Test Total
Achievement Score (U= 198.5, p< 0.05), and 355.7% higher on Tower Test Total Rule
Violations (U= 133, p< 0.0005). ADHD-PAE exhibited inferior performance to TD on
two Tower Test metrics: 11.1% lower Total Achievement Score and (U= 145, p<0.01)
and 316.8% higher Total Rule Violations (U= 121, p< 0.01). Thus, while only the
Conners Hyperactivity/Impulsivity Index distinguished ADHD+PAE from ADHD-PAE in
head-to-head comparison, compared with TD, executive function deficits were more severe
and diverse in children with ADHD+PAE than in children with ADHD-PAE.

Between-Group Differences in Neuroimaging Metrics

Kruskal-Wallis testing (Table 3) revealed significant or trend effects of group on glutamate
(H(2) = 6.4, p<0.05), mean diffusivity (H(2) = 6.8, p< 0.05), axial diffusivity (H(2) = 4.7,
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p<0.10 trend), and radial diffusivity (H(2) = 5.7, p< 0.10). No other neuroimaging metrics
(including magnetic resonance spectroscopy measures other than glutamate) manifested a
significant omnibus effect of group (all p> 0.10).

In protected post hoc tests (Table 3), glutamate was 9.6% higher in ADHD+PAE than
ADHD-PAE (U= 142, p=0.05; Fig. 3); mean diffusivity was 4.5% higher (U= 84, p<
0.05; Fig. 3). Axial diffusivity was 2.8% higher (U= 97, p < 0.05), and radial diffusivity was
6.1% higher (U= 90, p< 0.05). There were no significant differences between ADHD+PAE
and TD in neuroimaging metrics. For ADHD-PAE versus TD, glutamate was 10.3% lower
(U= 158, p<0.05; Fig. 3) and mean diffusivity was 2.9% lower (U= 142, p=0.05; Fig.

3). Thus, a handful of neuroimaging metrics distinguished ADHD+PAE from ADHD-PAE
or ADHD-PAE from TD.

Within-Group Correlations Between Neurobehavioral and Neuroimaging Metrics

Within ADHD+PAE, omnibus multivariate analysis of covariance of rank-transformed

data found significant relationships between the Tower Test Total Achievement Score and
magnetic resonance spectroscopy metrics (H4.18) = 4.4, p< 0.05) and between the Tower
Test Mean First Move Time and magnetic resonance spectroscopy metrics (A4.18) = 3.2,

p < 0.05) and trend relationships between Color-Word Interference Color Naming and
diffusion tensor imaging metrics (A4.13) = 2.4, p< 0.10), between Trail Making Test
Number-Letter Switching and diffusion tensor imaging metrics (H4.14) = 2.9, p< 0.10),
and between Trail Making Test Number-Letter Switching Set-Loss Errors and diffusion
tensor imaging metrics (A4.14) = 3.0, p< 0.10). Significant protected post-hoc Spearman
correlations (Table 4) within ADHD+PAE included those between Trail Making Test Letter
Sequence and N-acetylaspartate (5= 0.46, p< 0.05), Trail Making Test Number-Letter
Switching and fractional anisotropy (r= 0.55, p < 0.05), Trail Making Test Number-Letter
Switching and radial diffusivity (r= - 0.50, p < 0.05), Tower Test Total Achievement Score
and glutamate (r= - 0.41, p< 0.05), Tower Test Total Achievement Score and creatine (r=
- 0.60, p< 0.005; Fig. 4), Tower Test Total Achievement Score and choline (r=-0.42, p
< 0.05), Tower Test Mean First Move Time and N-acetylaspartate (r=0.59, p < 0.005), and
Tower Test Mean First Move Time and glutamate (r=0.49, p< 0.05).

Within ADHD-PAE, there were no significant or trend multivariate analysis of covariance
relationships between neurobehavioral and neuroimaging metrics.

