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Abstract

In many patients, ostensible idiopathic attention deficit-hyperactivity disorder (ADHD) may
actually stem from covert prenatal alcohol exposure (PAE), a treatment-relevant distinction. This
study attempted a receiver-operator characteristic (ROC) classification of children with ADHD
into those with PAE (ADHD+PAE) and those without (ADHD-PAE) using neurobehavioral
instruments alongside magnetic resonance spectroscopy (MRS) and diffusion tensor imaging
(DTI) of supraventricular brain white matter. Neurobehavioral, MRS, and DTI endpoints had been
suggested by prior findings. Participants included children aged 8-13 years, 23 with ADHD+PAE,
19 with familial ADHD-PAE, and 28 typically developing (TD) controls. With area-under-the-
curve (AUC) >0.90, the Conners 3 Parent Rating Scale Inattention (CIn) and Hyperactivity/
Impulsivity (CHp) scores and the Behavioral Regulation Index (BRI) of the Behavior Rating
Inventory of Executive Function (BRIEF2) excellently distinguished the clinical groups from
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TD, but not from each other (AUC<0.70). Combinations of MRS glutamate (Glu) and A-acetyl-
compounds (NAA) and DTI mean diffusivity (MD), axial diffusivity (AD), radial diffusivity
(RD), and fractional anisotropy (FA) yielded “good” (AUC>0.80) discrimination. Neuroimaging
combined with Cln and BRI achieved AUC 0.72 and AUC 0.84, respectively. But neuroimaging
combined with CHp yielded 14 excellent combinations with AUC=0.90 (all p<0.0005), the best
being Glu-AD-RD-CHp/(NAA-FA) (AUC 0.92, sensitivity 1.00, specificity 0.82, p<0.0005). Using
Cho in lieu of Glu yielded AUC 0.83. White-matter microstructure and metabolism may assist
efforts to discriminate ADHD etiologies and to detect PAE, beyond the ability of commonly used
neurobehavioral measures alone.

Keywords

Fetal alcohol spectrum disorder; attention deficit hyperactivity disorder; magnetic resonance
spectroscopy; diffusion tensor imaging; white matter

Introduction

Prenatal alcohol exposure (PAE) affects up to 5% of US children (May et al. 2018). ADHD
is common in PAE (Mattson et al. 2019, O’Connor 2014). Since, however, PAE often

goes unrecognized, patients who have ADHD due to PAE (ADHD+PAE) are frequently
misdiagnosed as having ADHD without PAE (ADHD-PAE) due to familial or other causes
(Glass et al. 2014, Rasmussen 2005, Wozniak et al. 2019). This has consequences as
ADHD+PAE and ADHD-PAE may represent distinct subtypes of ADHD (Coles et al. 1997,
Mattson et al. 2019). In particular, ADHD+PAE is less responsive to stimulants (Doig et al.
2008, O’Malley & Nanson 2002; Peadon et al. 2009, Snyder et al. 1997). This is a major
clinical issue. It is also a research issue. The clinical ADHD populations from which many
studies draw their participants contain a good proportion of patients with occult PAE (Coles
2001). Yet, few studies of ADHD screen for PAE. Some findings in these studies that are
actually due to PAE may therefore be attributed to familial or other causes. Thus, there

are clinical and research needs to distinguish ADHD+PAE from ADHD-PAE. Differential
diagnosis, however, can be challenging. The PAE criterion of maternal alcohol consumption
during pregnancy often cannot be established when the birth mother is unavailable (Chernoff
et al. 1994) or reluctant to admit drinking while pregnant (CDC 2004). Many children with
PAE lack the characteristic (but not essential) facial stigmata of the condition (Mattson et al.
2011, 2013; Wozniak et al. 2019). It would be beneficial to develop means of detecting PAE
that rely neither on stigmata nor birth-mother informants.

