FASEB Journal logo

Research | Fr%%%t!%§
Ab

out

Maternal choline supplementation during the
third trimester of pregnancy improves infant

information processing speed: a randomized,

double-blind, controlled feeding study

Marie A. Caudill, Barbara J. Strupp, Laura Muscalu, Julie E. H. Nevins, and Richard L. Canfield

Published Online: 29 Mar 2018 https://doi.org/10.1096/f].201700692RR

Abstract

Rodent studies demonstrate that supplementing the maternal diet with choline during pregnancy
produces life-long cognitive benefits for the offspring. In contrast, the two experimental studies
examining cognitive effects of maternal choline supplementation in humans produced inconsistent
results, perhaps because of poor participant adherence and/or uncontrolled variation in intake of
choline or other nutrients. We examined the effects of maternal choline supplementation during
pregnancy on infant cognition, with intake of choline and other nutrients tightly controlled. Women
entering their third trimester were randomized to consume, until delivery, either 480 mg choline/d
(n=13) or 930 mg choline/d (7= 13). Infant information processing speed and visuospatial
memory were tested at 4, 7, 10, and 13 mo of age (7= 24). Mean reaction time averaged across the
four ages was significantly faster for infants born to mothers in the 930 (vs. 480) mg choline/d
group. This result indicates that maternal consumption of approximately twice the recommended
amount of choline during the last trimester improves infant information processing speed.
Furthermore, for the 480-mg choline/d group, there was a significant linear effect of exposure
duration (infants exposed longer showed faster reaction times), suggesting that even modest
increases in maternal choline intake during pregnancy may produce cognitive benefits for
offspring.—Caudill, M. A., Strupp, B. J., Muscalu, L., Nevins, J. E. H., Canfield, R. L. Maternal choline
supplementation during the third trimester of pregnancy improves infant information processing
speed: a randomized, double-blind, controlled feeding study.



Demand for the essential nutrient choline is extremely high during prenatal development because
dBh fiERationg ivafetal and placental tissue expansion, DNA methylation, and other physiologic
processes (1-3). Choline supply is of particular importance for the developing brain because itis a
precursor of acetylcholine, a key neurotransmitter for regulating neuronal proliferation,
differentiation, migration, maturation, plasticity, and survival, as well as for synapse formation (4
-8). Choline also provides substrate for the formation of phosphatidylcholine and sphingomyelin,
principal components of neuronal and other cellular membranes required for signal transduction,
brain development, and fetal growth (9-11). Moreover, choline is the primary dietary source of
methyl groups, which, via epigenetic modifications, can exert lasting effects on gene expression (8,
12, 13).

More than 25 yr of research with rodents has consistently demonstrated that supplementing the
maternal diet with additional choline produces life-long cognitive benefits for the offspring (14, 15).
Furthermore, maternal choline supplementation not only improves offspring spatial memory and
attentional function in young adult animals (16-20) but also can reduce or prevent normal age-
related decline in those core cognitive functions (15). Maternal choline supplementation is also
neuroprotective against a range of prenatal and early postnatal neural insults (21-25). The exact
mechanisms responsible for those beneficial effects on cognitive performance are incompletely
understood but are likely linked to the enduring neuroanatomic, neurochemical, molecular, and
electrophysiologic changes that are caused by variations in prenatal choline supply (15, 24).

Despite numerous studies showing beneficial cognitive effects of maternal choline
supplementation in animal models, only two experimental studies have been conducted, to our
knowledge, to evaluate that putative effect in humans. Ross et a/. (26) conducted a randomized,
placebo-controlled trial of phosphatidylcholine supplementation (~900 mg choline/d), beginning in
the second trimester of pregnancy and continuing into the third postnatal month. At 5 wk of age, a
greater percentage of the infants in the choline-supplemented group, relative to the control group,
exhibited electrophysiologic evidence of cerebral inhibition in an auditory, evoked-response
task—a characteristic associated with a reduced risk of both attentional dysfunction and
schizophrenia as the child matures. In the other study, Cheatham et a/. (27) randomized pregnant
women to placebo or supplemental phosphatidylcholine (750 mg choline/d) from 18 wk gestation
through 90 d postpartum. Infants were tested at both 10 and 12 mo of age using tasks of short-
term, visuospatial memory and long-term, episodic memory but, contrary to predictions from the
animal work, no effects of maternal choline supplementation were observed. It is not clear why
this latter study did not observe a cognitive benefit of increased maternal choline intake. However,
it could be due to poor participant adherence and/or uncontrolled variations in the intake of
choline and other nutrients. In the current study, we sought to further examine that question in
humans under conditions of highly controlled maternal intake of choline and other nutrients.