Within TD, omnibus multivariate analysis of covariance of rank-transformed data found
significant relationships between Trail Making Test Visual Scanning and magnetic resonance
spectroscopy metrics (H4.23) = 3.6, p< 0.05) and diffusion tensor imaging metrics (A4.21)
= 4.7, p<0.01) and between Tower Test Mean First Move Time and diffusion tensor
imaging metrics (A4.21) = 7.9, p< 0.0005). Significant protected post hoc Spearman
correlations within TD (Table 4) included those between Trail Making Test Visual Scanning
and creatine (r= - 0.45, p< 0.05), fractional anisotropy (r=0.53, p= 0.005), mean
diffusivity (r= - 0.52, p<0.005), and radial diffusivity (r= - 0.62, p=0.001).

An analysis was performed to determine whether outliers potentially have impact on the
correlation results presented in Table 4. The analysis calculated Cook’s distance for each
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data point that contributed to each of the results presented in Table 4. Cook’s distance is a
commonly used estimate of the influence a particular data point has in a regression analysis.
For all data points, Cook’s distance was less than 1, the traditionally used criterion for
formally identifying the presence of an outlier that may be responsible for an incorrectly
significant correlation. Furthermore, several of the correlations plotted in Fig. 4 illustrate
there is a unlikely impact of non-normal distributions. Pearson and Spearman statistics are
nearly equivalent.

Within-Group Correlations Between Magnetic Resonance Spectroscopy and Diffusion
Tensor Imaging Metrics in Identical Anatomic Volumes

Within ADHD+PAE (Table 5), omnibus multivariate analysis of covariance of rank-
transformed data found a significant relationship between magnetic resonance spectroscopy
creatine and diffusion tensor imaging metrics (A4.14) = 6.9, p=0.001). There was a
significant protected post-hoc Spearman correlation (Table 5) within ADHD+PAE between
axial diffusivity and creatine (r=0.68, p=0.001).

Within ADHD-PAE, omnibus multivariate analysis of covariance found significant
relationships between magnetic resonance spectroscopy glutamate and diffusion tensor
imaging metrics (A4.12) = 7.0, p < 0.005) and between choline and diffusion tensor
imaging metrics (AH4.12) = 4.4, p< 0.05). There were significant protected post hoc
Spearman correlations within ADHD-PAE between fractional anisotropy and glutamate (r

= 0.49, p< 0.05; Fig. 5), fractional anisotropy and choline (r=0.75, p=0.001), mean
diffusivity and choline (r= - 0.57, p< 0.05), and radial diffusivity and choline (r=-0.71, p
< 0.05; Fig. 5).

Within TD, omnibus multivariate analysis of covariance found a significant relationship
between magnetic resonance spectroscopy glutamate and diffusion tensor imaging metrics
(A4.21) = 3.0, p< 0.05). There were significant protected post hoc Spearman correlations
within TD between fractional anisotropy and glutamate (r= - 0.42, p< 0.05; Fig. 5) and
between radial diffusivity and glutamate (= 0.39, p < 0.05; Fig. 5).

A Cook’s distance analysis (see above) indicated it is unlikely that outliers are responsible
for the significant correlations reported in Table 5. Furthermore, presentation of equivalent
Spearman and Pearson results in Fig. 5 indicate the absence problematic non-normal
distributions.

Discussion

Summary of Major Findings

This study combined ADHD and PAE targeted neurobehavioral assessment in combination
with advanced magnetic resonance spectroscopic imaging and diffusion tensor imaging to
differentiate ADHD+PAE from ADHD-PAE. In recent pilot work (O’Neill et al. 2019), we
had found between-group magnetic resonance spectroscopy and diffusion tensor imaging
differences in the anterior corona radiata. Here, we studied supraventricular white matter,
a region that is larger and less precisely defined, but that would be more easily located by
MRI technologists and would yield higher data quality in a routine MRI examination. The
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principal findings were as follows: (1) The Conners Hyperactivity/Impulsivity Index was
greater in ADHD+PAE than ADHD-PAE and (2) supraventricular white matter glutamate
was higher in ADHD+PAE than ADHD-PAE and was lower in ADHD-PAE than TD.

