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Abstract

Background—Poor arithmetic performance is among the most sensitive outcomes associated
with prenatal alcohol exposure and is also common in individuals with attention deficit
hyperactivity disorder (ADHD). We hypothesized that prenatal alcohol exposure would be
associated with deficits in the most fundamental aspects of number processing, representation of
quantity and distance; whereas ADHD would be associated with deficits in calculation, the form
of number processing most dependent on attention and memory.

Methods—262 inner-city, African American adolescents, who had been evaluated prospectively
for prenatal alcohol exposure and ADHD, were assessed on a number processing test comprised of
7 subtests.

Results—More heavily alcohol-exposed adolescents were four times more likely to meet
diagnostic criteria for ADHD than those whose mothers abstained from alcohol use during
pregnancy. Two dimensions of number processing were identified in a factor analysis—magnitude
comparison and calculation. As hypothesized, prenatal alcohol exposure was more strongly related
to the former; ADHD, to the latter. Moreover, the relation of prenatal alcohol to calculation was
fully mediated by magnitude comparison, whereas the relation of ADHD to calculation was
mediated by 1Q but not by magnitude comparison.

Conclusion—These data confirm findings from previous studies identifying arithmetic as a
particularly sensitive developmental endpoint for prenatal alcohol exposure. Whereas difficulties
with arithmetic in ADHD are mediated by domain-general deficits in overall cognitive ability,
fetal alcohol-related arithmetic difficulties are mediated primarily by a specific deficit in the core
quantity system involving the ability to mentally represent and manipulate number. These data
suggest that different interventions are likely to be effective for remediating arithmetic problems
in children with prenatal alcohol exposure than in non-exposed children with ADHD.
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Prenatal alcohol exposure is associated with a broad range of neurocognitive deficits,
including 1Q (Jacobson et al., 2004; Streissguth et al., 1990), attention and executive
function (Burden et al., 2005a; Coles et al., 1997; Kodituwakku et al., 1995), verbal learning
and memory (Mattson et al., 1996; Willford et al., 2004), and cognitive processing speed
(Coles et al., 2002; Streissguth et al., 1990; S. Jacobson et al., 1993, 1994). Among the
cognitive deficits seen in relation to prenatal alcohol exposure, arithmetic is a particularly
sensitive endpoint (Rasmussen and Bisantz, 2009). In a large moderate-to-heavily exposed
cohort, arithmetic was the domain of academic achievement most strongly related to
maternal drinking in pregnancy at 7.5 years on the Wide Range Achievement Test (WRAT-
R) (Streissguth et al., 1990) and at 14 years on the arithmetic subtest of the Wechsler
Intelligence Scales for Children (WISC-R) (Streissguth et al., 1994). Similarly, in another
moderate-to-heavily exposed cohort, arithmetic was the academic subtest of the Kaufman
Assessment Battery for Children most strongly related to prenatal alcohol exposure at 6
years (Coles et al., 1991), and arithmetic and digit span were the WISC-I11 subtests most
strongly related to pregnancy drinking in our moderate-to-heavily exposed Detroit cohort at
7.5 years (Jacobson et al., 2004).

In a study comparing adolescents with alcohol-related dysmorphic features with a group of
adolescents in special education classes, the special education students were more impaired
in basic reading and spelling, whereas the alcohol-exposed adolescents were more impaired
in mathematics and mathematical reasoning (Howell et al., 2006). In a study of 6.5 year
olds, low-to-moderate exposure was related to poorer performance on the WRAT-R tests of
reading, spelling, and arithmetic, but only the effect on arithmetic was dose-dependent and
remained significant after statistical adjustment for 1Q (Goldschmidt et al., 1996). In a study
of adolescents and adults diagnosed with fetal alcohol syndrome (FAS) or fetal alcohol
effects, average academic functioning in arithmetic on the WRAT-R was at the second grade
level (Streissguth, et al., 1991), and the arithmetic scores were significantly lower than the
reading or spelling scores (Kerns et al., 1997).

The children in our Detroit cohort were administered reaction time tasks at 7.5 years using a
Sternberg (1966) paradigm to assess four domains of cognitive processing—short-term
memory scanning, mental rotation, directional discrimination, and number comparison
(Burden et al., 2005b). In the Sternberg paradigm, the slope of the participant’s reaction
times across task items of increasing difficulty is used to assess cognitive processing speed
and efficiency in a given domain. Measuring the slope makes it possible to assess the
participant’s efficiency in the domain in question, controlling for influences from other,
unrelated domains required for performance of the task, including response organization and
execution and motor speed. Prenatal alcohol exposure was related to poorer cognitive
processing efficiency only on the number comparison task. Kopera-Frye et al., (1996)
compared adults with FAS or fetal alcohol effects with healthy controls matched for age,
gender, and education level on a series of number processing tasks. Although the
performance of the alcohol-exposed adults on number reading and dictation was not
affected, they performed significantly more poorly on tasks involving arithmetic calculation
and proximity judgment.

Behaviorally many children with prenatal alcohol exposure exhibit problems of inattention
and hyperactivity that resemble those seen in attention deficit hyperactivity disorder
(ADHD) (Coles et al., 1991; Nanson and Hiscock, 1990; Steinhausen et al., 1993). ADHD is
characterized by difficulties in sustaining attention and completing tasks, especially those
requiring a higher degree of organizational skills or sustained mental effort. The clinical
definition of ADHD cites inattention and/or hyperactivity-impulsivity as primary symptoms,
with three proposed subtypes: predominantly inattentive, predominantly hyperactive-
impulsive, and combined (DSM-1V, 1994). The prevalence of ADHD in a large population-
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based, Minnesota birth cohort (n7 = 5718) using rigorous DSM diagnostic criteria was 9.4%
(Barbaresi et al., 2002), which is comparable to prevalence rates in smaller studies in other
U.S. cities (Jensen et al., 1999; Shekim et al., 1985). In a case-control study, children with
ADHD were 2.5 times more likely to have been exposed prenatally to alcohol daily or
during maternal binge drinking episodes, compared with children not diagnosed with ADHD
(Mick et al., 2002). In another study, psychiatric interviews were used to assess a sample of
clinic-referred children who were heavily exposed to alcohol prenatally and a comparison
group matched for age, socioeconomic status, race, and gender (Fryer et al., 2007). More
than 90% of the alcohol-exposed children met DSM-1V diagnostic criteria for ADHD,
compared with 30.0% of the comparison group, many of whom were also clinic referred.
Because children with disruptive behavior problems, such as ADHD, are over-represented in
clinic-referred samples, these proportions probably overstate the prevalence of ADHD
symptomatology in children with prenatal alcohol exposure. Nevertheless, it is significant
that ADHD was by far the most prevalent DSM-IV diagnosis in the alcohol-exposed group
in the Fryer et al. study (see also Aronson et al., 1997).