MATERIALS AND METHODS

Study design

The present study was a single-center, randomized, double-blind, parallel-group controlled feeding
intervention conducted at Cornell University (3). Ethics approval was obtained from the
Institutional Review Board for Human Study Participant Use at Cornell University. This trial was



registered (NCT-1127022) at the U.S. National Library of Medicine (Bethesda, MD, USA;
HBpEASEBRRaratiege go/); it was not overseen by a data monitoring committee and is now closed.

Participants

Pregnant women were recruited between January 2009 and October 2010 at maternity clinics
throughout the Ithaca (NY, USA) region using flyers. Eligible participants were 221 yr old, entering
their third trimester of pregnancy (self-reported), and were willing to comply with the study
protocol, which required them to eat 25 meals/wk on-site, and consume only study-provided foods
and beverages. Women were excluded if they were anemic (based on complete blood cell count),
had blood markers of kidney and liver function outside of the reference range (based on blood
chemistry profile), or reported having cardiovascular disease, cancer, type 1 or 2 diabetes mellitus,
gastrointestinal disorders, or kidney or liver disease (based on health questionnaire). Additional
exclusion criteria included use of prescription medications known to affect liver function; presence
of >1 fetus; self-reported tobacco, drug, or alcohol use during gestation; or presence of pregnancy-
associated complications (e.g., preeclampsia, gestational diabetes). Of the 29 women recruited, 26
(90%) completed the protocol, and 24 (83%) provided written, informed consent to have their
infants participate in the cognitive-assessment component of the study (Fig. 1). One of the
pregnant women in the 480 mg choline/d group inadvertently entered the study at gestational
week 23 (rather than wk 27), which increased her exposure time to the study intervention.
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Figure 1. Trial profile. Flow of participants through the study screening, intervention,
[B] FA$RE ipfantidatlow-up study phases.
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Randomization and masking

Upon study entry, pregnant women were randomized on a 1:1 ratio to receive either 480 or 930
mg choline/d. All women consumed the standard study diet (providing 380 mg choline/d) and a
choline supplement of either 100 or 550 mg/d to achieve target choline doses of 480 or 930 mg/d,
respectively. The supplement was mixed with cranberry-grape juice and served in 50-ml, color-
coded, conical tubes (opaque blue or purple) to conceal the supplemental dose from the
participant. Study personnel who performed the cognitive assessments and statistical analyses
had no role in the intervention phase of the feeding study and were blinded to the choline dose
assignment.

Procedures

Feeding study

Eligible pregnant women entered the feeding study on a rolling basis until target numbers of 13 in
each choline group were achieved. The study diet (3) provided an average of 380 mg choline/d and
2100 calories/d across the 7-d rotational menu, which could be adjusted to meet caloric needs by
adding or subtracting noncholine containing foods and beverages (e.g., white rice and sugar-
sweetened beverages). Supplemental choline (choline chloride; Balchem, New Hampton, NY, USA)
at intake levels of 100 or 550 mg was prepared by study personnel, as described in Yan et a/. (3).
On weekdays, participants consumed at least 1 meal/d and drank the choline supplement under
the supervision of study personnel in the Human Metabolic Research Unit. All other weekday
meals were provided as take-away food and were consumed off site. On weekends, participants
consumed all meals off site and were instructed to consume the supplement with the take-away
meal of their choice. Participant adherence to the designated two levels of choline intake was high,
based on in-laboratory monitoring of the consumption of the choline supplement on 5 of 7 d/wk,
completion of daily food checklists, and the return of the supplement and food containers. Further
evidence for excellent adherence was provided by the finding that fasting plasma concentrations
of choline and its metabolites were significantly greater in the women consuming 930 mg
choline/d than in those consuming 480 mg choline/d (3).