In the same volume of supraventricular white matter, mean diffusivity, axial diffusivity,
and radial diffusivity were higher in ADHD+PAE than in ADHD-PAE; and (3) Within
ADHD+PAE, Trail Making Test Number-Letter Switching performance correlated with
fractional anisotropy and radial diffusivity while, two scores on the Tower Test correlated
with A-acetylaspartate, glutamate, and/or choline. Also, differing relationships between
diffusion tensor imaging and magnetic resonance spectroscopy metrics in supraventricular
white matter were obtained in the three groups. Taken together, these findings suggest the
following: (1) There is subtly diverse and perhaps more severe white matter pathology

in ADHD+PAE in comparison with ADHD-PAE. (2) The combination of diffusion tensor
imaging, magnetic resonance spectroscopy and neurobehavioral assesstment offers potential
to objectively distinguish ADHD+PAE from ADHD-PAE. (3) White matter abnormalities
may underlie neurobehavioral symptoms in ADHD+PAE and ADHD-PAE.

Between-Group Differences in Neurobehavioral Metrics

The first major finding was that Conners Hyperactivity/Impulsivity was greater in
ADHD+PAE than ADHD-PAE (Table 2; Fig. 3). As anticipated given participant selection
criteria, inattention and hyperactivity/impulsivity were higher in both ADHD+PAE and
ADHD-PAE than in TD. Our findings support prior notions that ADHD+PAE and ADHD-
PAE differ in the relative expression of inattentive versus hyperactive/impulsive symptoms
(Brown et al. 1991; Coles et al. 1997; O’Malley and Nanson 2002; Raldiris et al. 2018;
Roebuck et al. 1999). While most previous publications favored greater inattention in
ADHD+PAE, we, like Raldiris et al. (2018), found greater hyperactivity/impulsivity. Given
this variability in results, future researchers should take care in generalizing across samples.
This study restricted the ADHD-PAE sample to familial ADHD and, to our knowledge, this
is the first formal comparison of ADHD+PAE to familial ADHD-PAE. Since inattention
may be more heritable than hyperactivity in ADHD (Kuntsi et al. 2014), it is reasonable

to anticipate lower severity of hyperactive symptoms in a familial ADHD-PAE than a
non-familial ADHD+PAE sample. Further enquiry may delineate the circumstances under
which inattentive versus hyperactive symptoms prevail in ADHD subpopulations.

In contrast to some prior investigations (Mattson et al. 2010, 2013; Nguyen et al. 2014),

no executive function metrics differed significantly between ADHD+PAE and ADHD-PAE.
This may have been due to the use of familial ADHD-PAE in our study. On the other

hand, some executive function metrics were trendwise worse in ADHD+PAE (e.g., Verbal
Fluency Category Switching, Fig. 3) and performance was worse for ADHD+PAE than for
TD on six executive function metrics (Trails Letter Sequence and Number-Letter Switching,
Verbal Fluency Letter Fluency and Category Switching, and Tower Test Total Achievement
Score and Total Rule Violations) compared with only two (Tower Test Total Achievement
Score and Total Rule Violations) for ADHD-PAE. In these ways, present findings are in
harmony with the conclusion of earlier authors that executive functions are more impaired
in ADHD+PAE than in ADHD-PAE. With continued exploration of different measures of
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executive functions, we may be better able to define independent neurobehavioral profiles
for these two conditions.

Between-Group Differences in Neuroimaging Metrics

The second major finding was that glutamate, mean diffusivity, axial diffusivity, and

radial diffusivity were higher in ADHD+PAE than ADHD-PAE (Table 3). Furthermore,
glutamate and mean diffusivity were lower in ADHD-PAE than TD. The differences

were small (< 10%), but their existence hints that combinations of neuroimaging and
neurobehavioral metrics, and perhaps with further metrics (e.g., other types of neuroimaging
and/or neuroimaging of other brain regions), could eventually yield an objective approach to
differential diagnosis of these two ADHD etiologies without the aid of maternal informants
or facial stigmata. Neurobiologically, these measures point towards distinct pathology in
supraventricular white matter in ADHD+PAE versus ADHD-PAE.