Although many children with prenatal alcohol exposure meet behavioral criteria for a
diagnosis of ADHD, the underlying cognitive and neurophysiological bases of these
disorders may be distinct.Coles et al. (1997) administered a series of neuropsychological
tests to a group of prospectively-ascertained, moderate-to-heavily exposed children and
children from a clinic-referred ADHD group. They found poorer sustained and focused
attention in the ADHD group, whereas the alcohol-exposed children exhibited more
problems in working memory and cognitive flexibility (but cf. Vaurio et al., 2008). In one
recent study, both alcohol exposure and ADHD were associated with poorer adaptive
behavior (communication, daily living skills, socialization) assessed on the Vineland
Adaptive Behavior Scale, but socialization problems increased with age in the alcohol-
exposed children, possibly due to the increasing importance of cognitive flexibility for
adaptive behavior as the child matures (Crocker et al., 2009). We have recently identified a
unique pattern of EEG event-related potential (ERP) response in a Go/No-go task in young
adults with a history of childhood ADHD but no prenatal alcohol exposure (“idiopathic”
ADHD) (Burden et al., 2010). This unique response pattern was not seen in young adults
with a history of both ADHD and prenatal alcohol exposure or with alcohol exposure and no
ADHD, indicating differences at the neural processing level in participants with ADHD with
and without a history of prenatal alcohol exposure. Moreover, it is noteworthy that children
with ADHD symptoms who also have a history of prenatal alcohol exposure often show a
poorer clinical response to psychostimulant treatment than children with idiopathic ADHD
(O’Malley et al., 2000). Taken together, these findings suggest that, although children with
prenatal alcohol exposure often display overt behavioral characteristics of ADHD, the
cognitive and neurophysiological bases of their ADHD symptomatology may differ from
that of children with idiopathic ADHD.

Brain lesion and neuroimaging studies have identified two distinct functional neural
networks relating to number processing—(a) a core quantity system, in which numerical
quantity (magnitude and distance) is represented in a language-independent format, possibly
resembling a number line (Dehaene et al., 2004); and (b) mental calculation, involving
manipulation of verbally-encoded numbers and verbally-stored knowledge (e.g., arithmetic
facts) (Menon et al., 2000; Zago et al., 2001). Magnitude comparison, the ability to evaluate
relative quantities, has been shown to be mediated primarily by activity in the anterior
portion of the horizontal section of the intraparietal sulcus (HIPS) (Dehaene et al., 2003;
Eger et al., 2003; Pinel et al., 2004). It emerges early in development (Meintjes et al., 2010;
Wynn et al., 2002) and is clearly evident at 4-5 years of age (Cantlon et al., 2006; Temple
and Posner, 1998). The anterior HIPS is activated by the representation of semantic
information about magnitude, whether presented as Arabic numbers, sequences of words, or
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analogically (e.g., by numbers of dots) (Dehaene and Cohen, 1995; Naccache and Dehaene,
2001). Calculation involves recruitment of a fronto-parietal number processing network that
includes the anterior HIPS (Chochon et al., 1999; Simon et al., 2002) and other parietal
areas, such as the angular gyrus, in interaction with an executive brain system (Zago et al.,
2008) not specific to number processing. The executive brain system mediates the
integration and management of numerical operations in working memory, response decision
and execution, and error monitoring (Gruber et al., 2001, Menon, 2000).

While number processing is a particularly sensitive endpoint for fetal alcohol exposure,
many children with ADHD also perform poorly in arithmetic. This finding is generally
attributed to ADHD-related deficits in attention and executive function, including
difficulties in retrieval of numerical information from semantic memory, allocation of
attention, inhibition of retrieval of irrelevant associations, and attention to detail (Benedetto-
Nasho and Tannock, 1999; Lindsay et al., 1999). The notion that the arithmetic difficulties
associated with ADHD are related to attention problems rather than a deficit in the ability to
represent and manipulate quantity is further supported by findings that psychostimulant
treatments can ameliorate arithmetic performance in children with ADHD (Benedetto-Nasho
and Tannock, 1999; Carlson et al., 1991) but not in children with severe dyscalculia.
(Rubinsten et al., 2008).

In this study, we administered a number processing test adapted from Kopera-Frye et al.
(1996) in collaboration with S. Dehaene to adolescents participating in the 14-year follow-
up assessment of our Detroit longitudinal cohort. This test includes subtests that assess exact
calculation, numeric approximation, and magnitude comparison. Based on the data
suggesting that arithmetic is particularly sensitive to prenatal alcohol exposure, we
hypothesized that alcohol exposure would be associated with deficits in fundamental aspects
of number processing—representation of quantity and distance, which are assessed in the
magnitude comparison subtests. Given that magnitude comparison is a critical component of
arithmetic calculation (Dehaene, 1997), we further hypothesized that a deficit in magnitude
comparison might account for (mediate) fetal alcohol-related deficits in exact calculation.
Conversely, given that deficits in arithmetic in ADHD appear to reflect domain-general
problems in attention and executive function, we hypothesized that ADHD would be
associated primarily with deficits in exact calculation, the form of number processing most
dependent on higher-order cognitive function. Because 1Q provides a measure of overall
intellectual function, we hypothesized that ADHD-related deficits in 1Q would mediate
observed impairment in exact calculation but that 1Q would not mediate the predicted fetal-
alcohol related deficits in magnitude comparison.

