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ABSTRACT

Background: Prenatal alcohol exposure results in a broad range of
cognitive and behavioral impairments. Because of the long-lasting
problems that are associated with fetal alcohol spectrum disorders
(FASDs), the development of effective treatment programs is criti-
cal. Preclinical animal studies have shown that choline, which is an
essential nutrient, can attenuate the severity of alcohol-related cog-
nitive impairments.

Objective: We aimed to translate preclinical findings to a clinical
population to investigate whether choline supplementation can ame-
liorate the severity of memory, executive function, and attention
deficits in children with FASDs.

Design: In the current study, which was a randomized, double-
blind, placebo-controlled clinical trial, we explored the effectiveness
of a choline intervention for children with FASDs who were aged
5-10 y. Fifty-five children with confirmed histories of heavy prenatal
alcohol exposure were randomly assigned to either the choline (n = 29)
or placebo (n = 26) treatment arms. Participants in the choline group
received 625 mg choline/d for 6 wk, whereas subjects in the placebo
group received an equivalent dose of an inactive placebo treatment.
Primary outcomes, including the performance on neuropsycholog-
ical measures of memory, executive function, and attention and
hyperactivity, were assessed at baseline and postintervention.
Results: Compared with the placebo group, participants in the cho-
line group did not differentially improve in cognitive performance
in any domain. Treatment compliance and mean dietary choline
intake were not predictive of treatment outcomes.

Conclusions: Findings of the current study do not support that cho-
line, administered at a dose of 625 mg/d for 6 wk, is an effective
intervention for school-aged (5-10 y old) children with FASDs. This
research provides important information about choline’s therapeutic
window. Combined with other studies of choline and nutritional in-
terventions in this population, this study emphasizes a further need
for the continued study of the role of nutritional status and supple-
mentation in children with FASDs and the contributions of nutrition
to neurocognition. This trial was registered at clinicaltrials.gov as
NCTO01911299. Am J Clin Nutr 2016;104:1683-92.
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INTRODUCTION

Alcohol exposure during pregnancy disrupts fetal development
and results in a range of outcomes that are known as fetal alcohol
spectrum disorders (FASDs)’. Despite known adverse conse-
quences and public health warnings, women continue to con-
sume alcohol during pregnancy (1). In the United States, 7.6%
of women have reported drinking during pregnancy, and 1.4% of
women have reported binge patterns of drinking, which is par-
ticularly of high risk to the developing fetus (2). Effective,
evidence-based interventions are critically needed to ameliorate
adverse consequences in children who are affected by prenatal
alcohol exposure.

Much attention has been given to the role of nutrition as
a protective factor against alcohol teratogenesis. Notably, our
group was the first, to our knowledge, to examine the effects of
a nutritional intervention of choline with the use of a rodent
model of FASDs (3). Through a series of studies, we showed that
choline reduces the severity of alcohol’s adverse effects on be-
havioral development whether administered perinatally (4, 5) or
postnatally after alcohol exposure has occurred (3, 6, 7). Choline
mitigates behavioral deficits on tasks that depend on the func-
tional integrity of the hippocampus and prefrontal cortex in-
cluding spatial learning and memory (8), hyperactivity (8), trace
classical conditioning (9, 10), and working memory (3). Al-
though research has shown the clinical potential of choline and
other nutritional interventions in alcohol-exposed subjects, the
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majority of work has been in the preclinical phase. To our
knowledge, only 2 published studies have documented the ef-
fects of choline supplementation in clinical populations with
or at risk of FASDs. The first study was published as part of
a larger clinical trial that explored micronutrient supplementa-
tion in alcohol-consuming pregnant women in the Ukraine (11,
12) and showed that choline supplementation improved neuro-
physiologic encoding and memory in both alcohol-exposed and
-unexposed infants (13). The second study was a randomized
clinical trial of choline supplementation in preschool-aged
children with FASDs and revealed that choline improved
memory function in young children between the ages of 2.5
and 5 y (14). Therefore, given that previous clinical data
suggest some cognitive benefits of choline supplementation in
early developmental periods, we aimed to investigate the ef-
fectiveness of this intervention in older, school-aged children
with FASDs.

The current study was a randomized, double-blinded, placebo-
controlled clinical trial that examined the effectiveness of a 6-wk
choline supplementation in children with FASDs who were aged
5-10y. The goals were to /) examine whether choline improves
cognition in children with FASDs and 2) explore moderators of
treatment outcomes. We hypothesized that choline treatment
would improve memory, executive function, and attention. In
addition, a measure of motor performance was included as
a negative control, considering that preclinical studies have
demonstrated specific effects of choline on hippocampal and
frontal cholinergic systems but not on cerebellar function (8,
10). Second, we hypothesized that higher treatment compliance
and lower daily dietary choline consumption would be associ-
ated with greater benefits. It was expected that children who, at
baseline, consumed lower or deficient amounts of dietary cho-
line would have more to gain from supplementation and,
therefore, show more benefit. This research extends previous
studies and contributes to our understanding of choline’s effects
across development from infancy through late childhood. Be-
cause FASDs are not often identified until children enter school
(15), it is critical to examine treatment options for children at
older ages.