Glutamate levels presented in the order ADHD-PAE < ADHD+PAE < TD (Fig. 3). Low
glutamate in ADHD-PAE is consistent with previous magnetic resonance spectroscopy
studies (reviewed in O’Neill et al. 2013; Perlov et al. 2009) showing diminished
glutamatergic compounds in various brain regions in idiopathic ADHD in children (Hai

et al. 2017) and adults (Maltezos et al. 2014; Naaijen 2018; Perlov et al. 2007), although
other investigations found elevated levels (Courvoisie et al. 2004; MacMaster et al. 2003;
Moore et al. 2006) or no difference from controls (Endres et al. 2015; Soliva et al. 2010;
Tafazoli et al. 2013). Variant results across these studies may stem from expression of results
as glutamate + glutamine and/or as ratios to creatine in some reports; also, unlike our study,
these earlier studies typically did not account for PAE or for familial versus non-familial
ADHD. Low glutamate in ADHD-PAE is also consistent with hypoglutamatergic models
of ADHD (Carlsson 2000, 2001; O’Neill et al. 2013). These theories focus on cortex,
where glutamate is present in relatively high concentration, but this present study illustrates
that magnetic resonance spectroscopy also readily measures glutamate alteration in white
matter (e.g., Srinavasan et al. 2005) where, for example, it undergoes vesicular release from
axons (Doyle et al. 2018; Kukley et al. 2007; Ziskin et al. 2007). Our results suggest that
hypoglutamatergia exists in white matter specifically in ADHD-PAE. Hypoglutamatergic
models interface with theories of brain-energy deficiency in ADHD (Russell et al. 2006;
Todd and Botteron 2001). One of these models (Russell et al. 2006) postulates, in part,

that expression of genes related to glutamate transporters, metabotropic glutamate receptors,
or oligodendrocytic myelin synthesis, is altered in ADHD. This impairs myelination and
cellular energy production leading to ADHD symptoms.

Mean diffusivity (Fig. 3), axial diffusivity, and radial diffusivity presented in the order
ADHD-PAE < TD < ADHD+PAE. Mean diffusivity represents average water diffusion
across all directions in the sampled supraventricular white matter, while axial diffusivity and
radial diffusivity measure diffusion parallel, respectively, perpendicular to the principal fiber
direction. Mean diffusivity decreases with maturation as myelin develops and intracellular
space fills in (Beaulieu 2002; Engelbrecht et al. 2002); mean diffusivity is higher for
developmental or acquired defects (Neil et al. 2002). Axial diffusivity is higher near axonal
damage and fragmentation (Concha 2014). Radial diffusivity is influenced by axon packing,
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axon diameter, and inflammation (Wheeler-Kingshott and Cercignani 2009); but is more
strongly associated with myelin integrity (Aung et al. 2013; Concha 2014; Song et al. 2002).
Elevated radial diffusivity is associated with demyelination (Janve et al. 2013; Schmierer
2007, 2008; Wang et al. 2015) and dysmyelination (Harsan et al. 2006; Song et al. 2002)
and is present in normal appearing but injured white matter (Budde et al. 2007). There

are (more frequent) findings of above-normal and (less common) findings of below-normal
mean diffusivity, axial diffusivity, and radial diffusivity in idiopathic ADHD (Adisetiyo et al.
2014; Aoki et al. 2018; Chen et al. 2015; Lei et al. 2014; Nagel et al. 2011; Onnink et al.
2015; Svatkova et al. 2016; Tamm et al. 2012; van Ewijk et al. 2014). The possible covert
PAE in such samples is scarcely accounted for. In FASD, mainly mean diffusivity has been
measured with elevated values being the prevalent finding (Fryer et al. 2009; Lebel et al.
2008; Ma et al. 2005; Wozniak et al. 2006; Wozniak and Muetzel 2011). Cross-sectionally,
abnormalities in axial diffusivity and mean diffusivity have been found in newborns (Donald
et al. 2015; Taylor et al. 2015), while children over 5 years old demonstrated elevated

mean diffusivity and radial diffusivity (Sherbaf et al. 2019), indicating axonal damage in
newborns and oligodendrocyte damage in older children (Sherbaf et al. 2019). Our present
results in ADHD+PAE are consistent with the foregoing literature. High mean diffusivity,
axial diffusivity, and radial diffusivity in our ADHD+PAE participants may therefore be
signals of abnormal neurodevelopment in FASD, including fewer axons, thinner axons, and
dysmyelination.