The Detroit longitudinal cohort was recruited prospectively during pregnancy between
September 1986 and April 1989 to assess the effects of moderate-to-heavy levels of prenatal
alcohol exposure (J. Jacobson et al., 1993). All African American gravidas were screened
for alcohol consumption during their first visit to a prenatal clinic in a large urban maternity
hospital. Only African American women were recruited because they constituted 92% of the
women delivering at this facility. All women who averaged at least 7 drinks/ week (0.5 oz
absolute alcohol (AA)/day) at the time of conception were invited to participate in the study.
Approximately 5% of the lower level drinkers and abstainers were also invited to
participate; recruitment of the latter was adjusted periodically to balance the number of
infants whose mothers drank at moderate-to-heavy levels at conception with an equal
number of infants whose mothers abstained or drank at lower levels. Due to the prevalence
of cocaine use in this population during the period when recruitment took place, we sought
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to minimize potential confounding of prenatal alcohol and cocaine exposure. Given that all
cocaine-using heavy drinkers were included by definition in the study design, we also
recruited a group of heavy cocaine (=2 days/week), light alcohol (<7 drinks/week) users,
which reduced the confounding of these exposures from r= .42 to .19 (Jacobson and
Jacobson, 1996). Although recruitment was stratified by maternal drinking during
pregnancy, the data presented here have been analyzed in terms of continuous measures of
prenatal alcohol exposure rather than discrete groups. Infant exclusionary criteria were birth
weight <1500g, gestational age <32 weeks, major chromosomal anomalies or neural tube
defects, and multiple births.

The children were evaluated at 6.5, 12, and 13 months (J. Jacobson et al., 1993; S. Jacobson
etal., 1993, 1994) and 7.5 years (Burden et al., 2005a; Jacobson et al., 2004). At 14 years,
293 adolescents (61.0% of the original cohort) were assessed.1 This paper presents data for
the 262 adolescents who were assessed on the number processing test described below.
Sixteen adolescents were not tested on number processing at the beginning of the study
because the test was still under development; 1 adolescent, who found the practice problems
difficult, refused to do the test; 2 adolescents left the laboratory early before the test was
scheduled to be administered; and data were not recorded for 12 adolescents due to a
technical problem with the computer program. Informed consent was obtained from the
mothers at recruitment and each laboratory visit; written assent was obtained from the
adolescents at 14 years. Approval for human research was obtained from the Wayne State
University Human Investigation Committee. Each adolescent received lunch and a gift, and
the mother received a small remuneration.

Assessment of prenatal alcohol exposure—Maternal alcohol consumption during
pregnancy was assessed using a timeline follow-back approach to determine incidence and
amount of drinking (Jacobson et al., 2002a; Sokol et al., 1985). At each prenatal clinic visit
(M=5.2 vists, SD = 3.4), the mother was questioned about how much alcohol she had
consumed during the past 2 weeks, with recall linked to certain times of day and activities.
Volume was recorded for each type of beverage consumed each day, converted to AA using
multipliers proposed byBowman et al. (1975) (liquor, 0.4; beer, 0.04; wine, 0.2; wine
coolers, 0.05), and averaged across the clinic visits to provide a contemporaneous report of
ounces of AA/day during pregnancy. Each ounce of AA is equivalent to two standard
drinks. At the first visit, the mother was also asked to recall her day-by-day drinking during
a typical week around the time she became pregnant, i.e., at conception. Smoking during
pregnancy was reported at the first antenatal visit in terms of mean number of cigarettes per
day. Detailed drug use data were obtained at each clinic visit except the first. Because of
wide variability in the dosage and degree of purity of illicit drugs, prenatal exposure to
cocaine and marijuana was summarized in terms of average number of days per month (see
Jacobson et al., 2004).

14-year assessment—Each participant was administered the Wechsler (1992)
Intelligence Scales for Children, 3 edition (WISC-I11) and a battery of neuropsychological
tests. The test battery was administered over a 3-year period by six highly trained research
assistants, five of whom were Master’s level students in psychology. The sixth tester has a
B.S. in psychology and 20 years of neuropsychological testing experience in our laboratory.

IThree children in the cohort had died, 6.0% of the families had moved out of state, 5.8% declined to participate at 14 years, and
26.5% could not be located. The mothers of the children who participated at 14 years were older than those lost to follow-up (27.0 vs.
25.3 years, respectively, £(478) = 3.13, p< .01) and tended to drink slightly more around the time of conception (0.96 vs. 0.65 0z AA/
day, respectively, ¢(478) = 1.83, p < .07) but did not differ in alcohol, cocaine use, or smoking during pregnancy, years of education,
or socioeconomic status, nor did the children differ in gender or 7.5-year 1Q (all p ‘s >.10).
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There were no systematic between-examiner differences in the participants’ test scores; for
1Q, examiner F (5, 261) = 1.78, p> .10.

We adapted and programmed a number processing test designed by S. Dehaene (Kopera-
Frye et al., 1996) for administration on a desktop computer. Our new version contained
seven 32-problem subtests. In exact addition, exact subtraction, and exact multiplication, an
equation was presented on the screen (e.g., 2 + 5 = ?), and the participant entered his/her
answer on the computer keypad. In approximate addition and approximate subtraction, an
equation was presented at the top of the screen with two choices displayed below it, and the
participant used the computer mouse to select which of the two choices was closest to the
correct answer. In proximity judgment, one number appeared at the top of the screen with
two below it, and the participant used the mouse to select which of the two numbers was
closest to the number displayed at the top. In number comparison, two numbers were
displayed on the screen, and the participant used the mouse to indicate which was larger.
The examiner provided instructions for each of the subtests orally. Each subtest was
preceded by a 10-item practice round, which was terminated once the participant provided
three correct answers in a row. All participants demonstrated an understanding of the
instructions during the practice rounds, with the exception of one adolescent whose data
were excluded as noted above. The participant could take as long as necessary to respond to
each problem and received no feedback regarding the accuracy of his/her responses.