Neurobehavioral measures may open a path to this goal. Several studies hint that the
proportion of inattentive vs. hyperactive/impulsive symptoms varies between ADHD+PAE
and ADHD-PAE (Brown et al. 1991, Coles et al.1997, O’Malley & Nanson 2002,

Raldiris et al. 2018, Roebuck et al. 1999) some finding greater inattention, others greater
hyperactivity in ADHD+PAE. Abnormal executive function is characteristic of fetal alcohol
spectrum disorders (FASD; Glass et al. 2014, Mattson et al. 2013) and Nguyen et al. (2014)
found that the Behavior Rating Inventory of Executive Function (BRIEF) discriminated
between ADHD+PAE and ADHD-PAE. Our research (Schonfeld et al. 2006, 2009)
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particularly associated the BRIEF Behavioral Regulation Index (BRI) with PAE and poor
treatment response. Thus, certain neurobehavioral scales may aide classification.

Neuroimaging offers a second path to identifying PAE. Our previous study (O’Neill

et al. 2019) found that proton magnetic resonance spectroscopy (MRS) and diffusion

tensor imaging (DTI) distinguished ADHD+PAE from ADHD-PAE. Receiver-operator
characteristic (ROC) analysis using MRS choline-containing compounds (Cho) in the corona
radiata discriminated the two conditions with area-under-the-curve (AUC) of 0.76 (“fair”).
We also observed lower values of the DTI index fractional anisotropy (FA) in PAE. Other
investigators reported effects on MRS glutamate (Glu; du Plessis et al. 2014, Howells et al.
2016) or N-acetyl-compounds (NAA,; Cortese et al. 2006, du Plessis et al. 2014, Fagerlund
et al. 2006) in FASD or in ADHD (O’Neill et al. 2013), while others found effects involving
the DTI indices mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) in
FASD (Wozniak & Muetzel 2011) or ADHD (Liston et al. 2011), including ADHD screened
for PAE (Lawrence et al. 2013). We hypothesized that combinations of neuroimaging
measures might elevate the power to differentiate ADHD+PAE from ADHD-PAE above
previous observations.

The present study sought such superior discrimination by adding the Conners 3 Parent
Rating Scale (Conners et al. 2011) Inattention (CIn) and Hyperactivity/Impulsivity (CHp)
subscales and the BRIEF2 BRI to MRS and DTI metrics in brain white matter. We

also implemented improvements over O’Neill et al. (2019), including narrower participant
age-range, more stringent diagnosis, ADHD—-PAE restricted to familial etiology, broader
sampling of white matter, 3-T rather than 1.5-T MRI, 32-channel rather than single-channel
headcoil, 20-ms rather than 30-ms MRS echo-time, and 98-99- rather than 6-direction DTI.
The goal was to identify combinations of CIn, CHp, and/or BRI with Glu, NAA, Cho,

FA, MD, AD, and RD that would best segregate ADHD+PAE and familial ADHD-PAE
participants from each other and from TD controls.

Methods in Brief

For further details (including Study Design and Neurobehavioral Assessments), see
supplementary materials.

Participants and Clinical Assessments

Participants (Table 1) comprised 23 children with DSM-5 ADHD and prenatal alcohol
exposure (ADHD+PAE), 19 with familial ADHD without prenatal alcohol exposure
(ADHD-PAE), and 28 TD control children with neither ADHD nor PAE. PAE was assessed
using the modified Institute of Medicine criteria (Hoyme et al. 2016, O’Connor et al. 2019).
All children were between the ages of 8 and 13 with 1Qs >70. Children in the ADHD-PAE
group had to have one or more first-degree relatives with diagnosed ADHD. A positive
family history was required in order to compare two groups each with a well-defined
etiology of ADHD. Note that this does exclude patients with ADHD but neither PAE nor a
positive family history.
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Participants were seen for two sessions, the first for diagnostic and neurocognitive testing,
the second for MRI. Children in the ADHD groups met DSM-5 criteria for ADHD,

any subtype, according to the clinician-administered Schedule for Affective Disorders

and Schizophrenia for School-Aged Children Parent Version (K-SADS P; Kaufman et al.
1997), computerized version (Townsend et al. 2020). Full-scale 1Q was estimated with the
Wechsler Abbreviated Scale of Intelligence (WASI-11; Wechsler 2011). Parent ratings on the
Conners 3 Behavior Rating Scale (Conners et al. 2011) were used to evaluate inattentive
and hyperactive/impulsive symptoms. Parents completed the BRIEF2 (Gioia et al. 2015)
to measure the child’s executive functioning, with the BRI as principal outcome. Children
taking stimulants were asked to be off-medication at least 24 hr prior to each session. This
time frame represented a balance between complete washout of drug and family burden
of managing reemergence of symptoms. (For further details on recruitment, screening,
inclusions, and exclusions see supplementary materials.)