Within-Group Correlations Between Neurobehavioral and Neuroimaging Metrics

The third major finding involved relations between Trail Making performance and
diffusion tensor imaging metrics, between Tower Test performance and magnetic resonance
spectroscopy metabolite levels and between magnetic resonance spectroscopy and diffusion
tensor imaging metrics (Tables 4 and 5). Unlike our pilot (O’Neill et al. 2019), group-mean
differences in fractional anisotropy were not observed between ADHD+PAE and ADHD-
PAE; possibly these are restricted to the anterior corona radiata. Within ADHD+PAE,
however, Trails Number-Letter Switching (Trails B) performance was better for higher
fractional anisotropy and worse for higher radial diffusivity. The Trail Making Test

largely interrogates cognitive speed and fluidity (Salthouse 2011) or, alternatively, motor
performance, selective attention, working memory, and cognitive flexibility (Koch et al.
2013). Thereby, Number-Letter Switching is the more challenging of the two principal

test conditions. We are unaware of prior diffusion tensor imaging studies of the Trail
Making Test specifically in ADHD or FASD. In healthy controls (Koch et al. 2013;
Kucukboyaci et al. 2012; Ohtani et al. 2017), however, and in multiple disorders (Genova
et al. 2013; Konrad et al. 2012; Kourtidou et al. 2013; Liu et al. 2017; Matsui et al. 2014;
Pérez-Iglesias et al. 2010) superior performance on various Trails metrics accompanied
higher fractional anisotropy or, in a few cases, lower values of the more seldom analyzed
indices mean diffusivity or radial diffusivity (Kourtidou et al. 2013; Matsui et al. 2014), but
there are few studies in children. Within pediatric ADHD+PAE, present results associate
lower fractional anisotropy and higher radial diffusivity with inferior cognitive flexibility,
although we did not see this in our pediatric ADHD-PAE sample. In our TD child sample,
the cognitively less challenging Trail Making Test Visual Scanning score increased with
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fractional anisotropy, decreased with mean diffusivity and radial diffusivity, and decreased
with glutamate and creatine.

Within ADHD+PAE, the Tower Test Total Achievement Score (higher for better
performance) correlated negatively with glutamate (Fig. 4), creatine, and choline and Mean
First Move Time (lower for better performance) correlated positively with N-acetylaspartate
(Fig. 4) and glutamate. The Tower Test measures the cognitive function of “planning”
(Phillips et al. 2001; Shallice et al. 1982). It provides an index of executive functions such as
establishing and maintaining instructional set, rule learning, spatial planning, and response
inhibition (Homack et al. 2005). These functions may underlie key abnormal behaviors
associated with PAE such as difficulty following rules, problem solving (Green et al. 2009;
Kodituwakku et al. 1995; Mattson et al. 1999), self-monitoring behavior, and controlling
impulses (Mattson and Riley 1998). We are aware of no previous studies that examined the
relation between magnetic resonance spectroscopy and Tower Test metrics. Higher levels

of the magnetic resonance spectroscopy neurometabolites in white matter may represent a
preponderance of axons and, thus indirectly, undermyelination of nervous tissue in support
of the above-listed symptoms. For both Trails and the Tower Test, scores did not differ
significantly between ADHD+PAE and ADHD-PAE, but relationships of these scores with
neuroimaging metrics did. In this indirect sense, the two tests may potentially discriminate
between the ADHD etiologies (Mattson et al. 2010, 2013; Nguyen et al. 2014).

Glutamate, in addition to differing between ADHD+PAE and ADHD-PAE, correlated with
certain executive function measures in ADHD+PAE or in TD. In FASD, magnetic resonance
spectroscopy has previously identified glutamate effects in parietal white matter in neonates
(Howells et al. 2016) or in a cerebellar voxel containing mostly white matter in children

(du Plessis et al. 2014). Although glutamate levels did not differ between ADHD+PAE

and TD, glutamate may yet play a role in white matter pathology in PAE. Howells et al.
(2016) pointed out that glutamate triggers myelination by activating a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and A-methyl-D-aspartate (NMDA) receptors on
immature oligodendrocytes (Karadottir and Attwell 2006). AMPA and NMDA receptor
expression arises following neuregulin and brain-derived neurotrophic factor (BDNF)
release (Lundgaard et al. 2013) which may be attenuated in FASD (Balaszczuk et al. 2013).
Undermyelination may contribute to ADHD symptoms in these children, a mechanism that
may not apply in familial ADHD-PAE. The preclinical literature, while rarely measuring
gross-tissue metabolite levels as in human in vivo magnetic resonance spectroscopy, does
demonstrate long-term abnormalities of ionotropic and metabotropic glutamate receptors
following PAE (Costa et al. 2000; Dettmer et al. 2003; Galindo et al. 2004; Valenzuela