Each participant was also administered the Wechsler Individual Achievement Test (WIAT)
for Mathematical Reasoning (Wechsler, 1992). DSM-1V (1994) defines a learning disorder
as performance on a standardized achievement test substantially below the participant’s 1Q
score. “Substantially below™ is usually defined as a discrepancy of more than 2 standard
deviations; however, for socioeconomically disadvantaged groups who perform more poorly
on 1Q tests, a discrepancy between 1 and 2 standard deviations is recommended. Following
this recommendation, we defined mathematics disorder as a WIAT Mathematical Reasoning
standard score more than 1.5 standard deviations below the participant’s 1Q score.

Executive function was assessed on the Wisconsin Card Sorting Test (WCST; Berg, 1948),
the Delis-Kaplan version of the Stroop Color-Word Test (Delis et al., 2001), and the
Controlled Oral Association Test (COWAT; Spreen and Strauss, 1991). The WCST assesses
the ability to use feedback to alter one’s response when the criterion for the correct response
changes ("set shifting") and the ability to inhibit a previously learned but now inappropriate
response. The Delis-Kaplan version of the Stroop has several conditions. In the “color
naming” condition, the participant is shown a page with 100 patches of color, which s/he is
asked to name as quickly as possible. In the “interference” condition, in which color names
are printed in a different-colored ink (e.g., "red" printed in green ink), the participant is
asked to name the colors of the printed words, which requires him/her to overcome an
automatic response to read the printed word. In the “switch” condition, some words on the
page are surrounded by a box, and the participant is asked to read the word aloud if it is
surrounded by a box but to name the ink color if it is not. In the COWAT, a test of verbal
fluency, the participant is asked to list as many items beginning with a given letter as
possible within 60 s. An executive function composite score was constructed by averaging
standard scores for five outcomes—number of categories completed and perseverative errors
on the WCST, time to complete the interference and switch conditions on the Stroop, and
number of words listed on the COWAT.

ADHD diagnosis—At 7.5 years, the child was rated by his/her primary caregiver,
classroom teacher, and study examiner on a check list of behavioral symptoms that provide
the basis for a DSM diagnosis of ADHD, using the Barkley-DuPaul ADHD Rating Scale
(Barkley, 1990). At 14 years, the participant was rated again on these symptoms by the
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primary caregiver, classroom teacher, and study examiner, using the Disruptive Behavior
Disorders Scale (DBD: Pelham et al., 1992). Internal consistency reliability for ADHD
rating scales is high; for the DBD, in a sample of 1505 children rated by 990 teachers,
Cronbach’s a was .95 (Pelham et al., 1992). Teacher ratings were provided for 69.1% of the
262 children in this sample at 7.5 years; 65.3% at 14 years. Examiner ratings were provided
by the research assistant who had administered the neuropsychological battery to the
participant and worked closely with him/her on a one-on-one basis during 4-5 hr of testing.
Symptom counts were computed separately for inattention and hyperactivity at each age by
totaling how many of the nine DSM-IV behavioral criteria for each ADHD subtype were
endorsed as “often” or “very often” by parent, teacher, or examiner. Participants were
assigned an ADHD diagnosis following procedures developed in collaboration with R.
Klorman and J. Nigg, two licensed clinicians who are widely recognized for their expertise
in ADHD research. An ADHD classification was assigned if (a) at least 6 of the 9 symptoms
for inattention and/or 6 of the 9 symptoms for hyperactivity/impulsivity were endorsed
(“pretty much” or “very much” true of child) by one or more informants at either 7.5 or 14
years, (b) some impairment (= 2 ADHD symptoms) was reported in two or more settings
(operationally defined in terms of reports from at least two informants—parent, teacher,
examiner), and (c) some impairment (= 2 symptoms) was documented at 7.5 years. Six
children who met criteria for ADHD at 14 years were not seen at 7.5 years. In four of these
cases, mothers retrospectively reported the presence of at least two ADHD symptoms in
early childhood. In the other two cases, the mother was not interviewed retrospectively, and
confirmation of symptoms at 7.5 years is not available.

Data Analysis

Variable transformations—Maternal drinking during pregnancy (average oz AA/day),
which was positively skewed, was subjected to log x + 1 transformation to reduce the
influence of extreme outliers. Pregnancy smoking for six mothers, whose values for daily
cigarette intake were more than 3 standard deviations above the sample mean, was recoded
to 1 point greater than the highest observed value within 3 standard deviations of the mean
as recommended by Winer (1971). Although the distributions of the number processing
subtest scores were negatively skewed, these distributions were generally continuous. For
those subtests on which a gap of 3 or more points separated a few very low scores from the
rest of the distribution, the scores below that gap were recoded to one point less than the
lowest score falling within the continuous distribution to reduce the influence of the lowest
scores on the correlations. The number of outliers whose scores were recoded using this
procedure ranged from 0 for exact subtraction and proximity judgment to 6 for exact
addition.

Control variables—Twelve control variables were assessed as potential confounders of
the relation of prenatal alcohol exposure and ADHD to number processing performance:
participant age at testing; gender; mother’s age at delivery; maternal smoking (cigarettes/
day), cocaine (at least once/week—yes/no), and marijuana (days/month) use during
pregnancy; primary caregiver’s socioeconomic status (SES) based in the Hollingshead
(1975) scale, years of education, and verbal competence (Peabody Picture VVocabulary Test-
Revised); and self-reported adolescent alcohol, smoking, and marijuana use (yes/no). SES
and maternal years of education were assessed at the 14-year visit; the Peabody data were
obtained at the 6.5-month infant visit and at a later visit from those who did not become the
child’s primary caregiver until a later age.