MR Acquisition and Post-Processing

Statistics

Results

MRS (STEAM, TR/TM/TE=2000/20/10 ms, voxels 10x10x10 mm3, 4 excitations) of
supraventricular white matter (Fig. S2) and whole-brain DTI (TR/TE=3230/89.2 ms,
b=0/1500/3000 s/mm?, voxels 1.5 x1.5x1.5 mm3) were acquired at 3 T and post-processed
in overlapping volumes to yield levels of Glu, NAA, Cho and MD, AD, RD, and FA.

ROC curves were plotted for classification variables generated by combining
neurobehavioral and neuroimaging variables in supraventricular white matter. Variables
combined were restricted to those with a priori potential to discriminate ADHD+PAE from
ADHD-PAE. They included Cin, CHp, and BRI and the neuroimaging measures Glu, NAA,
Cho, MD, AD, RD, and FA. Combinations were limited to simple multiplication or division:
multiplication where higher values were anticipated in ADHD+PAE; division where lower
values were expected. Based on the above-cited literature, our pilot (O’Neill et al. 2019),
and the uncertain assumption of greater pathology in ADHD+PAE, Cin, CHp, BRI, Glu,
MD, AD, and RD served as multiplicands and NAA, Cho, and FA as divisors. An example
ROC variable was Glu-MD-RD-CHp/FA with Glu, MD, RD, and CHp as multiplicands and
FA as divisor. Combination results are chiefly reported for variables yielding AUC=0.90
(“excellent™) and 0<0.05. For key cases, we present sensitivity, specificity, and numbers

of false negatives and false positives. ROC analyses were also performed to discriminate
ADHD+PAE and ADHD-PAE from TD. For these cases, abbreviated results are presented
as it became apparent that CIn, CHp, and BRI alone readily distinguished both ADHD
groups from controls.

For treatment of statistical power and multiple comparisons see supplementary materials.

Participants and Neurobehavioral Assessments

The ADHD+PAE sample (Table 1) had significantly lower age and 1Q than the ADHD-PAE
and TD samples. Low 1Q is a frequent consequence of PAE, the neurobehavioral
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metrics were age-normed standard scores, and within-groups there were no significant
correlations between age or 1Q and any MRS or DTI classification measure. Therefore,

age and 1Q were not covaried in statistical analyses. In particular, IQ was not used as a
covariate based on arguments that this is inappropriate for studies of neurodevelopmental
disorders (Dennis et al. 2007). Possible psychiatric comorbidities on the K-SADS included:
major depressive disorder, dysthymia, disruptive mood dysregulation, mania/hypomania,
schizophrenia/psychosis, panic disorder, agoraphobia, separation anxiety, social anxiety,
selective mutism, specific phobia, generalized anxiety, obsessive compulsive disorder,
oppositional defiant disorder, conduct disorder, and tic disorder. On Fisher’s exact tests,
there were no statistically significant differences between the ADHD+PAE and ADHD-PAE
groups for any single diagnosis (p>0.05) or for total number of comorbid diagnoses.

ROC Comparisons of ADHD+PAE to ADHD-PAE

Performance of ROC classification of individual participants into ADHD+PAE vs.
ADHD-PAE diagnostic categories was examined for neurobehavioral measures, for
neuroimaging measures, and for combined neurobehavioral and neuroimaging measures.
Both single-variables (e.g., CHp alone, AD alone) and combinations of variables (e.g.,
CHp-BRI, Glu-AD-RD, Glu-AD-MD-CHp/NAA) were examined.