To meet nutrient recommendations and consensus guidelines for pregnant women (11, 28) and to
further ensure comparable nutrient intake, participants received the same daily, over-the-counter,
prenatal multivitamin supplement (Pregnancy Plus; Fairhaven Health, Bellingham, WA, USA), a 200-
mg docosahexaenoic acid supplement (Nature’'s Way Neuromins; Schwabe North America, Green
Bay, WI, USA), and a thrice weekly potassium and magnesium supplement (General Nutrition
Corp., Pittsburgh, PA, USA). These supplements were consumed at the on-site meal during the
week and with an off-site meal on weekends.

Most women completed the 12-wk feeding study before delivering their babies. Those who had
not delivered after 12 wk continued the designated supplement regimen until delivery.



Data collection
[A) FASEB Journal logo

Maternal and newborn information were obtained from medical charts at the time of delivery.
Maternal information included due date, complications during the third trimester of pregnancy,
and complications during labor or delivery. Newborn information included the date and method of
delivery, gestational age, birth weight, and gender.

Cognitive testing

During 1-h laboratory visits at ~4, 7, 10, and 13 mo of age, infants performed a visual attention
task designed to measure the latency of saccadic eye movements to locations on a display screen,
in which small, animated pictures appeared. Two types of saccades are distinguished in this task:
7) visually guided reactive saccades, which occur when the infant detects a peripheral stimulus and
makes an abrupt shift in visual fixation to align the fovea with the visual target; and 2) memory-
guided, anticipatory saccades, which occur when the infant predicts the appearance of a future
picture based on detecting the spatiotemporal regularity of past picture onsets (29). Reactive
saccades provide an early measure of information processing speed—widely acknowledged to be
an important dimension of individual differences in human cognitive performance and intelligence
(30). That is, infant saccade reaction time, assessed on 1 occasion as early as 3-4 mo of age,
predicts information processing speed later in childhood (assessed in a manual reaction time
paradigm) and childhood intelligent quotient (IQ) scores (31, 32). Moreover, longitudinal studies
reveal that infant saccade reaction time shows lawful, age-related changes across the first year of
life and robust stability of individual differences during infancy (33, 34). In contrast, the number of
anticipatory saccades an infant makes depends greatly on the nature of the stimulus sequence
presented and has not generally provided a reliable index of age-related changes or individual
differences during infancy (33, 34). However, measures of visual anticipation in young infants have
been shown to predict IQ scores in childhood (32) and some components of adult IQ (35).

For the present assessments, infants sat on their caregiver’s lap in a darkened room, 60 cm from a
computer monitor, and viewed a sequence of animated images that appeared briefly at 10° to the
left or right of visual center. Each image appeared for 700 ms and was followed by a 1.0-s
interstimulus interval (blank screen). Infrared corneal reflection videography was used to record
the eye region (at 30 Hz) as infants made visual fixation shifts during the 37-image sequence. The
side of appearance of the first 7 images (baseline sequence) was unpredictable, whereas the
subsequent 30 images appeared in a predictable left-right alternation (postbaseline sequence).
For each video frame of eye movement data, eye position and stimulus position were scored off-
line by human observers (blinded to the choline intake level of the mother) using computer-
assisted software. Saccade latencies were computed as the difference between the time of
stimulus onset and the time the infant’s eye began rotating to fixate at the location of the stimulus.
A predictive saccade was defined as any fixation shift directed toward the next stimulus location
that occurred before the actual onset of the stimulus (/.e., during the interstimulus interval) plus
those saccades that occurred so quickly after stimulus onset that they could not have been
triggered by the visual information itself (i.e., <133 ms) (34). Fixation shifts that followed the onset
of the stimulus onset by 2133 ms were defined as reactive (/e visually guided) saccades (34).



tcomes
FASEB Journal logo

Our primary outcome was the mean saccade reaction time for the stimulus-guided fixation shifts.
Our secondary outcome was the number of predictive saccades. Both outcomes were measured at
ages 4, 7,10, and 13 mo and were computed separately for fixation shifts to unpredictable stimuli
during the baseline sequence and for fixation shifts during the postbaseline alternating sequence.
As a result, each infant could contribute up to 2 data points for each outcome at each assessment
age.