Factor analysis—The degree to which the seven subtests reflect distinct aspects of

number processing was examined in a principal components analysis with varimax rotation,
which yielded two factors. Composite scores were derived by averaging the scores of the

Alcohol Clin Exp Res. Author manuscript; available in PMC 2012 August 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jacobson et al.

Results

Page 8

subtests that loaded most strongly on each of these factors. One composite, calculation, was
comprised of the five exact and approximate calculation subtests; the other, magnitude
comparison, was comprised of number comparison and proximity judgment.

Regression analysis—The number processing subtest and composite scores were each
examined in two sets of regression analyses—one in relation to prenatal alcohol exposure
(log AA/day during pregnancy); the other in relation to ADHD (present/absent). Regression
was used to control for confounding. Based on a Monte Carlo simulation study, Maldonado
and Greenland (1993) concluded that the inclusion of all control variables related to a given
outcome at p< .20 is effective in protecting against confounding. They noted, however, that
the inclusion of a large number of control variables that only minimally confound the
relation of exposure to a given outcome could result in a loss of precision. Greenland and
Rothman (1998) have recommended a “change-in-estimate” approach that controls for all
potential confounders, whose inclusion alters the relation of exposure to outcome by at least
10%. Given these considerations, we used a two-tier strategy to determine the inclusion of
confounding variables in the multiple regression analyses. All control variables that were
related to an endpoint at p < .20 were considered for inclusion in the analyses examining
effects on that endpoint. Two regressions were run for each endpoint—one in which prenatal
alcohol exposure was entered at the first step; the other in which ADHD was entered first.
The control variables were then entered hierarchically in each regression using a forward
selection approach, with order of entry determined by the strength of the correlation of the
control variable to the endpoint in question. Control variables were retained if their entry
into the model altered the regression coefficient for alcohol exposure or ADHD by at least
10% at the step at which they were entered. Because the adolescent alcohol, smoking, and
marijuana measures were not available for all participants, they were examined in separate
regression analyses. The assumptions of regression (e.g., linearity, heteroscedasticity) were
met, although the distributions of the number processing subtests were moderately skewed
(Median = -1.98) due to good performance by a large proportion of the children.

Each regression analysis was re-run adding the participant’s 1Q score at the last step to
determine whether 1Q mediates the relation of alcohol exposure or ADHD to the outcome in
question. Mediation was inferred when the addition of 1Q reduced the magnitude of the
standardized regression coefficient for alcohol exposure or ADHD and was tested
statistically using the Sobel (1982) method, which assesses whether the product of the
regression coefficients relating independent variable to mediator and mediator to dependent
variable differs significantly from zero. The hypothesis that the effects of prenatal alcohol
and ADHD on calculation might be mediated by magnitude comparison was also tested
using the Sobel method. Partial mediation was inferred if the direct effect of prenatal
exposure or ADHD on calculation remained significant when the indirect effect mediated
through magnitude comparison was included in the model. Full mediation was inferred if the
direct effect of prenatal exposure or ADHD on calculation was decreased essentially to zero
when magnitude comparison was included in the model.

Sample Characteristics

The sample characteristics are summarized in Table 1. The sample is economically
disadvantaged and poorly educated. Almost half (49.6%) of the families are in Levels IV or
V of the Hollingshead SES scale (semi-skilled or unskilled workers), and only 53.8% of the
primary caregivers completed at least 12 years of education. Eighty-two per cent of the
mothers had reported using alcohol during pregnancy, 62.2% smoked, 21.0% used cocaine,
and 30.1% used marijuana. A majority of the participants were exposed to moderate levels
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of alcohol during gestation; only 6.9% of the mothers drank heavily during pregnancy (see
Table 2). Adolescent alcohol, smoking, and drug use is still relatively rare at this age: 87.0%
of the adolescents report no alcohol use, although 2.9% report drinking weekly, with the
heaviest drinker reporting 21 drinks per month. Few of the participants (only 3.8%) report
smoking; 1.4% smoke 1-5 cigarettes per week; the others, ¥4 to 1 pack/day. Six percent
report marijuana use; a majority of those (3.7%), less than once/week. None of the
participants report using cocaine, opiates, or other illicit drugs.

IQ scores are in the range of those commonly found in inner-city, African American samples
(Sattler, 1992); the WIAT math scores are slightly higher than the 1Q scores on the average
(Table 1). Only one of the participants meets criteria for a diagnosis of mathematics
disorder. ADHD is significantly more prevalent in participants with prenatal alcohol
exposure (Table 2). Whereas 10.9% of the participants whose mothers abstained from
alcohol during pregnancy meet criteria for ADHD, a rate similar to other populations
(Barbaresi et al., 2002), 44.4% of the participants born to heavy drinking (= 1.0 0z AA/day)
women qualify for this diagnosis.

Factor Analysis

Table 3 presents the results of a factor analysis of the seven number processing subtests. The
two factors that emerged jointly explain 71.6% of the variance. The exact and approximate
calculation subtests all load strongly on the first factor. Although some individuals may
solve numerical approximation problems quickly without calculation, these data suggest that
many of the participants solved the approximation problems by first performing the
calculation and then determining which of the choices provided in the test was closest to the
answer they had calculated. By contrast, the two subtests involving magnitude comparison
—number comparison and proximity judgment—Iload on a separate factor, which is
consistent with findings from previous studies that mental calculation and magnitude
comparison are functionally distinct aspects of number processing (e.g., Menon et al., 2000;
Stanescu-Cossin et al. 2000). Scores on the three exact and two approximate calculation
subtests were averaged to provide a composite measure of calculation. Scores on the number
comparison and proximity judgment subtests provided a composite measure of magnitude
comparison.