Among single-variable neurobehavioral measures, the CHp (AUC =0.70+0.09, p=0.024,
sensitivity=1.00, specificity=0.37; Fig. 1) yielded the best ROC classification of
ADHD+PAE vs. ADHD-PAE. It was a poor-to-fair discriminator. Classification
performances of the single-variable neurobehavioral measures Conners Cln
(AUC=0.44+0.09, p=0.509) and BRI (AUC =0.57+0.09, p=0.455) were both inferior to
this. Combinations of CIn, CHp, and BRI did not improve upon the classification achieved
with the CHp alone, the best-performing combination being CHp-BRI with AUC=0.65+0.09
(p=0.090 trend).

Among single-variable neuroimaging measures, the best classification of ADHD+PAE
vs. ADHD-PAE was attained with AD (AUC=0.77+0.08, p<0.0005). This was a fair
discriminator. Combinations of neuroimaging variables did improve the classification
of ADHD+PAE vs. ADHD-PAE from the “fair” into the “good” range. Thereby,

the neuroimaging variable combination with the highest AUC was Glu-AD-RD with
AUC=0.84+0.07 (p<0.0005; Fig. 1).

Combinations of neurobehavioral and neuroimaging measures were examined separately
for combinations including Cho, combinations including Glu, and combinations including
both Cho and Glu. The combination using Cho with the best ADHD+PAE vs. ADHD-PAE
classification performance was Cho-AD-MD-RD-CHp/NAA (AUC =0.83+0.07, p<0.0005), a
good discriminator. When, however, combinations including Glu were examined, there were
14 combinations that achieved classification with AUC=0.90 (all p<0.0005; Table 2). These
were all excellent discriminators. The best discriminators were Glu-AD-MD-CHp/NAA
(AUC=0.93+0.04) and Glu-AD-RD-CHp/(NAA FA) (AUC=0.92+0.05; Fig. 1)(both
p<0.0005). The latter had best classification performance of all combinations tried with
sensitivity 1.00 and specificity 0.82 (19/19 true positives, 14/17 true negatives, 3/17 false
positives, 0/19 false negatives, and 6 missing). (Missing participants were ones with good
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MRS and CHp data, but DTI data that failed quality control). Combinations of Cho and
Glu did not exceed this performance, the best being Glu-Cho-AD-MD-RD-CHp/(NAA-FA)
(AUC=0.87+0.06, p<0.0005).

In summary, neurobehavioral measures alone yielded, at best, fair (AUC <0.70),
neuroimaging alone yielded “good” (AUC>0.80), and Glu- (but not Cho-) based
combinations of neurobehavioral and neuroimaging measures yielded “excellent”
(AUC>0.90) identification of PAE.

ROC Comparisons of ADHD+PAE and ADHD-PAE to TD

Cln, CHp, and BRI alone were each highly effective discriminators between ADHD+PAE
and TD (all AUC >0.90, p<0.0005) and between ADHD-PAE and TD (all AUC>0.95,
p<0.0005). The best neuroimaging discriminator for ADHD+PAE was AD/NAA
(AUC=0.68+0.08, p=0.026); the best for ADHD-PAE was Glu-MD (AUC=0.70+0.08,
p=0.034). Given this relative performance, further improvement through combining with
neuroimaging was not explored.

Discussion

This study improved upon previous results (O’Neill et al. 2019) that ADHD+PAE

was distinguishable from ADHD-PAE by neuroimaging of white matter. The principal
findings were: 1) Neurobehavioral measures alone (Conners 3 Inattention and Hyperactivity/
Impulsivity-- CIn, CHp, BRIEF2 Behavioral Regulation Index-- BRI) discriminated
ADHD+PAE and ADHD-PAE excellently from TD controls, but poorly from each

other; 2) Neuroimaging measures alone (e.g., the combination Glu-AD-RD of MRS Glu

and DT1 AD and RD in supraventricular white matter) yielded “good” discrimination
between ADHD+PAE and ADHD-PAE; 3) Aggregating neurobehavioral and neuroimaging
measures (e.g., the combination Glu-AD-RD-CHp/(NAA-FA), adding MRS NAA and

DTI FA to the measures in the foregoing example) led to “excellent” discrimination

of ADHD+PAE vs. ADHD-PAE. Taken together, these findings imply that hyperactive/
impulsive symptoms assessed by the Conners 3 combined with neuroimaging-detectable
effects in white matter differentiate the familial and prenatal ethanol toxicity etiologies of
ADHD very well.