Statistical analysis

The sample size of the pregnant women who participated in the feeding study was based on a
power calculation that predicted differences of 20% in biomarkers of choline metabolism (choline
and betaine) with a power of 80% at an a of 0.05 between choline intake groups (/.e., 480
compared with 930 mg/d). For the mean saccade reaction time, analyses were powered at >80% to
detect a difference of 10% between groups. All participants were included in all analyses by
intention to treat. Statistical analyses were conducted using linear or logistic mixed-model
methods in SAS 9.4 software (SAS Institute, Cary, NC, USA). Statistical significance was set at P<
0.05 for main effects and £< 0.10 for interactions. All tests were 2-tailed.

For mean saccade reaction time, we used linear, mixed-effects regression modeling for
longitudinal data with random coefficients to estimate and test parameters of individual growth
curves (36). Age was entered as the natural logarithm of postnatal age in days on each of the 4
testing dates to account for the nonlinearity of age-related change in saccade reaction time during
that age period (34).

The effects of maternal choline intake level on mean saccade reaction time was first examined
using an unadjusted model that included fixed effects for the independent variables choline intake
(480 or 930 mg/d), infant age in days (~4, 7, 10, and 13 mo), and image sequence type
(unpredictable baseline vs. predictable postbaseline sequence). Random effects were estimated
for the intercept and slope of age, for sequence type as a grouping variable, and for the individual
child. We used restricted maximum-likelihood estimation and assumed an unstructured variance
—-covariance matrix. This model tested whether greater third-trimester, maternal choline intake
resulted in faster infant mean saccade reaction time and whether the choline dose effect, if any,
varied as a function of age, the type of image sequence, or the interaction of age and sequence
type (ie., all interactions included).

For adjusted analyses, we prespecified the inclusion of covariates known to be prognostic of infant
cognitive outcomes. First, we included maternal age at conception and maternal education
because recruitment for the feeding study did not include them as stratification variables. Second,
we included gestational age, birth weight, and presence of labor or delivery complications because
they were unknowable at the time of random assignment. Finally, ethnicity/race was included as a
covariate because it affected the randomization (37) (via a minimization procedure). In this a priori
model, covariates were entered only as fixed main effects (no interactions included). After the
adjusted analyses, we conducted a secondary analysis to explore a refinement to our exposure
estimation.



The same modeling approach was used for the secondary outcome, number of predictive
siE|cBaREB withahedollowing exceptions. First, because number of predictive saccades is a count
variable, we used logistic, mixed-model regression methods with Poisson distribution and used the
logarithm of the number of opportunities to anticipate a picture as an offset, using the SAS 9.4
Glimmix procedure. Second, because the number of predictive saccades has no confirmed pattern
of age-related change, postnatal age was entered as an untransformed variable, and only a
random intercept was included.

RESULTS

Data were obtained from 24 of the 26 eligible infants (92%). Table 1 shows baseline demographic
and clinical characteristics of mothers and infants that were considered in the statistical models for
the 480 and 930 mg choline/d groups. No adverse effects of the choline doses were reported.

N

TABLE 1. Maternal health and demographics, pregnancy and delivery, and birth outcomes
characteristics

Characteristic Third trimester choline intake

480 mg/d (n=12) 930 mg/d (n=12)

Health and demographics?®

Age (yr) 28.8 (2.8) 28.2 (4.0)

Body-mass index 23.7 (3.2) 23.4 (3.1)

Primiparous 7 (58.3) 4 (33.3)
Education”

<4-yr college degree 1(8.3) 4 (33.3)

24-yr college degree 11 (91.7) 8 (66.7)
Ethnicity?