METHODS

This study was a multisite, randomized, double-blinded,
placebo-controlled, parallel-group study that was conducted
through the Center for Behavioral Teratology at San Diego State
University. All procedures were approved by the institutional
review boards at San Diego State University and the University of
California, San Diego. All caregivers and participants provided
informed consent and assent, respectively, to participate in the
study. Additional oversight was provided by an independent
Data Safety Monitoring Board. This trial was registered at
clinicaltrials.gov as NCT01911299 on 26 July 2013.

Participants

Subjects included 55 children with confirmed histories of
heavy prenatal alcohol exposure between the ages of 5 and 10 y
(mean = SD: 8.3 £ 1.75 y). On the basis of expected medium
effect sizes (Cohen’s d = 0.29-0.42) that were observed in early
phase I analyses by Wozniak et al. (16), we calculated that
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a total sample size of ~50 subjects would be needed for 80%
power to detect significant differences between treatment groups
with an « level of P < 0.05. Individuals were recruited through
the following 2 primary sites: the Center for Behavioral Tera-
tology at San Diego State University and Double ARC, which is
a nonprofit organization providing services to families of chil-
dren with FASDs in Toledo, Ohio. Children were also recruited
through the Genetics and Dysmorphology Clinic at Rady Chil-
dren’s Hospital-San Diego and postings on websites and list-
servs for families of children with FASDs. Age-eligible subjects
were recruited from May 2013 to March 2014. Of 55 partici-
pants who initiated treatment and received the allocated in-
tervention, 3 subjects were lost to follow-up and did not
complete the 6-wk intervention. Figure 1 presents the flow di-
agram of participants through the phases of the study according
to the guidelines for reporting clinical trials of the Consolidated
Standards of Reporting Trials (17).

All eligible subjects were required to meet the criteria for
heavy prenatal alcohol exposure and be primary English speakers
for the comprehension of neuropsychological tests. Heavy ex-
posure was defined as =4 drinks/occasion =1 time/wk or =14
drinks/wk during pregnancy. A history of prenatal alcohol ex-
posure was determined retrospectively through a review of
available medical, social service, or adoption records as well as
from maternal, family, and friend reports when available. In
many cases, when detailed information about timing, duration,
or quantity of alcohol consumption was unavailable, mothers
were reported to be alcoholic, alcohol abusing, or alcohol de-
pendent during pregnancy. Thirty-one participants received
a dysmorphology examination conducted by Kenneth Lyons
Jones to determine a fetal alcohol syndrome (FAS) diagnosis on
the basis of physical, craniofacial, and growth anomalies; FAS
was defined as the presence of =2 key facial features (short
palpebral fissures =10th percentile, smooth philtrum, and thin
vermillion border of the upper lip), growth deficiency (=10th
percentile for height or weight), and head circumference =10th
percentile (for further details, see reference 18). In addition, 7
participants had received a formal diagnosis of an FASD (.e.,
including a dysmorphologic and physical examination) from
other sources (e.g., by dysmorphologists other than Kenneth
Lyons Jones or the use of different diagnostic systems such as
the 4-Digit-Code (19). The remaining 18 children all met the
eligibility criteria of having confirmed histories of heavy pre-
natal alcohol exposure, as previously defined, but were not
evaluated for a diagnosis.

Exclusion criteria were as follows: a history of head injury
with a loss of consciousness >30 min; a substantial physical
(e.g., uncorrected visual impairment or hemiparesis), neurologic
(e.g., seizure disorder), or psychiatric (e.g., active psychosis)
disability that precluded involvement in the study; evidence of
any other known causes of mental deficiency (e.g., congenital
hypothyroidism, neurofibromatosis, or chromosomal abnormal-
ities); or the prescription of medications that were suggestive of
or might increase risk of atherosclerosis (e.g., 8 blockers, hor-
mone supplements, protease inhibitors, and long-term systemic
prednisone and cyclosporine) because of a remote associative
risk of choline metabolite trimethylamine-N-oxide with athero-
sclerotic heart disease in cardiac patients (20-24). Medication
changes during the treatment period did not preclude study
participation but were monitored.
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Assessed for eligibility (n = 81)

Excluded
* Did not meet inclusion criteria (n = 10)
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* Declined to participate (n = 13)
* Other reasons (n = 0)

Participants randomly assigned (n = 58)

v

.’

Assigned to choline treatment (n = 30)
* Received intervention (n = 29)
* Withdrawn before treatment (n = 1)

Assigned to placebo treatment (n = 28)
* Received intervention (n = 26)
*  Withdrawn before treatment (n = 2)

h 4

v

Lost to follow-up (n = 1)
Discontinued intervention (n = 0)

Lost to follow-up (n = 2)
Discontinued intervention (n = 0)

Analyzed

* Intention-to-treat (n = 29)

* Completers (n = 28)

* Excluded from analyses (n = 0)

Analyzed

* Intention-to-treat (n = 26)

* Completers (n = 24)

¢ Excluded from analyses (n = 0)

FIGURE 1 Flow diagram of the progression of participants through the study.