The first major finding was that CIn, CHp, and BRI excellently discriminated ADHD+PAE
and ADHD-PAE from TD, but poorly from each other. That CIn and CHp differentiated
the two clinical groups from controls is not surprising as children were preselected for
above-normal inattention and/or hyperactivity/impulsivity. That the BRI provided excellent
separation underscores the conviction that executive-function deficits attend FASD and
ADHD (Kingdon et al. 2016, Kodituwakku et al. 2001, Peadon & Elliott 2010). Although
MRS and DTI effects in white matter are multiply documented in both FASD (Howells et
al. 2016, Sherbaf et al. 2019, Wozniak & Muetzel 2011) and ADHD (Chen et al. 2016,
Makris et al. 2009, O’Neill et al. 2013), these neuroimaging modalities may not improve
upon neurobehavioral instruments in the primary diagnosis of ADHD.
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Regarding, however, differential diagnosis of ADHD+PAE vs. ADHD-PAE, the second
and third major findings were that neuroimaging provided “good” and neurobehavioral
plus neuroimaging measures provided “excellent” classification. The CHp and (in
supraventricular white matter) MRS Glu and the DTI indices contributed meaningfully to
discrimination. Of MRS neurometabolites, Glu proved a better classifier than Cho.

The Supplementary Introduction (see supplementary materials) discusses how Cho, Glu, and
the DTI indices are neurobiologically relevant to and may distinguish between ADHD+PAE
and ADHD-PAE. In brief, low levels of white-matter Glu in ADHD-PAE relative to
ADHD+PAE and the ability of classification variables containing Glu to distinguish these
two conditions are consistent with the notion of hypoglutamatergia specific to familial
ADHD-PAE. Clinically, emerging glutamatergic therapies for ADHD might have better
prospects in patients with familial ADHD-PAE (Elia et al. 2018). Higher MD, AD, and RD
in ADHD+PAE than ADHD-PAE and the ability of variables containing these indices to
identify PAE may imply more severe delayed development of white matter in ADHD+PAE.
Clinically, microstructural pathology in frontal white matter might represent part of the
anatomic substrate of cognitive and motor dysfunction in these children. Diverse therapies
in various conditions offer prospects of improving white-matter DTI indices (Bouziane et
al. 2019, Carpenter et al. 2019, Chaddock-Heyman et al. 2018, Liu et al. 2020, Tseng

et al. 2019) and, with modifications, might be further investigated in different age-groups

in ADHD+PAE and ADHD-PAE. Present findings encourage future studies examining
glutamatergic (Elia et al. 2020) and white-matter (Chen et al. 2016, van Ewijk et al. 2012)
aspects of ADHD. Thereby, investigators should, as far as possible, account for PAE in their
recruitment and analyses in anticipation of possibly different findings in ADHD+PAE than
ADHD-PAE. The remaining Discussion below focusses on programmatic steps for other
future studies that might refine the present classification procedure into a truly practical
cost-effective, feasible technique for operational help in actual FASD diagnosis.

A first step in refinement would be replication of present findings in a larger cohort with
separate training and cross-validation samples. The latter was precluded in the current study
by the modest sample size. Beyond ROC, more sophisticated classification algorithms,
such as support vector machine (Veronese et al. 2013), random forest (Ho 1998), linear
discriminant analysis (Cohen et al. 2003), quadratic discriminant analysis (Tharwat 2016),
logistic regression (Tolles & Meurer 2016), naive bayes (Domingos & Pazzani 1997), or
XGBoost (Chen & Guestrin 2016) should also be investigated. A next step would be