Relation of ADHD and Prenatal Alcohol Exposure to Number Processing

Both ADHD and prenatal alcohol exposure are associated with poorer performance on the
WIAT mathematics achievement test, r’s=-.21, p<.001, and —-.12, p < .05, respectively.
ADHD is significantly related to all seven number processing subtests, after control for
confounders, but the associations are markedly stronger with the exact and approximate
calculation subtests than with number comparison or proximity judgment (Table 4). By
contrast, prenatal alcohol exposure is significantly related to only one calculation subtest—
approximate subtraction—and is most strongly related to number comparison and proximity
judgment. This pattern is also seen on the composite measures derived from the factor
analysis. Although ADHD and prenatal alcohol exposure are significantly related to both
composite measures, ADHD is more strongly related to calculation, whereas prenatal
alcohol is related most strongly to magnitude comparison. The potential confounders
included in the final model for each regression analysis are shown in the footnotes to Table
4. To avoid listwise deletion, adolescent alcohol, smoking, and marijuana were examined in
separate analyses. Current adolescent smoking and marijuana do not qualify as potential
confounders of effects on any of the number processing endpoints (all p’s > .20). Current
adolescent alcohol is related at p < .20 to two endpoints—exact subtraction and approximate
addition—but its inclusion in the final models does not reduce the standardized regression
coefficients for either ADHD or prenatal alcohol exposure.
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The regression analyses in Table 4 examining effects of prenatal exposure include all the
children in the sample, regardless of whether or not they met criteria for ADHD. Similarly,
the analyses examining effects of ADHD include all children regardless of their degree of
prenatal exposure to alcohol. Multiple regression analyses of each of the number processing
composite scores, in which prenatal alcohol and ADHD were entered simultaneously, make
clear that each of these predictors is independently associated with poorer number
processing (Table 5). Thus, although ADHD is more prevalent in the more heavily exposed
children, the effects of each of these predictors on number processing are independent.

Mediation of the effects of ADHD and prenatal alcohol on number processing by IQ

As predicted, the relation of ADHD to the exact and approximate calculation subtests is
markedly reduced when 1Q is added at the last step of the multiple regression analysis
(Table 4). This mediation by 1Q suggests that effects of ADHD on aspects of calculation not
specific to the representation of number, such as, attention and executive function, mediate
the poorer number processing seen in ADHD. The hypothesis that IQ mediates the effect of
ADHD on the two composite measures was evaluated statistically using the Sobel test. The
relation of ADHD to both composites is significantly mediated by 1Q; for calculation, z=
-2.75, p< .01, for magnitude comparison, z=-1.96, p < .05. By contrast, 1Q does not
mediate the effect of prenatal alcohol exposure on either calculation, z=-1.37, or
magnitude comparison, z= —1.28, both p’s > .15.

The hypothesis that executive function is an important aspect of the deficit in overall
cognitive ability that mediates the effect of ADHD on calculation was examined in a
multiple regression analysis, in which ADHD, 1Q, and our composite measure of executive
function were entered hierarchically. As shown in Table 4, the entry of 1Q reduces the
association of ADHD to calculation from = —.34 to —.24. The addition of executive
function further reduces the effect of ADHD to f = -.19 and reduces the effect of 1Q on
calculation from B = .37 to .27. These data indicate that executive function is an important
component of the deficit in overall intellectual function that mediates the effect of ADHD on
calculation. When the influence of executive function on number processing is examined in
regression analyses that do not include 1Q, the data suggest a possible small role in
mediating the relation of prenatal alcohol exposure to magnitude comparison, reducing the
correlation from —.23 to = —.20. By contrast, it plays a much more substantial role in
mediating the effect of ADHD on calculation, reducing the correlation from —.34to g = —.
17.

Mediation of the effects on calculation by magnitude comparison

The hypothesis that magnitude comparison mediates the effect of prenatal alcohol exposure
on exact and approximate calculation was tested in the path model shown in Figure 1a. The
path relating prenatal alcohol exposure to calculation via magnitude comparison is
significant, Sobel test z=-3.54, p < .001. Partial vs. full mediation was assessed by
examining the direct effect of prenatal alcohol on calculation after controlling for magnitude
comparison and gender (the potential confounder in the regression model in Table 4). A
comparison of the regression analysis relating prenatal alcohol to calculation (Table 4) with
the path model (Fig. 1a) shows that, when magnitude comparison is added to the model, the
regression coefficient for prenatal alcohol exposure is decreased from -.14 to -.02,
indicating that the effect of prenatal alcohol on calculation is fully mediated by its effect on
magnitude comparison.

The hypothesis that magnitude comparison mediates the effect of ADHD on calculation was
tested in the path model shown in Figure 1b. The path relating ADHD to calculation via
magnitude comparison is significant, Sobel test z=-3.72, p< .001. By contrast to prenatal
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alcohol exposure, however, the effect of ADHD on calculation is only partially mediated by
magnitude comparison. When magnitude comparison is added to the model relating ADHD
to calculation, the regression coefficient for ADHD decreases from —.34 (Table 4) to —.22
(Fig. 1b) but remains highly significant. When IQ is added to the model (Fig. 1c), the unique
variance explained by the direct effect of ADHD is further reduced to —.16.