Procedures
Randomized intervention

Participants were randomly assigned to the choline or placebo
intervention in a 1:1 allocation ratio that was based on a computer-
generated list of random numbers. Random assignment was
stratified by sex and age (5-6, 7-8, and 9-10 y) with the use of
random block sizes of 2, 4, and 6 to reduce selection bias. Ran-
dom assignment was handled by an investigator with no clinical
involvement in the trial so that clinical research personnel (raters
and outcome assessors) and participants were kept blinded to the
allocation.

Children in the choline-treatment group received 625 mg
choline/d for 6 wk, which was orally administered in the form of
a glycerophosphocholine liquid concentrate (5.25 mL/d)
(Nutrasal). Glycerophosphocholine is a natural choline com-
pound that is prepared from the hydrolysis of phosphatidyl-
choline and serves as a precursor to free choline. As the
physiologic form of choline in the body, glycerophosphocholine
can rapidly cross the blood-brain barrier because of its water
solubility. Glycerophosphocholine is an important component in
human breast milk (25) and is present in many common food
items such as dairy products, olive oil, oat bran, and liver (26).
The prescribed dose of choline was 1.7-2.5 times the Adequate
Intake (AI) recommended by the Food and Nutrition Board of
the Institute of Medicine (27) depending on the child’s age
(Table 1). The combined dietary intake (28, 29) and supple-
mentation at 625 mg was unlikely to exceed that Upper Intake
Level, which, for school-aged children, is 1000-2000 mg de-
pending on the child’s age. Children in the placebo group re-
ceived an equivalent dose (5.25 mL/d) of an oral placebo

treatment (Nutrasal) that consisted of a liquid mixture of glyc-
erin, water, and xylitol sweetener that was taken daily for 6 wk.
The placebo treatment matched the glycerophosphocholine
product in taste and consistency. Caregivers were given a 6-wk
supply of the allocated treatment at the beginning of the study
after the baseline assessment. The glycerophosphocholine and
placebo were packaged in identical bottles and labeled with
participants’ identification numbers to monitor consumption.
Bottles contained no information about the contents other than
a code that allowed clinical research personnel to dispense
bottles blindly; the code was assigned by Nutrasal, and only the
investigator who was involved in the random assignment was
provided with the key. Research staff provided caregivers with
both verbal and written instructions as well as a demonstration
of how to administer the treatment.

Cognitive and dietary assessment

Before and immediately after the intervention, participants
were administered a standardized neuropsychological test battery

TABLE 1
Summary of the Institute of Medicine’s Dietary Reference Intakes for
choline and prescribed treatment doses'

Upper Intake

Age range AL? mg/d Prescribed dose, mg/d Level, mg/d
4-8y 250 625 (2.5 times the Al) 1000
9-13y 375 625 (1.7 times the Al) 2000

' Data are from the Institute of Medicine (27).
2AI, Adequate Intake.
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that lasted 90 min and consisted of tasks that measured cognitive
abilities in the domains of learning and memory, executive
function, attention, and fine motor functioning. In addition,
caregivers completed the Automated Self-Administered 24-h
Dietary Recall (ASA24) (30) at baseline and postintervention to
obtain estimates of children’s daily dietary choline intakes.
Research personnel interviewed caregivers and entered dietary
data into the ASA24 during both study visits. The ASA24 is
a web-based 24-h dietary recall interview, which asks caregivers
to report all foods and drinks that were consumed by their
children on the previous day. The measure provides detailed
information and analysis about individual-level nutrients, in-
cluding choline. Concurrent use of multivitamin and mineral
supplements was not an exclusionary criterion and was moni-
tored at both assessment points. No participant was reported to
have taken any choline-specific supplements. Caregivers were
instructed not to make any changes to their children’s dietary
supplement regimens during the course of the study, and all
caregivers denied any changes in supplements at follow-up.
Information about nutritional supplement use and data on the
nutritional status of participants have been previously reported
(28). Preliminary analyses were conducted to determine whether
dietary choline intake across preassessments and postassess-
ments could be combined. No significant differences were ob-
served over time for either treatment groups (i.e., P-group X
time interaction > 0.05). Therefore, dietary choline intake was
averaged across the 2 assessment points to obtain an estimate of
children’s typical daily intakes.

Compliance

Information about treatment adherence was collected through
treatment diaries that were completed by caregivers and by
measuring the remaining liquid volume in treatment bottles on
study completion. Each day, caregivers reported whether the
treatment was taken or missed. Full and empty treatment bottles
were collected at study completion. Any remaining liquid was
measured in mL, and calculations were performed to determine
the amounts of treatment consumed and missed throughout the
treatment period.

TABLE 2
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Tolerability and adverse events

Families were contacted weekly to assess any problems with
the treatment administration and monitor any adverse events.
Adverse events were assessed with the use of a standardized
protocol. Caregivers were asked general, open-ended questions
about whether they had noticed any adverse events since be-
ginning treatment. Subsequently, they were prompted about the
occurrence of specific events from a predefined list of 21
symptoms across 11 domains (e.g., upset stomach or fishy body
odor). In addition, caregivers were asked if they had noticed any
positive events since beginning treatment. All adverse and
positive events were recorded.