to survey Glu, Cho, NAA, MD, AD, RD, and FA in the entire brain, in case superior
classification is afforded in other regions. Near whole-brain MRS at high spatial-resolution
studies can be acquired in reasonable scan times using techniques like echo-planar
spectroscopic imaging (EPSI; Maudsley et al. 2006). Refinement could then follow by
developing MRS and DTI acquisition protocols that are shorter and better tolerated by
children. For example, single-voxel MRS might replace the multivoxel MRS deployed
here, dropping runtime from ~14 to ~3 min. Similarly, DTI runtime could be lowered

from the present ~23 min by sampling fewer directions or foregoing repeated reversed
phase-encodings. In the present study, all participants were classified for comparison based
upon the criteria set forth for PAE (mother’s drinking level) and not based upon whether

or not they met criteria for the FAS facial phenotype. Therefore, selection criteria permitted
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participants to exhibit the facial phenotype or not according to ratings by two clinicians
blind to PAE status. After having identified putative brain and behavioral markers of PAE
in this sample with known PAE and/or facial features, the next step is to evaluate the ability
of these markers to detect differences in a sample with unknown PAE. Comparison with
classification methods based on other modalities would be a final step.

Limitations of this study included sample size. Although the sample size in this study is
comparable to those in most MRS and DTI studies of ADHD and FASD (reviewed in
O’Neill et al. 2013, Liston et al. 2011, Wozniak & Muetzel 2011), present methods should
be retested on larger numbers of participants. The ADHD+PAE group was younger than

the other two groups. Although no neuroimaging measure varied significantly with age in
any group and all neurobehavioral indices were age-normed, ideally all groups would be
age-matched. 1Q was also lower in the ADHD+PAE group; however, all participants had
1Q=70, unlike some research samples of children meeting criteria for intellectual disability
which often include results from extreme cases. Further, lower 1Q is a common symptom of
PAE and it is not conventional to correct for it (Dennis et al. 2007) and no neuroimaging
measure varied significantly with 1Q. Use of psychotropic medication was more frequent

in the ADHD+PAE than the ADHD-PAE group which is consistent with findings in other
studies (O’Connor 2014). Behavioral symptoms often lead to higher (unfortunately often
less efficacious) use of drug treatment in ADHD+PAE. The most commonly prescribed
drugs in the ADHD+PAE sample were stimulants and participants on stimulants were
asked not to take them on testing days. Still, ideally the ADHD-PAE group would be
equally medicated. Additionally, the length of time that participants had been treated with
medication long-term was not tabulated. Hence, the influence of chronic medication on
results is unclear. Some participants had exposure to teratogens other than ethanol (Table 1).
This is common in PAE and extremely difficult to exclude. Our cohort had modest frequency
of exposure relative to many published samples, but ideally there would be no exposure to
other teratogens.

In summary and conclusion, combined with the Conners 3 Hyperactivity/Impulsivity score,
MRS and DTI of supraventricular white matter yielded excellent (AUC=0.92) discrimination
of pediatric ADHD+PAE from familial ADHD-PAE, with perfect (1.00) sensitivity and
high (0.82) specificity. This was in contrast to using any of these measures alone. Of
particular note the commonly clinically used Conners Hyperactivity/Impulsivity Scale

did not accurately differentiate ADHD+PAE from familial ADHD-PAE on its own. At
sensitivity 1.00, Conners specificity was only 0.37. Although multiple factors influence
response to common psychostimulant treatments in ADHD (Manos 2008), response is
frequently inferior for ADHD+PAE than for ADHD-PAE. Odds of spontaneous remission
and long-term outcomes are also worse for ADHD+PAE. This implies a need to augment
standard instruments like the Conners with more sophisticated diagnostic techniques
including imaging. Although intensive inquiry into maternal drinking history is encouraged
and resolves diagnostic issues in some cases, for many children with PAE (e.g., the many
in foster care) the biological mother cannot be located. Even when located, she may be
unwilling or unable to confirm drinking during pregnancy. MRI and MRS techniques

are sometimes objected to on grounds of cost. However, the cost for a single scanning
session (as conceived here) to establish an early diagnosis, does seem appropriate as it
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may set a child on a course of appropriate early intervention avoiding ineffective therapies
with lifelong negative outcomes. Once the method is well validated, moreover, third-party
providers may be persuaded to assume the cost of scans given the estimated life-span cost of
medical services (1.6 million, Lupton et al., 2004) associated with prenatal alcohol exposure
and possible improvement in health provided by early diagnosis.