Discussion

This study confirms previous reports that a large proportion of children with prenatal alcohol
exposure exhibit the inattention and/or hyperactivity that are characteristic of ADHD.
Participants exposed /n uteroto at least 1 oz AA/day on average were four times more likely
to meet diagnostic criteria for ADHD, compared with those whose mothers abstained during
pregnancy. Although it seems likely that this increase in ADHD behavioral symptoms is a
direct consequence of fetal alcohol exposure, it could also be influenced by possible genetic
differences in the prevalence of ADHD behaviors in families who use alcohol in pregnancy.
Data fromColes et al. (1997), Burden et al. (2010), and others suggest that, despite
similarities in the behavioral characteristics assessed on parent and teacher ADHD rating
scales, a detailed examination of the cognitive and neurophysiological features of prenatal
alcohol exposure and ADHD reveals important differences. Although poorer number
processing is seen in both these disorders, we found differences in the aspects of number
processing that are affected. The principal deficits seen in prenatal alcohol exposure relate to
the core quantity system, which involves the processing of relative magnitude (i.e., number
comparison and proximity judgment). By contrast, in ADHD the principal deficits are seen
in exact and approximate calculation, which depend heavily on domain-general aspects of
attention and memory not specific to number processing.Zago et al. (2008) characterize
these nonspecific aspects of arithmetic as an executive brain system that mediates the
integration and management of numerical operations in working memory, response decision
and execution, and error monitoring—domains of cognitive processing that are strongly
reflected in 1Q scores. The hypothesis that poorer function of the executive brain system
plays an important role in the deficits in number processing seen in ADHD is supported by
our finding that the relation of ADHD to number processing is significantly mediated by 1Q
and executive function. By contrast, 1Q does not mediate the effects of prenatal alcohol
exposure on either calculation or magnitude comparison.

Because the mental representation of relative quantities assessed in the magnitude
comparison subtests is an essential element of calculation (Geary, 1993), it is not surprising
that magnitude comparison mediates the effects of both prenatal alcohol exposure and
ADHD on calculation. What is striking, however, is that the relation of prenatal alcohol to
calculation is fully mediated by magnitude comparison; once this aspect of number
processing is entered in the model, prenatal alcohol is no longer related to calculation. The
alcohol-related deficit in this core element of number processing may explain why
arithmetic has been found to be particularly sensitive to prenatal alcohol exposure in so
many studies. We note that exact subtraction was the calculation subtest most strongly
related to prenatal alcohol exposure, which is consistent with the observation that
subtraction is the arithmetic operation that is most heavily dependent on magnitude
comparison (Chochon et al., 1999; Ischebeck et al., 2006). By contrast, the relation of
ADHD to calculation was only partially mediated by magnitude comparison; much of the
effect of ADHD was mediated by domain-general cognitive competence measured by 1Q.

The findings reported here are consistent with the evidence of fetal alcohol-related number
processing deficits reported elsewhere (e.g., Goldschmidt et al., 1996; Howell et al., 2006;
Streissguth et al., 1994) and with data from our Cape Town, South Africa, cohort linking

fetal alcohol exposure to poorer numerosity in infancy (Jacobson et al., 2002b) and poorer
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magnitude comparison and number recognition at age 5 years (Dodge et al., 2007). The
specific fetal alcohol-related deficit in magnitude comparison identified in this study is
consistent with evidence from magnetic resonance imaging (MRI) studies reporting alcohol-
related structural deficits in the parietal region, which is known to play a major role in the
core quantity system (Dehaene et al., 2003), and with evidence from a recent functional MRI
(fMRI) study that we conducted in Cape Town (Meintjes et al., in press). Disproportionate
size reductions in the parietal lobe have been reported in fetal alcohol-exposed children and
adults (Archibald et al., 2001), and gray matter, cortical thickness, and shape anomalies have
been reported in the parietal and temporal lobes of alcohol-exposed individuals (Sowell et
al., 2001, 2002, 2008).

In Cape Town we used fMRI to study proximity judgment and exact addition in a sample of
10-year-old children diagnosed with FAS or partial FAS and matched controls (Meintjes et
al., in press). The non-exposed control children activated the same fronto-parietal network
that has been found to be specialized for number processing in studies of healthy children
and adults (Chochon et al., 1999; Davis et al., 2009a; Pesenti et al., 2000). By contrast, the
alcohol-exposed children activated much more widely distributed neural networks while
performing these tasks—a broader range of frontal areas on both tasks, additional parietal
pathways on the proximity judgment task, and on exact addition, a large cerebellar region
that is activated only in particularly challenging calculation problems in adults (Kaufman et
al., 2006; Menon et al., 2000). The widely distributed networks recruited by the alcohol-
exposed children to perform these relatively simple number processing tasks suggest that
these children may need to compensate for damage to fronto-parietal areas that normally
mediate number processing (Fryer et al., 2007; Halperin and Schultz, 2006) and for a fetal
alcohol-related deficit in the functional integration of the neural circuitry that supports
efficient brain function in number processing.

Consistent with our findings in the present study, most researchers have attributed arithmetic
problems in children with ADHD to impairments in attention, working memory, and
executive function required for calculation (Benedetto-Nasho and Tannock, 1999; Lindsay
etal., 1999). By contrast, children with developmental dyscalculia—the European
equivalent of mathematics disorder in the DSM-1V—exhibit deficits in core numerical
abilities; that is, the ability to understand and manipulate quantity.Rubinsten et al. (2008)
found that arithmetic performance was ameliorated by administration of methylphenidate in
children with ADHD who have difficulty with arithmetic but not in those with co-morbid
developmental dyscalculia. Given that methylphenidate is known to enhance general
cognitive functions, such as attention, spatial memory, motivation, and effortful processing,
these data are consistent with the inference in the present study that the number processing
impairment usually seen in ADHD is mediated by impairment in neural networks subserving
general cognitive and executive function. By contrast, our data suggest that prenatal alcohol
exposure is associated with a specific impairment in the ability to understand and manipulate
quantity that does not appear to respond to methylphenidate.