White 8 (66.7) 6 (50.0)

Black 0(0.0) 1(8.3)



Efhavacteristicgo Third trimester choline intake

480 mg/d (n=12) 930 mg/d (n=12)
Hispanic 2(16.7) 2(16.7)
Asian 1(8.3) 3(25.0)
Mixed 1(8.3) 0(0.0)
Pregnancy and delivery
Gestation length (wk)? 40.2 (0.87) 39.9 (0.42)
Labor/delivery complications® 5(41.7) 4 (33.3)
Delivery method (vaginal)® 10 (83.3) 12 (100.0)
Birth outcomes
Gender (female)? 2(16.7) 3(25)
Birth weight (kg)? 3.50 (0.43) 3.47 (0.32)
aData are means + sd.
bData are numbers (%).
< >

Saccade reaction time

For mean saccade reaction time, data were available for 139 of 192 possible participant visits (72%)
and a total of 1477 stimulus presentation trials. Unadjusted regression analyses revealed that,
when averaged across all ages and both sequence types (unpredictable, predictable), the
estimated mean saccade reaction time for infants in the 930 mg choline/d group was 22.6 ms
faster [confidence interval (Cl): 1.3-43.8 ms; £P= 0.03) than the mean saccade reaction time for
infants in the 480 mg choline/d group (Supplemental Fig. 1). There was a highly significant effect of
age at reaction time assessment (£< 0.0001), indicating that saccade reaction times became faster
from 4 to 13 mo. However, that age-related increase in speed did not differ by choline intake group
(interaction P=0.3). There was also no effect of sequence type and no interactions involving any
combination of intake group, sequence type, or age (all values £>0.2).



Adjusted analyses from the a priorimodel revealed a greater (33.8 ms; Cl: 2.7-54.8 ms) beneficial
eBhAA6FRiguermaternal choline intake, as compared with the unadjusted model estimate. The
statistically significant difference (P=0.03) in reaction time- between the two choline intake groups
is illustrated in Fig. 2, which also shows the decline in mean saccade reaction time with increasing
age for both groups (P< 0.0001) and that the effect of maternal choline intake level did not differ
significantly as a function of age (age x choline intake group interaction P= 0.4). Gestational age
was the only significant fixed-effect covariate (P = 0.04). The model estimated that each additional
week of gestation was associated with an 18.3 ms decline (Cl: 0.5-36.1) in mean saccade reaction
time (when saccade reaction time was estimated at gestation age of 40 wk and infant age of 7 mo).
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Figure 2. Infant mean saccade reaction time as a function of age and maternal third-
trimester choline intake group status. Data points are predicted values from the a
priori mixed-effects regression model of maternal choline intake group on mean
saccade reaction time, adjusted for the natural logarithm of infant age at testing,
gestational age at birth, birth weight, presence of pregnancy or labor complications,
maternal age, maternal ethnicity, and maternal education level. Each infant could
contribute up to 2 data points for mean reaction time at each age, one for the baseline
sequence and one for the postbaseline alternating sequence. The choline intake group
effect is significant at 2= 0.03. Lines represent least-squares linear-regression
estimates and shadings represent 95% confidence limits.
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To further characterize dose-response in an intent-to-treat fashion, we explored the possibility
that gestational age was serving as a proxy for differences in duration of choline exposure by
including the number of days of exposure to the intervention in our a priori~adjusted model. In



that model, there was a statistically significant effect of days of exposure (P=0.02); the estimated
elBhfA6EBheurhmlpge dose was 51.3 ms (Cl: 15.8-86.7 ms), and the effect of gestational age was no
longer significant (P=0.3). In a final model, we estimated the simple effects of days of exposure to
the intervention, nested in dose, which revealed a significant effect of exposure days for the 480
mg choline/d group (b= -2.25; se = 0.64, £< 0.001), but no effect in the 930 mg choline/d group (b
=-0.17; se =1.27, P=0.9). Figure 34 shows the dose-response for the predicted mean saccade
reaction time by days of prenatal exposure to 480 mg choline/d intake for all ages combined, and
Fig. 3B8shows that relationship at each assessment age.
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Figure 3. Infant mean saccade reaction time as a function of the number of days of
third-trimester maternal intake of 480 mg choline/d. A) Data points are predicted
values of mean saccade reaction time for all ages combined (estimated at the mean
age of 8.05 mo) from the a priori mixed-effects regression model, adjusted for days of
maternal third-trimester intake of choline at 480 mg/d, the natural logarithm of infant
age at testing, gestational age at birth, birth weight, presence of pregnancy or labor
complications, maternal age, maternal ethnicity, and maternal education level. Each
infant could contribute up to 2 data points for mean reaction time at each age, one for
the baseline sequence and one for the postbaseline alternating sequence. The simple
slope estimate for the effect of days of third-trimester maternal choline intake at 480
mg choline/d is -2.25 (se = 0.64, < 0.001) and is represented by the least-squares
fitted line. The shading represents the 95% confidence limit for the slope estimate. 5