Thus, the present approach could open a pathway towards better diagnosis of individuals
with prenatal alcohol exposure in the absence of maternal self-report of PAE, other
informants, and physical dysmorphologies.

Fig. 1 Receiver operator characteristic (ROC) curves for distinguishing children

with attention deficit-hyperactivity disorder (ADHD) with prenatal alcohol exposure
(ADHD+PAE) from children with familial ADHD without prenatal alcohol exposure
(ADHD-PAE) using neurobehavioral and neuroimaging measures, the latter averaged across
left and right supraventricular white matter. (Left) the best neurobehavioral discriminator,
Conners 3 Parent Rating Scale Hyperactivity/Impulsivity (CHp) had an area under the

curve (AUC) of 0.70£0.09 (p=0.024), a “fair” segregation. (Center) the best neuroimaging
discriminator was the combination Glu-AD-RD with AUC=0.84+0.07 (p<0.0005), a

“good” segregation. (Right) the best neurobehavioral+neuroimaging discriminator was the
combination Glu-AD-RD-CHp/(NAA-FA) with AUC=0.92+0.05 (p<0.0005), an “excellent”
segregation with sensitivity 1.00 and specificity 0.82. Thus, objective neuroimaging metrics
reflecting the microstructure and metabolism of brain white matter enhance the capacity of
neurobehavioral scales alone to detect PAE and to distinguish different etiologies of ADHD.
Glu=glutamate measured by proton magnetic resonance spectroscopy (MRS); NAA=MRS
N-acetyl-compounds; AD=axial diffusivity measured by diffusion tensor imaging (DTI);
RD=DTI radial diffusivity; FA=DTI fractional anisotropy.
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Fig. 1.

Rgceiver operator characteristic (ROC) curves for distinguishing children with attention
deficit-hyperactivity disorder (ADHD) with prenatal alcohol exposure (ADHD+PAE) from
children with familial ADHD without prenatal alcohol exposure (ADHD-PAE) using
neurobehavioral and neuroimaging measures, the latter averaged across left and right
supraventricular white matter. (Left) the best neurobehavioral discriminator, Conners

3 Parent Rating Scale Hyperactivity/Impulsivity (CHp) had an area under the curve

(AUC) of 0.70+0.09 (p=0.024), a “fair” segregation. (Center) the best neuroimaging
discriminator was the combination Glu-AD-RD with AUC=0.84+0.07 (p<0.0005), a
“good” segregation. (Right) the best neurobehavioral+neuroimaging discriminator was the
combination Glu-AD-RD-CHp/(NAA-FA) with AUC=0.92+0.05 (p<0.0005), an “excellent”
segregation with sensitivity 1.00 and specificity 0.82. Thus, objective neuroimaging metrics
reflecting the microstructure and metabolism of brain white matter enhance the capacity of
neurobehavioral scales alone to detect PAE and to distinguish different etiologies of ADHD.
Glu=glutamate measured by proton magnetic resonance spectroscopy (MRS); NAA=MRS
N-acetyl-compounds; AD=axial diffusivity measured by diffusion tensor imaging (DTI);
RD=DTI radial diffusivity; FA=DTI fractional anisotropy.
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Table 1

Demographics, clinical characteristics, and current psychotropic medications

ADHD+PAE ADHD-PAE TD
n 23 19 28
#males 16 12 13
Age 97+16 *11T 10.7+0.9 11.3+1.6
Race/ethnicity 5 white 12 white 14 white

3 black 1 black 0 black

5 Latino 1 Latino 7 Latino

1 Asian 2 Asian 1 Asian

3 other 0 other 1 other

6 mixed 3 mixed 5 mixed
Mother’s education, years ~ 15.7 £ 2.0 17.2+33 176+4.3

+

WASI FSIQ 949+128 #*1 171 107.5+11.5 116.7+15.6
Conners (ClIn) 801+ 13.0ﬁf 817 +8.8 111 47.6 +£10.3
Conners (CHp) 86.3 + 5.2**7‘7‘7‘ 76.9 +13.3 s 49.4 +10.6
BRIEF2 BRI 707 + 8_77‘7‘7‘ 673+105 las 422+43
Current 10 none 14 none 28 none
psychotropics, 10 stimulants 4 stimulants 0 stimulants