Outcome measures

A description of primary cognitive outcome measures and
variables included in the analyses is presented in Table 2. All
scores used in the analyses were raw scores with the exception
of the Grooved Pegboard, which provides age-corrected z
scores.

Learning and memory

Visuospatial memory was assessed with the use of the Paired
Associates Learning test from the Cambridge Neuropsychological
Test Automated Battery (CANTAB) (31). The CANTAB is
a computerized, touch-screen system that is frequently used in child
psychopharmacologic studies because of its extensive validation,
availability in parallel forms for repeat testing, and sensitivity to
pharmacologic manipulation (32-34).

Executive function

Several domains of executive function were assessed including
cognitive flexibility, initiation and generation, working memory,
and planning. The NEPSY-2 Design Fluency test was used to
assess cognitive flexibility and the ability to initiate and generate
ideas (35). Spatial working memory (SWM) and planning were
measured with the use of the SWM test from the CANTAB.

Description of neuropsychological measures and variables included in analyses'

Domain Subdomain Measure

Dependent variable

Description

Learning and ~ Visuospatial memory = CANTAB Paired Associates

memory Learning
Executive Cognitive flexibility NEPSY-2 Design Fluency
function
Working memory CANTAB Spatial Working
Memory
Planning CANTAB Spatial Working
Memory
Attention Sustained attention Quotient ADHD System
Motor Fine motor dexterity Grooved Pegboard

Total errors

Number correct

Total errors

Strategy score

Accuracy

Completion time

Total number of errors are adjusted for stages not completed;
lower scores are indicative of better memory

Total number of correct designs across both structured and
unstructured conditions; higher scores are indicative of
better cognitive fluency and flexibility

Total number of errors; lower scores are indicative of better
working memory

Number of times a participant begins a new search with
a different box; lower scores represent more efficient
planning

Percentage of correct responses; higher scores represent
better attention

Time taken to complete task with dominant hand; lower
scores are indicative of better motor ability

! ADHD, Attention-Deficit/Hyperactivity Disorder; CANTAB, Cambridge Neuropsychological Test Automated Battery.
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Attention

The Quotient Attention-Deficit/Hyperactivity Disorder (ADHD)
System (36) was used to assess sustained attention. The task uses
a go/no-go paradigm in which subjects were presented with one of 2
geometric shapes in spatially random positions and asked to re-
spond when the target shape appears and to withhold a response
when the non-target shape appears.

Motor

Psychomotor function was assessed with the use of the
Grooved Pegboard, which is a task of manual dexterity, hand-eye
coordination, and fine motor speed.

Statistical analyses

Statistical analyses were conducted with the use of SPSS
Statistics version 20.0 software (37). An « level of P < 0.05 (2
tailed) was used to determine significance.

Demographic data were analyzed with the use of chi-square
test for categorical variables (sex, race, ethnicity, handedness,
FAS diagnosis, and home placement), and independent-samples ¢
tests were used for continuous variables [age, body weight, and
socioeconomic status (SES)]. Demographic variables were in-
cluded as covariates if they were significantly correlated with
the dependent variable and did not interact with either dependent
or independent variables. Treatment-adherence data were ana-
lyzed with the use of Mann-Whitney U tests because of the
nonnormal distribution of compliance variables. Group com-
parisons for the number of participants who reported adverse
and positive events were analyzed with the use of Fisher’s exact
tests.

Primary outcome: cognitive performance

To evaluate the efficacy of the choline intervention, cognitive
data were analyzed as a 2 X 2 mixed-model design with treat-
ment group (choline and placebo) as a between-subjects factor
and time (pretest and posttest) as a within-subjects factor. Pri-
mary outcome measures included performance on cognitive
tasks of memory, executive function, and attention (outcome
variables are shown in Table 2). The primary analysis was an
intention-to-treat (ITT) analysis that used linear mixed-effects
models and included all participants who received the allocated
treatment (n = 55; choline: n = 29; placebo n = 26). ITT is
a strategy for the analysis of randomized controlled trials that
compares participants in the groups in which they were origi-
nally randomly assigned, which minimizes selection bias and
preserves the random assignment. All participants were included
in analyses according to their treatment group as designated by
the randomization procedure regardless of adherence to the
entry criteria or deviation from the protocol (38). All possible
main and interaction effects were explored.

Predictors of treatment outcomes

Secondary analyses were conducted to examine moderators of
treatment outcomes. Moderator variables of interest included
intervention adherence (e.g., the percentage of days the treatment
was taken as reported in the treatment diaries and the percentage
of liquid consumed as measured from treatment bottles), and
dietary choline intake (i.e., mean dietary choline intake from the
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ASA24 across pretest and posttest). Bivariate Pearson correla-
tions were first performed to assess the association between
predictor variables and cognitive outcomes at posttest. Corre-
lations that were significant at P < 0.05 were considered for
inclusion in subsequent hierarchical multiple linear regression
analyses to assess the unique influence of each predictor on
cognitive performance at posttest after accounting for age,
group, and cognitive performance at pretest. Age (if significantly
related to the dependent variable), treatment group, and cognitive

TABLE 3
Baseline demographic characteristics of the ITT sample1
Choline Placebo

Variable (n = 29) (n = 26) P?