et al. 2010). Even moderate PAE alters NMDA receptor subunit composition, negatively
affecting long term potentiation (Brady et al. 2013); and AMPA receptors, involved in

fast glutamatergic neurotransmission critical for memory formation (Hayashi et al. 2007;
Kawabe et al. 2007). The effects are dependent upon the amount and timing of the dose,
and consequently result in heterogeneous findings throughout the brain (Costa et al. 2000;
Valenzuela et al. 2010). Given that NMDA and AMPA receptors have altered sensitivity to
glutamate in PAE, even normal glutamate levels may impact neurotransmission negatively.
This may explain why stimulant medications, which increase glutamate availability (White
et al. 2018) are not as efficacious in ADHD+PAE as in ADHD-PAE; while glutamate-
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receptor modulators such as aniracetam (Black 2005; Ito et al. 1990) which slows receptor

deactivation (Jin et al. 2005; Suppiramaniam et al. 2001) improved learning and memory in
juvenile animals with PAE (Vaglenova et al. 2007; Vaglenova and Petkov 2001). Continued
clinical and preclinical investigation of glutamate in PAE may reveal additional therapeutic
promise.

Choline findings were less prominent in this study than in some prior FASD magnetic
resonance spectroscopy studies (Astley et al. 1995, 2009; Cortese et al. 2006; du Plessis

et al. 2014; Fagerlund et al. 2006; Gongalves et al. 2009). Specifically, the low choline
found in anterior corona radiata in our pilot (O’Neill et al. 2019) was not identified in
supraventricular white matter more broadly. Choline, however, was a factor in correlations
with neurobehavioral or diffusion tensor imaging metrics. The potential of choline therapies
for PAE remains unclear and thereby choline warrants continued investigation with magnetic
resonance spectroscopy.

N-acetylaspartate and creatine were involved in relatively few statistically significant
correlations. Effects of FASD on N-acetylaspartate have been detected in some prior
investigations (Cortese et al. 2006; du Plessis et al. 2014; Fagerlund et al. 2006). Cortese et
al.’s observation of elevated N-acetylaspartate to creatine ratio in FASD was in left caudate,
a nucleus not sampled in the present investigation. du Plessis et al. (2014) measured below-
normal N-acetylaspartate in FASD in deep cerebellar nuclei and surrounding white matter,
again a region not sampled here. Alongside frontal and parietal cortices, the thalamus,

and the cerebellar dentate, Fagerlund et al. (2006) did find below-normal N-acetylaspartate
to choline ratio and N-acetylaspartate to creatine ratio in frontal white matter in FASD.
They attributed their findings to elevated creatine and choline rather than to diminished N-
acetylaspartate in FASD. Our study, benefitting from more participants and more advanced
magnetic resonance spectroscopy technology, failed to find group-mean differences in N-
acetylaspartate, creatine, or choline, although there were correlations with executive function
involving each of these metabolites. We identified no prior study citing effects of FASD on
creatine, although several studies used creatine as a denominator in forming ratios. Given
the creatine-related effects reported in Fagerlund et al. (2006) and here, caution is advised in
interpreting such findings.

Interestingly, the correlations between diffusion tensor imaging and magnetic resonance
spectroscopy metrics differed across groups (Table 5, Fig. 5). fractional anisotropy, for
example, increased with glutamate (and choline) in ADHD-PAE but decreased with
glutamate (and creatine) in TD; mean diffusivity correlated positively with choline in
ADHD+PAE, but negatively in TD. Perhaps this reflects variant composition of white matter
across the groups, e.g., in terms of preponderance of axons vs. myelin vs. fluid space.