The same relationship estimated separately for each assessment age (4, 7, 10, and 13

[B] FASRSJillastreging the consistency of the effect of days of choline intake within each
assessment age. The reduced range for the abscissa in the plot of 4-mo data is due to
missing data, at that age only, for the participant with the longest duration of prenatal
exposure.
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Predictive saccades

The unadjusted model revealed the expected finding that infants produced more predictive
saccades during the predictable stimulus sequence than they did during the unpredictable
baseline sequence (mean difference = 1.14; £<0.0001). However, no significant effect of maternal
choline intake during pregnancy was detected for the number of predictive saccades (mean
difference = 0.08; P=0.7). Adjustment for covariates in the a priorimodel did not alter that result
(mean difference = 0.08; P=0.6) but revealed that infants who experienced a medical complication
during pregnancy or labor produced fewer predictive saccades than did infants without such
complications (mean difference = 0.39; £=0.01). The number of prenatal exposure days to choline
was not related to the number of anticipatory saccades produced (P= 0.5).

DISCUSSION

The results of this controlled-feeding trial reveal significantly faster saccade reaction time, a
measure of information processing speed (30, 34), among infants born to mothers consuming the
higher level of choline intake throughout their third trimester. Infants of mothers randomly
assigned to consume 930 mg choline/d were consistently movements than were the infants of
mothers who consumed 480 mg choline/d. Notably, infants in the 930 mg choline/d group were
consistently faster to react to pictures across the 4 assessment ages, indicating that the beneficial
effect of a higher maternal choline intake on infant information processing speed endured for at
least the first year of postnatal life. Moreover, those findings were not model dependent because
they were observed in both unadjusted and a priori covariate-adjusted models. In light of prior
evidence that infant saccade reaction time predicts IQ scores and information processing speed in
early childhood (31, 32), our findings support the view that maternal choline supplementation has
lasting beneficial effects on offspring cognitive function. Finally, our findings indicate that the last
trimester of pregnancy constitutes a sensitive period for the functional effects of maternal choline
supplementation on cognitive development, consistent with the animal data (19, 38). However,
maternal choline supplementation during other stages of pregnancy and/or early postnatal
development may also have lasting offspring effects, and the present study does not address their
relative sensitivity.

Our findings also provide some support for a beneficial effect of consuming 480 mg choline/d,
relative to women'’s usual choline intake. Specifically, we found a significant linear dose-response
showing that faster infant processing speed was associated with a greater number of days of fetal
exposure to the 480 mg/d maternal choline dose, even after controlling for the gestational age at
birth. That duration effect could have been found only if participants’ usual choline intake (/e.,
prior to the start of the intervention) was substantially <480 mg/d; otherwise, if usual choline
intake was approximately equal to 480 mg/d, then all participants would have had the same



duration of exposure to that amount of choline throughout pregnancy, regardless of the number
dBli&ySERedmterpantion was administered. This inference is consistent with the evidence,
discussed above, indicating that the average choline intake of pregnant women in the U.S. is ~300
-350 mg choline/d, with fewer than 25% of women consuming the adequate intake (Al) level (39
-41). Considered in that light, the intake duration effect we report suggests that, even a modest
increase in typical maternal choline intake during pregnancy would be beneficial for infant
information processing speed, with possible long-term benefits for offspring cognitive function
throughout life.

Although few studies have examined the effect of maternal choline intake on offspring cognition in
humans, our finding of faster information processing speed among infants of mothers consuming
more choline during pregnancy is broadly consistent with results from the randomized clinical trial
by Ross et al. (26) showing improved auditory sensory gating among 5-wk-old infants of choline-
supplemented mothers. The Ross finding and our present finding could both reflect enhanced
gating of extrinsic stimuli by Ch6 cholinergic neurons in the brainstem reticular formation and/or
Ch1 cholinergic neurons in the basal forebrain medial septal nucleus (42, 43). Another factor
contributing to faster processing speed could be improved nerve conduction velocity because of
greater availability of choline-derived cell membrane phospholipids (e.g., phosphatidylcholine and
sphingomyelin) (44). Other mechanisms could relate to lasting changes in gene expression because
of choline’s role as a primary dietary source of methyl groups (45, 46).