Davis et al. (2009b) recently reported findings from an fMRI study of exact and approximate
calculation comparing children with mathematical calculation difficulties with normally
developing controls. Most of the group differences in brain activation were seen in frontal
and basal ganglia regions known to mediate domain-general cognitive resources rather than
the parietal areas. By contrast, two studies of children with developmental dyscalculia found
reduced activations in the intraparietal sulcus, a region that is specialized for number
processing (Kucian et al., 2006; Price et al., 2007). The deficit in the domain-general aspects
of number processing seen by Davis et al. in children with mathematical calculation
difficulties resembles that seen in the adolescents with ADHD in the present study, whereas
the magnitude comparison deficits seen in our alcohol-exposed adolescents resemble the
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deficits reported in children with dyscalculia. It should be emphasized, however, that only
one of our study participants met diagnostic criteria for mathematics disorder, the DSM-IV
equivalent of developmental dyscalculia. Although that individual was exposed to alcohol
during gestation, his mother drank at very low levels (M= .06 oz AA/day). Thus, in our
sample of adolescents exposed at moderate-to-heavy levels, prenatal alcohol appears to be
associated with a specific deficit in magnitude comparison in individuals whose arithmetic
achievement test scores fall within the normal range. Based on prior studies of arithmetic in
patients with FAS (e.g., Kerns et al., 1997), a more severe magnitude comparison deficit
would be expected in individuals exposed at higher levels.

One limitation of this study is that all participants are from a single ethnic group. However,
because the number processing deficits seen in this sample in relation to prenatal alcohol
exposure and ADHD have also been reported in studies with several different ethnic groups,
these findings likely generalize to other populations as well. Although alcohol consumption
is often difficult to recall accurately, one strength of this study is that maternal drinking
during pregnancy was ascertained prospectively using a well-validated timeline follow-back
approach (Jacobson et al., 2002a; Sokol et al., 1985), in which accuracy is facilitated by
asking the respondent to recall specific days and contexts within which drinking occurred.
Because ADHD was also ascertained prospectively, the sample is more representative of the
larger population than in studies that are limited to clinic-referred patients, who are more
likely to be behaviorally oppositional than non-referred children. Based on our prospective
data, the prevalence of alcohol-exposed children meeting diagnostic criteria for ADHD,
although elevated, is substantially lower than the 90%-+ reported in studies of clinic-referred
patients (e.g., Fryer et al., 2007). Although it is not possible to measure all of the potential
confounders of the relation between prenatal alcohol exposure and number processing, our
analyses of the influence of the control variables on the regression analyses indicate that the
effects of prenatal alcohol and ADHD on exact subtraction, number comparison, and
proximity judgment are not attributable to maternal smoking, cocaine, or marijuana use
during pregnancy, maternal age at delivery, SES, the educational attainment or verbal
competence of the primary caregiver, or the participant’s gender, age at testing, or current
use of alcohol, cigarettes, or marijuana.

Conclusions

These data confirm findings from previous studies indicating that arithmetic is a particularly
sensitive developmental endpoint for prenatal alcohol exposure and implicate a specific
aspect of number processing—magnitude comparison—as a core deficit associated with this
exposure. Although difficulties with arithmetic are seen in both prenatal alcohol exposure
and ADHD, different aspects of number processing are affected. Whereas arithmetic
difficulties in ADHD are related to domain-general deficits in attention and executive
function, in fetal alcohol exposure these difficulties appear to be attributable primarily to a
specific deficit in the core number system involving the ability to mentally represent and
manipulate relative quantities. Given this distinction, our data suggest that interventions that
are effective for remediating arithmetic problems in children with ADHD—both
pharmacological and behavioral—are unlikely to be effective in children with prenatal
alcohol exposure and that interventions focusing on basic concepts relating to quantity and
distance warrant particular consideration in remedial work with fetal alcohol-exposed
children.
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Figurel.

Path models examining (a) the degree to which the relation of prenatal alcohol exposure to
the calculation composite score is mediated by magnitude comparison; (b) the degree to
which the relation of ADHD to the calculation composite score is mediated by magnitude
comparison; and (c) the effect of adding 1Q to the model for ADHD. The model examining
the effect of prenatal alcohol exposure is adjusted statistically for gender; none of the control
variables met criteria for inclusion in the models examining ADHD.
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Table 1
Sample characteristics (V= 262)

M or % SD
Age at assessment (years) 14.4 0.6

Gender (% male) 57.6
Socioeconomic status? 297 101
Primary caregiver’s education (years) 125 1.8
Primary caregiver’s verbal competenceb 744 133
Maternal age at delivery 27.0 6.0
Alcohol use during pregnancy (oz AA/day)¢ 03 0.7
Standard drinks of alcohol/occasion during pregnancy® 35 34
Frequency of alcohol consumption during pregnancy (days/month)€ 43 50
Smoking during pregnancy (cigarettes/day)d 154 121

Cocaine use during pregnancy (% = once/week) 21.0
Marijuana use during pregnancy (days/month)€ 3.2 35

ADHD (% meeting diagnostic criteria) 32.8

Predominantly inattentive type (%) 9.9

Predominantly hyperactive-impulsive type (%) 2.7

Combined type (%) 20.2
Adolescent alcohol use (0z AA/month)f 20 24
Adolescent smoking (cigarettes/month)d 258 2718
Adolescent marijuana use (days/month)/7 4.7 4.6
Full Scale 1Q (WISC-1Il) 792 127
83.7 118

WIAT Mathematics Reasoning standard score/

Hollingshead (1975) scale

b . .
Peabody Picture Vocabulary Test-Revised

082.4% of the mothers drank during pregnancy. Means are shown for those who drank.

d62.2% of the mothers smoked during pregnancy. Means are shown for those who smoked.

6130.2% of the mothers used marijuana during pregnancy. Means are shown for those who used marijuana.

f . -
Adolescent alcohol use data are available for 208 participants. Means are shown for the 27 who used alcohol.

gAdoIescent smoking data are available for 213 participants. Means are shown for the 8 who smoked.

Adolescent marijuana use data are available for 214 participants. Means are shown for the 13 who used marijuana.

IThe WIAT was not administered for seven cases.
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Table 3

Factor analysis of the seven number processing subtests (V= 262)

| 11
Calculation  Magnitude Comparison

Exact addition .79 19
Exact subtraction .85 .23
Exact multiplication .86 .08
Approximate addition .78 .32
Approximate subtraction .81 27
Number comparison .09 .88
Proximity judgment 37 .68
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Values are factor loadings. Bold face type indicates the factor on which the item loaded most strongly.
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