Sex, n (%) 0.50
M 13 (44.8) 14 (53.8)

F 16 (55.2) 12 (46.2)

Age, y 8.3 = 1.60° 82+194 087

Age strata, n (%) 0.69
5-6y 6 (20.7) 8 (30.8)
7-8y 11 (37.9) 9 (34.6)
9-10y 12 (41.4) 9 (34.6)

Body weight, kg 59.8 = 15.91 63.9 = 25.43 0.47
Percentile 4477 £ 3294 498 £3500 0.58

Race, n (%) 0.78
Caucasian 20 (69.0) 17 (65.4)

African American 5(17.2) 5(19.2)
Multiracial 4 (13.8) 4 (15.4)

Ethnicity, n (%) 0.29
Hispanic 2 (6.9) 3(11.5)

Not Hispanic 25 (86.2) 18 (69.2)
Not reported 2 (6.9) 5(19.2)

SES 485 + 1299 464 * 13.65 0.55

Handedness, n (%) 0.17
Right 24 (82.8) 24 (92.3)

Left 5(17.2) 1(3.8)
Mixed 0 (0.0) 1(3.8)

FAS diagnosis,* n (%) 0.96
FAS 3(10.3) 3 (11.5)
Prenatally exposed, non-FAS 16 (55.2) 15 (57.7)

Not diagnosed 10 (34.5) 8 (30.8)

Home placement, n (%) 0.17
Biological 2 (6.9) 5(19.2)

Adopted 27 (93.1) 21 (80.8)

Psychiatric comorbidity, n (%) 0.41
None 12 (41.4) 8 (30.8)
=1 diagnosis 17 (58.6) 18 (69.2)

Medications, n (%)

Noncognitive 517.2) 6 (23.1) 0.63
Cognitive 19 (65.5) 17 (65.4) 0.85

Site, n (%) 0.58
San Diego 11 (37.9) 8 (30.8)

Ohio 18 (62.1) 18 (69.2)

lFAS, fetal alcohol syndrome; ITT, intention-to-treat; SES, socioeco-
nomic status.

2 Comparisons between treatment groups were conducted with the use
of independent samples ¢ tests for continuous variables and a chi-square test
for categorical variables.

3Mean = SD (all such values).

4 FAS children met 3 diagnostic criteria for FAS on the basis of a dysmor-
phologic examination. Prenatally exposed non-FAS children did not meet the criteria
for full FAS on the basis of a dysmorphologic examination but received a diagnosis
on the spectrum. Not diagnosed children were not evaluated for a diagnosis.



1688

performance at pretest were entered as covariates at step 1 (model 1),
the predictor variable was entered at step 2 (model 2), and
the interaction term between the predictor variable and group
was entered at step 3 (model 3).

RESULTS

Demographic data and sample characteristics

Table 3 presents descriptive data as well as statistical anal-
yses for the demographic characteristics of the ITT sample at
baseline. As expected, treatment groups did not differ on any
demographic characteristic. At baseline, groups did not signifi-
cantly differ for any outcome variable (P > 0.05).

In addition, because this was a multisite study, site differences
of demographic variables were assessed. Sites differed on age
[#(53) = —2.33, P = 0.02], body weight percentile [#(53)= —2.92,
P =0.01], and SES [#53) = 2.33, P = 0.02]. Compared with the
San Diego site, participants at the Ohio site were older (Ohio
mean age: 8.7 y; San Diego mean age: 7.6 y), were at a higher
body weight percentile (Ohio mean: 56.1th percentile, San
Diego mean: 30.0th percentile), and had lower SES (Ohio mean:
44.6, San Diego mean: 53.0). No differences were observed
between study locations for sex, race, ethnicity, handedness,
FAS diagnosis, home placement, or psychiatric comorbidity
(P > 0.07).

Compliance

Treatment diaries were returned by 98% of participants (n =51)
who completed the study. According to returned treatment di-
aries, the mean compliance rate (i.e., percentage of days the
treatment was taken) was 96.4% for the sample. A total of 24
children (47%) missed at least one dose throughout the treat-
ment period. The median number of days on which the treatment
was missed was 0.00 d, and the mean = SD was 1.64 * 2.59 d.
Treatment bottles were returned by 98% of participants (n = 51)
who completed the study. According to returned treatment
bottles, the mean compliance rate (i.e., percentage of liquid
consumed) was 95.7% for the sample. The median amount of
liquid missed was 5.38 mL (equivalent to 1.02 d of treatment), and
the mean * SD was 9.31 = 35.89 mL (equivalent to 1.77 d of
treatment). Treatment compliance, on the basis of treatment diaries
and liquid measurements, did not differ by group (P > 0.37).