In contrast to the saccade reaction time findings, we found no evidence for an effect of maternal
choline intake on the number of anticipatory saccades, a putative measure of spatial memory for
sequential regularity. Cheatham et a/. (27) also reported no effects of maternal choline
supplementation on infant spatial memory assessed at 10 and 12 mo using a manual search task.
These findings might indicate that prenatal choline does not affect the cognitive operations
underlying spatial memory in humans (contrary to rodents) but such a conclusion would be
premature given the paucity of experimental studies with human subjects. It is also possible that
effects of prenatal choline on neural systems subserving spatial memory do not emerge until later
in life, given that the neural systems underlying mature forms of spatial and episodic memory do
not emerge until after 2 yr of age in humans (47). Consistent with that contention are the results of
a large, prospective study by Boeke et a/. (39), which reported a positive association between
maternal self-reported, third-trimester choline intake and children’s performance on two visual
memory tasks at age 7 yr.

The present study had several strengths which, in combination, likely increased our ability to
detect an effect in a small sample of infants. First, during the intervention period, all participants
consumed the same foods from a laboratory-prepared menu, with all nutrients controlled and
consumed in recommended amounts. Second, participants’ consumption of the choline
supplement occurred in the laboratory under the supervision of study personnel, thus ensuring
that the two groups differed substantially in choline intake during the treatment period. In the 2
previous studies in this area, there was no control of dietary choline intake and adherence to the
choline supplementation was inferred only from pill counts and other indirect measures of
adherence (26, 27). A third factor that may have increased our ability to detect a cognitive benefit
was our use of choline chloride as the supplemental form of the nutrient. Research with rodents
has shown superior bioavailability of choline chloride to the brain, as compared to
phosphatidylcholine, the supplement used in the two prior human studies (48). An additional



strength of our study was the successful randomization, researcher and participant blinding, and
t[E] 46T intentien-to-treat analyses. Moreover, the longitudinal design of our study provided us
with multiple assessments of infant information processing speed, enabling us to show
consistency of the choline intake effect from 4 independent assessments that span the entire first
year of postnatal life. A final strength is that we used infant reaction time as an outcome. Reaction
time measures a central dimension of infant information processing and has been shown to
predict cognitive performance later in life (31, 32).

There are several limitations of the present study. First, the small sample size, although sufficient
for our stated hypotheses, limits generalizability of the findings. Second, the use of only 1
paradigm to assess effects of maternal choline intake on infant cognition limits conclusions about
the specificity of the cognitive benefits. In addition, the lack of cognitive assessments extending
beyond infancy precludes determination of the longevity of the benefits of maternal choline
supplementation we observed during the first postnatal year. A final limitation is that the choline
supplementation was implemented during only the final trimester of pregnancy, making it
impossible to predict the effects of a longer period of supplementation.

In summary, choline supplementation of the diet among women in their third trimester of
pregnancy, at a level exceeding the current Al, improved infant processing speed relative to
maternal consumption of the Al. This finding suggests that the current Al level for choline during
pregnancy may need to be increased for improved offspring cognitive functioning. In addition, our
results provide evidence that maternal consumption of the Al of choline during this period also
produces benefits relative to typical choline intake among pregnant women. If the benefits we
report are lasting and are enabled through improved brain structure and function, as has been
shown in the rodent studies, then increasing maternal choline intake could be a nutritional
strategy for improving offspring cognition throughout life. Longitudinal studies that extend beyond
infancy and incorporate multiple measures of cognition are needed to further explore this
question in humans. Although the effects of increased maternal choline intake are expected to be
small at an individual level, they are anticipated to be substantial at a societal level, including
population-wide improvements in cognitive function (15) and reduced incidence of aging-related
cognitive decline (49-51).

This article includes supplemental data. Please visit Attp.//www.fasebj.orgto obtain this
information.

ABBREVIATIONS

Al adequate intake
Cl confidence interval
IQ intelligent quotient
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