Limitations

Limitations of this study include a modest sample size. The total number of subjects
reported our study is 70 (23 ADHD+PAE, 19 ADHD-PAE, 28 TD). This is larger than
many of the previous studies that are discussed above. However, a few studies that used
only magnetic resonance spectroscopy (Astley et al. 2009) or only diffusion tensor imaging
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(Treit et al. 2017; Lebel et al. 2008) were larger. Ours is thereby the largest study that

used both methods. Our sample size is too small to make conclusions regarding the impact
of gender, subject age and treatments. Our ADHD+PAE group was 1.0-1.5 years younger
than the other two groups. As stated above, ADHD+PAE has earlier onset, which shifts

the recruitment pool to younger ages. Although all metrics were adjusted for age, ideally

all groups would be age-matched. Use of psychotropic medication was more frequent in

the ADHD+PAE than in the ADHD-PAE group (Table 1). Behavioral symptoms are often
quite florid in ADHD+PAE, leading to drug treatment, even though such treatment is less
efficacious. By far, the most commonly prescribed medications in our ADHD+PAE sample
were stimulants and adrenergic agents such as guanfacine and atomoxetine. Participants
were asked not to take stimulant medications on the days of scan or assessment. Still, a
better comparison would be with an equally medicated ADHD-PAE group. Our analysis
was restricted to supraventricular white matter. It would be valuable to explore further white
matter regions as well as cortex and subcortical nuclei using similar methods. The magnetic
resonance spectroscopic imaging technology used in this study sampled a substantial amount
of gray matter adjacent to the interhemispheric fissure. An evaluation of magnetic resonance
spectroscopy findings in gray matter for the three subject groups is currently underway.

Conclusions

In summary, pediatric ADHD associated with prenatal alcohol exposure may be
distinguished from familial ADHD by greater hyperactivity and higher glutamate and mean
diffusivity, axial diffusivity, and radial diffusivity in supraventricular white matter. Within
ADHD+PAE, scores on the Trail Making Test correlate with fractional anisotropy and radial
diffusivity while performance on the Tower Test correlate with certain magnetic resonance
spectroscopy neurometabolite levels. The relationships between diffusion tensor imaging
and magnetic resonance spectroscopy metrics also differ between ADHD+PAE, ADHD-
PAE, and TD. These results suggest distinct white matter pathology in ADHD+PAE versus
ADHD-PAE with impact on executive functions. It may be feasible to leverage the present
neurobehavioral and neuroimaging effects to implement objective algorithms for differential
diagnosis of these two etiologies of ADHD leading to more specific and effective treatments.
Furthermore the combination of advanced neuroimaging and neurobehaviorial assessment
is expected to contribute to a better understanding of the neuropathology associated with
ADHD subtypes in general.
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Fig. 1.

S'Igimulated Excitation Acquisition Mode (TR/TE/TM = 2000/20/10 ms) magnetic resonance
spectroscopic imaging for a representative participant in register with T1-weighted MRI in
sagittal (upper frame) section. In the lower frame, the T1-weighted MRI has been resliced
to match the orientation of the magnetic resonance spectroscopic imaging slab. The yellow
lines in the lower frame demarcate the 16 x 16 two-dimensional array of 10 x 10 x 10 mm3
spectroscopic imaging voxels. The white box in the lower frame indicates the 8 x 8 subarray
from which usable spectra are acquired. The upper frame illustrates three sagittal Tlw MRI
sections that intersect with the excitation box and include the left frontal white matter, right
frontal white matter, and midline frontal gray matter. Together the upper and lower frames
illustrate that the magnetic resonance spectroscopic imaging sampling volume includes a
substantial amount of frontal supraventricular white matter
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Fig. 2.
STimulated Excitation Acquisition Mode (TR/TE/TM = 2000/20/10 ms) magnetic resonance

spectroscopic imaging data for a sample voxel in supraventricular white matter. (Upper
frame) The yellow box identifies a voxel on slices of Tlw MRI and (resampled to

magnetic resonance spectroscopic imaging resolution) gray matter (GM), white matter
(WM), mean diffusivity (MD), and fractional anisotropy (FA) volumes, as well as the non-
water-suppressed (NWS) magnetic resonance spectroscopic image. (Lower frame) Measured
(red) and best fit (green) water-supressed magnetic resonance spectrum from the voxel
identified in the images. The abscissa marks chemical shift in parts per million (ppm).
Labelled are principal resonances for A-acetyaspartate compounds (NAA), glutamate (Glu),
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total creatine (= creatine + phosphocreatine), and choline-compounds (Cho). Note that
relatively tight fit of these signals achieved with the SVFit2016 software package (Alger et
al. 2016)
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Fig. 3.
Neurobehavioral (upper panels) and neuroimaging (lower panels) metrics differ in children