Adverse events

Data on reported adverse and positive events are presented
in Table 4. Thirty-six children (65%) reported =1 adverse
event throughout the treatment period. Groups did not differ
for the number of participants with reported adverse events
in any category (P > 0.15) although the number of children
who reported =1 adverse event in any category was signifi-
cantly higher in the choline group than in the placebo group
(P = 0.03). There were no reported serious adverse events in
either group.

Primary outcome: cognitive performance

The effectiveness of the intervention was assessed by com-
paring the pretest and posttest cognitive performance between
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TABLE 4
Participants who reported adverse events during the course of the study1
Choline Placebo

Adverse event (n=29) (n =26) P?
General health 4 (13.8) 2(7.7) 0.67
Skin 11 (37.9) 5(19.2) 0.15
Ear, nose, throat 1 (3.4 0 (0.0) 1.00
Cardiovascular 1 (3.4 0 (0.0) 1.00
Respiratory 0 (0.0) 1(3.8) 0.47
Gastrointestinal 12 (41.4) 7 (26.9) 0.40
Genitourinary 0 (0.0) 1 (3.8) 0.47
Musculoskeletal 134 1(3.8) 1.00
Neurologic 3 (10.3) 0 (0.0) 0.24
Behavioral 7 (24.1) 4 (15.4) 0.51
Allergy 13.4) 1(3.8) 1.00
=1 adverse event in any category 23 (79.3) 13 (50.0) 0.03
Positive events 9 (31.0) 6 (23.1) 0.56

'Data are presented as n (%).
2 Comparisons between treatment groups were conducted with the use
of Fisher’s exact test.

groups. Separate 2 (group) X 2 (time) repeated-measures mixed-
effects models were performed for each cognitive variable.
Mean scores for each group for each cognitive measure are
presented in Table 5.

Memory

The demographic variable of age was significantly related to
memory performance scores at both pretest and posttest and was
included in the analysis as a covariate. The analysis of Paired
Associates Learning revealed a main effect of time (F|; 522, =15.85,
P = 0.02); both groups significantly improved at posttest com-
pared with at pretest. No main effect of group (Fi; 52,6 = 0.076,
P =0.78) or group X time interaction (F[, 552 = 0.123, P = 0.73)
was observed. Age was a significant covariate (F|; 5207 = 6.35,
P =0.02).

Executive function

Age was significantly related to executive function perfor-
mance on both the Design Fluency and SWM tasks and was
included in these analyses as a covariate. For all analyses in
which age was included, age was a significant covariate
(P < 0.001).

For Design Fluency, analyses revealed a significant main effect of
time (F[; 488 = 6.93, P = 0.01); fluency performance across both
groups significantly improved at posttest compared with at pretest.
There was no main effect of group (F|; 5015 = 0.760, P = 0.39) or
group X time interaction (Fjj4ss = 1.05, P = 0.31). The
analysis of SWM total errors revealed a significant main effect
of time (Fy 4831 = 4.27, P = 0.04); across both groups, SWM
errors significantly declined at posttest compared with at pretest.
There was no main effect of group (F; 500, = 0.000, P = 0.99) or
group X time interaction (Fpj4g4; = 1.02, P = 0.31). For SWM
strategy, analyses did not reveal a significant main effect of group
(Fi151.4) = 1.68, P = 0.20), time (F[; 51,0 = 0.303, P = 0.59), or
group X time interaction (Fj; 510 = 1.03, P = 0.32).

Attention

Age was significantly related to Quotient ADHD Accuracy
and was a significant covariate for accuracy (F[j4s51; = 11.2,
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TABLE 5
Mean cognitive scores by group at pretest (baseline) and posttest
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Choline

Placebo Analyses, P

Main effect  Main effect

n Mean = SD  Cohen’sd n Mean = SD  Cohen’s d of group of time Interaction
Paired Associates Learning —0.17 —0.23 0.78 0.02 0.73
Pretest 29 37.7 = 49.95 26 36.6 * 53.14
Posttest 28  29.3 * 48.64 23 26.0 * 38.59
Design Fluency 0.28 0.21 0.39 0.01 0.31
Pretest 29  16.1 £7.99 24 159 £7.71
Posttest 28 18.5 = 9.36 22 17.5 = 7.68
Spatial Working Memory total errors —0.14 —0.37 0.99 0.01 0.31
Pretest 29 59.6 = 12.99 26 62.0 £ 18.81
Posttest 28 57.5 £ 15.87 23 547 £20.84
Spatial Working Memory strategy 0.36 —0.08 0.20 0.59 0.32
Pretest 29 374 £262 26 372 £3.56
Posttest 28 384 =286 23 369 £4.13
Quotient ADHD' Accuracy 0.07 0.05 0.24 0.97 0.72
Pretest 27  64.8 £ 12.60 22 703 = 12.69
Posttest 23 657 £ 11.71 20 709 * 1293
Grooved Pegboard —0.21 —0.41 0.75 0.01 0.92
Pretest 29 090 £ 1.52 25 1.1 =214
Posttest 27 0.57 £ 1.66 22 037 £1.30

! ADHD, Attention-Deficit/Hyperactivity Disorder.