#participants

Exposure to other
teratogens,

#participants

1 antidepressants
1 mood stabilizers
4 antipsychotics

5 noradrenergics
0 other

1 tobacco

4 marijuana

4 methamphetamine
0 cocaine

1 barbiturates

0 opioids

0 hallucinogens

1 antidepressants
0 anticonvulsants
0 antibiotics

2 OTC painkillers

3 antidepressants
1 mood stabilizers
1 antipsychotics

1 noradrenergics
0 other

1 tobacco

1 marijuana

0 methamphetamine
0 cocaine

0 barbiturates

0 opioids

0 hallucinogens

1 antidepressants
0 anticonvulsants
2 antibiotics

1 OTC painkillers

0 antidepressants
0 mood stabilizers
0 antipsychotics

0 noradrenergics
0 other

3 tobacco

0 marijuana

0 methamphetamine
0 cocaine

0 barbiturates

0 opioids

0 hallucinogens

1 antidepressants
1 anticonvulsants
0 antibiotics

2 OTC painkillers
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*
p<0.05

Aok

p<0.01 vs. ADHD-PAE

ﬁp <0.01

fﬁp< 0.001 vs. TD.
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Mother’s education: proxy for socioeconomic status. FSIQ=full-scale 1Q. CIn=Conners 3 Parent Rating Scale Inattention. CHp=Conners 3
Parent Rating Scale Hyperactivity/Impulsivity. BRIEF2 BRI=Behavior Rating Inventory of Executive Function, Behavioral Regulation Index.
stimulants=amphetamine, lisdexamphetamine, methylphenidate, dexmethylphenidate, antidepressants=fluoxetine. mood stabilizers=lamotrigine.
antipsychotics=aripiprazole, risperidone. noradrenergics=atomoxetine, guanfacine. OTC painkillers=aspirin/acetaminophen/ibuprofen.
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Table 2

Page 17

Combinations of neurobehavioral and neuroimaging variables with ROC discrimination between ADHD+PAE
and ADHD-PAE with AUC=0.90 (“excellent”), (Neuroimaging variables from supraventricular white matter.)

Combination Variable AUCSE P
*Glu-AD-MD-CHp/NAA 0.93+0.04 0.000025
*Glu-AD-RD-CHp/NAA 0.93+0.04 0.000025
*Glu-AD-MD-RD-CHp/NAA 0.93+0.05 0.000025
*Glu-AD-RD-CHp/(NAA-FA) 0.92+0.05 0.000039
*Glu-AD-MD-RD-CHp/(NAA-FA)  0.92+0.05 0.000039
*Glu-MD-RD-CHp/NAA 0.91+0.05 0.00006
*Glu-AD-MD-CHp/(NAA-FA) 0.91+0.05 0.00006
*Glu-MD-RD-CHp/(NAA-FA) 0.91+0.05 0.00006
Glu-AD-CHp/NAA 0.91+0.05 0.00006
Glu-AD-CHp/(NAA-FA) 0.91+0.05 0.00006
Glu-RD-CHp/(NAA-FA) 0.91+0.05 0.00006
Glu-MD-CHp/NAA 0.90+0.05 0.000092
Glu-RD-CHp/NAA 0.90+0.05 0.000092
Glu-MD-CHp/(NAA-FA) 0.90+0.05 0.000092

Glu=magnetic resonance spectroscopy (MRS) glutamate. NAA=MRS A-acetyl-compounds. MD=diffusion tensor imaging (DTI) mean diffusivity.

AD=DT] axial diffusivity. RD=DT] radial diffusivity. FA=DT]I fractional anisotropy. CHp=Conners 3 Parent Rating Scale Hyperactivity/

Impulsivity.
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