with attention deficit-hyperactivity disorder with prenatal alcohol exposure (ADHD+PAE;
red circles) from those with familial attention deficit-hyperactivity disorder without prenatal
alcohol exposure (ADHD-PAE; blue triangles), and typically developing controls (TD;
green diamonds). Means and standard deviations are depicted by horizontal and vertical
lines, respectively. In ADHD+PAE, the Conners Hyperactivity/Impulsivity Score was 12.2%
higher than in ADHD-PAE (p < 0.05; post hoc protected Mann-Whitney U-test following
omnibus Kruskal-Wallis test) and 74.8% higher than in TD (p < 0.005). The Conners
Hyperactivity/Impulsivity Sore was also 55.8% higher in ADHD-PAE than in TD (p<
0.005). The Verbal Fluency Category Switching Score from the Delis-Kaplan Executive
Function System significantly distinguished ADHD+PAE from TD (- 31,6%, p < 0,.0005),
but only distinguished ADHD+PAE from ADHD-PAE (- 17.8%, p < 0.10 trend) and
ADHD-PAE from TD (- 16.7%, p< 0.10) at trend level. Glutamate in supraventricular
white matter was 9.6% higher (p= 0.05) in ADHD+PAE than in ADHD-PAE and 10.3%
lower (p < 0.05) in ADHD-PAE than in TD. Mean diffusivity (MD) of supraventricular
white matter was 5.4% higher (p < 0.005) in ADHD+PAE than in ADHD-PAE. Similar
results (not shown) were observed for axial diffusivity (2.8%, p < 0.05) and radial diffusivity
(6.1%, p< 0.05). Also, mean diffusivity was 2.9% lower in ADHD-PAE than in TD (p <
0.05). Although there is overlap between groups for all metrics, these findings suggest brain
differences between the PAE and familial etiologies of ADHD. All metrics are adjusted for
participant age. IU (Institutional Units)
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Selected correlation analysis (including linear regression and Pearson and Spearman
correlation coefficients with p-values) between neurobehavioral and neuroimaging metrics
in children with ADHD+PAE (red circles, upper) and in TD (green diamonds, lower). In
ADHD+PAE, the Tower Test Total Achievement Score decreased with increasing creatine
in supraventricular white matter (r= - 0.60, p < 0.005). Similar results (not shown) were
observed for glutamate (r= - 0.41, p=0.05) and choline (r= - 0.42, p< 0.05). Higher
Tower Test Mean First Move Time (indicating inferior performance) accompanied higher
levels of N-acetylaspartate (r=0.59, p< 0.05). A similar result (not shown) was observed
for glutamate (r=0.49, p< 0.05). In TD, Trail Making Test Visual Scanning Score
decreased (i.e., worse performance) for increasing creatine (r=0.59, p < 0.05) and for
increasing radial diffusivity (r= - 0.62, p=0.001). A complementary opposite result (not
shown) was observed for fractional anisotropy (r= 0.53, o= 0.005). All metrics are adjusted

for participant age
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Age Extroplated Radial Diffusivity (um2/sec)

Selected correlations (including linear regression and Pearson and Spearman correlation
coefficients and p-values between diffusion tensor imaging and magnetic resonance
spectroscopy metrics in children with ADHD-PAE (blue triangles, upper panel) and in TD
(green diamonds, lower panel). In ADHD-PAE, fractional anisotropy in supraventricular
white matter increased with increasing glutamate (r= 0.49, p < 0.05). A similar relationship
(not shown) was observed for fractional anisotropy and choline (r=0.75, p=0.001). In
TD, in contrast, fractional anisotropy decreased with increasing glutamate (r=-0.42, p

< 0.05) and (not shown) with increasing creatine (r= - 0.49, p < 0.05). Radial diffusivity
in ADHD+PAE decreased with increasing choline (r=-0.71, p=0.001). A similar
relationship was observed for mean diffusivity and choline (r=-0.57, p<0.05). In TD, in
contrast, radial diffusivity /ncreased with increasing glutamate (r= 0.39, p < 0.05)
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