P =0.002). No significant main or interaction effects were ob-
served (group: Fy 457 = 1.40, P = 0.24; time: F[; 45 9) = 0.002,
P =0.97; group X time: F|; 4;.9; = 0.127, P = 0.72).

Motor

No demographic variables were significantly associated with
motor performance; therefore, the analysis was continued without
covariates. The analysis of the Grooved Pegboard revealed a sig-
nificant main effect of time (Fj;4s52 = 7.01, P = 0.01). Motor
performance across both groups improved at posttest. No main
effect of group (Fpj496; = 0.106, P = 0.75) or group X time
interaction (F|j 452; = 0.010, P = 0.92) was observed.

Post hoc completers analyses

Analyses were repeated with the use of general linear models
that included only participants who completed the study (n = 52;
choline: n = 28; placebo: n = 24), and results did not change.

Contribution of age

Age was significantly related with most dependent variables
and was included as a covariate when appropriate. However,
because of the possibility that children in various age groups
might have differentially responded to treatment, primary data
analyses were repeated with age group (e.g., 5-6, 7-8, and 9-10y)
as a between-subjects factor to investigate if a therapeutic window,
during which choline supplementation may have been most ef-
fective, was evident; such findings might have been overshadowed
by adjusting results for age alone. No significant interaction of
group X time X age group was observed for any cognitive out-
come variable (P < 0.05), which suggested that the treatment
effect did not vary by age.

Predictors of treatment outcome

Treatment compliance, according to returned treatment bot-
tles, showed a significant, positive correlation with SWM strategy
at posttest (r =0.34, P = 0.01). Treatment compliance, according
to returned treatment diaries, and mean choline dietary intake, as
measured with the use of the ASA24, were not significantly
correlated with any cognitive variable.

A hierarchical multiple linear regression analysis was per-
formed with SWM strategy at posttest as the dependent variable.
Model 1 was not statistically significant (R* = 0.05, P = 0.31), but
the model fit significantly improved with the addition of the
moderator variable (AR2 =0.10, AP = 0.02; model 2). Treatment
compliance emerged as a significant predictor of SWM strategy
(B = 0.32, P = 0.02) after controlling for the performance at
pretest and treatment group. However, the direction of this re-
lation was contrary to expectations because increased treatment
compliance was associated with less-efficient planning. The
model fit did not significantly improve with the addition of the
interaction term (AR2 =0.01; AP = 0.49; model 3).

DISCUSSION

The current study was a randomized, double-blinded, placebo-
controlled trial with which we sought to examine the effec-
tiveness of a 6-wk choline intervention for children with heavy
prenatal alcohol exposure. The results did not support the efficacy
of choline as a cognitive intervention for 5- to 10-y-old children
with FASDs. Both ITT and completer analyses failed to show
choline-related improvements in learning and memory, executive
function, or sustained attention. Both treatment compliance and
dietary choline were not predictive of improved treatment out-
comes. An examination of the groups separately revealed that
small effect sizes and sample sizes would have to have been
inordinately large to confidently draw conclusions from the
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results; in addition, the possibility of a type Il error could not be
ruled out (achieved power ranged from 0.13 to 0.84). The null
findings of this clinical trial were unanticipated because of the
strong evidence that has suggested beneficial effects of choline
supplementation in animal models of both typical development
(39) and prenatal alcohol exposure (3-8, 10). However, this
investigation was only one of a few trials to translate the afore-
mentioned animal research to a human clinical trial of choline
supplementation in FASDs, and previous studies, at earlier ages,
have suggested some positive beneficial effects (13, 14). Be-
cause of the early stage of this field of research, factors may
have contributed to the divergent findings that were observed in
this study compared with in other clinical studies and with the
preclinical data.

One explanation may be that the age range that was targeted
in this study was outside choline’s therapeutic window. Preclinical
studies have shown that choline supplementation is effective
when administered from postnatal days 11-20 and 21-30 in the
developing rat (7); these developmental phases are in parallel
with early childhood and late childhood, respectively—the latter
of which corresponds to the developmental stage of children in
the current study. During this time, choline improved spatial
learning and object recognition, which are abilities that are
mediated by the hippocampus. Choline continued to ameliorate
alcohol’s detrimental effects from postnatal days 40-60 (i.e.,
equivalent to adolescence) (40); however, effects were restricted
to working memory and did not affect problems with over-
activity or spatial learning, which suggested that choline targets
different brain systems as development progresses and the brain
matures (i.e., the prefrontal cortex is one of the last cortical
regions to mature, whereas hippocampal development occurs
within the first 5 y of life). Thus, although choline’s critical
period is quite large, and effects can be seen in later de-
velopmental periods, supplementation earlier in development
has greater benefits (5, 7). Wozniak et al. (14) observed im-
proved memory in children aged 2.5 to =4 y but not in children
aged >4 to 5 y, which was consistent with both the timing and
pattern that have been shown in preclinical studies. When we
examined age strata as a factor, the data did not indicate a dif-
ferential treatment response within any particular age group of
children. Together, the clinical data suggest that choline’s
therapeutic potential may not extend beyond 4 y of age, and
earlier intervention is likely needed for maximal success. An
important caveat is that the sample sizes within each age strata
were very limited; thus, it is possible that a therapeutic window
exists within the age range examined, but small sample sizes
prevented its detection.

Furthermore, the treatment duration examined in this study
may have been too short. The treatment duration of previous
clinical studies was ~9 mo (13, 14). In preclinical studies, the
period of choline administration ranged from 10 to 20 d, which
is equivalent to years in human development. The results from
these studies suggest that choline’s effects are due to structural
changes in brain development (3) (e.g., increased hippocampal
neurogenesis (41-43). However, choline is hypothesized to have
multiple mechanisms of action including acute changes in
cholinergic activity, changes in cellular membranes and signal-
ing pathways, and epigenetic modification of gene expression
(44, 45). The rationale for a short-term intervention was based
on the extant literature that has supported the acute effects of
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choline on cognitive function through the enhancement of brain
acetylcholine levels even after treatment periods as short as
90 min (46—49). However, note that these were studies of normal
populations. Acute cholinergic supplementation may not be
sufficient to overcome developmental brain insult that results
from prenatal alcohol exposure. Moreover, the doses adminis-
tered in the aforementioned studies were quite large [e.g., 10 g,
which is ~18-25 times the Al for adults (49)], which raises
another possibility that the dose of choline supplemented in the
current study was too low, at least for an acute effect.

Another important consideration in understanding the effect of
choline supplementation is the form of choline administered.
Preclinical studies have primarily used choline salts (e.g., choline
chloride or bitartrate) as did Wozniak et al. (14). We chose
glycerophosphocholine for several reasons as follows: /) glyc-
erophosphocholine is not converted to trimethylamine in the
gut, which can impart a fishy body odor and, thereby, may re-
duce compliance; 2) the relative bioavailability of glycer-
ophosphocholine is higher than that of phosphatidylcholine and
choline salts and can more rapidly cross the blood-brain barrier
(50, 51); and 3) glycerophosphocholine has been shown to better
augment the levels and release of brain acetylcholine, at least in
dementia populations (52-54). The administration of choline in
different forms has likely contributed to the variability of results
across clinical and preclinical studies due to differences in
biological effects. Although previous literature has supported
the use of glycerophosphocholine, a variety of other factors may
interact with the choline form.

A major limitation of the current study is that serum choline
concentrations were not measured because of resource limita-
tions. Thus, it was not possible to confirm differences in choline
concentration between treatment groups, to compare findings
with previous studies, or to determine participant choline intake
relative to the Al. However, data were collected on the dietary
nutritional status of participants, and children across both groups
were observed to have consumed significantly lower amounts of
choline and other important nutrients compared with typically
developing children in the United States and established Al levels
[previously reported (28)]. In addition, to increase the ecologic
validity, children with comorbid behavioral and psychiatric
disorders (e.g., ADHD) were not excluded. Psychiatric comor-
bidity is a risk factor that is associated with a poorer response to
intervention (55) and can be associated with cognitive impair-
ment independent of prenatal alcohol exposure (56-58). Al-
though concomitant psychopathology in the sample may have
diluted the findings, psychiatric comorbidity was equivalent
across groups, which minimized its impact. Furthermore, care-
givers were asked to refrain from administering any cognitive-
enhancing medications on testing days; however, this may not
have been sufficient given the cumulative effects of these
medications and depending on their half-life or washout time.
Finally, single nucleotide polymorphisms can influence meta-
bolic efficiency and, consequently, an individual’s dependency
on dietary choline (59-61), which may underlie interindividual
variability in responsiveness to supplementation. Despite these
limitations, the current study had many notable strengths and
adds to the available literature in several respects. A primary
strength of this study was its methodologic rigor as a random-
ized, double-blinded clinical trial. In addition, participants
were recruited from 2 centers across the United States and
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encompassed a wide range of SESs representative of the general
FASD population. Other strengths were the low rates of participant
dropout and adverse events and the high rate of treatment adher-
ence. Ninety-five percent of participants completed treatment with
a compliance rate of 96%. These rates are consistent with those of
previous studies (14, 16) and further support that choline supple-
mentation is feasible and tolerable in children with FASDs.

In conclusion, to our knowledge, this investigation is the first
study to examine choline supplementation in children of school
age around the time that the effects of alcohol are most commonly
noticed. Although findings do not support our hypotheses, the
study provides important information about the upper limits of
choline’s therapeutic window in children with FASDs. Together
with a few other investigations of choline and nutritional in-
terventions in this population, this study emphasizes a further
need for the continued study of the role of nutritional status and
supplementation in children with FASDs and the contributions
of nutrition to neurocognition. In addition, future studies should
incorporate a genetic analysis of single nucleotide polymorphisms
that are related to choline metabolism, which may identify sub-
populations of individuals who may be more-readily responsive
to treatment or require higher amounts of supplementation. An
understanding of these differences may help us to target and
customize interventions at the level of the individual rather than
solely at the group level.
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