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Abstract

Background: While there is a large body of data on the effects of long-chain polyunsaturated
fatty acid supplementation of infant formula on visual and cognitive maturation during infancy,
longterm visual and cognitive outcome data from randomized trials are scarce.
Aim: To evaluate docosahexaenoic acid (DHA) and arachidonic acid (ARA)-supplementation of
infant formula on visual and cognitive outcomes at 4 years of age.
Methods: Fifty-two of 79 healthy term infants who were enrolled in a single-center, double-blind,
randomized clinical trial of DHA and ARA supplementation of infant formula were available for
follow-up at 4 years of age. In addition, 32 breast-fed infants served as a “gold standard”. Outcome
measureswere visual acuity and theWechsler Preschool and Primary Scale of Intelligence—Revised.
Results: At 4 years, the control formula group had poorer visual acuity than the breast-fed group;
the DHA- and DHA+ARA-supplemented groups did not differ significantly from the breast-fed
group. The control formula and DHA-supplemented groups had Verbal IQ scores poorer than the
breast-fed group.
Conclusion: DHA and ARA-supplementation of infant formula supports visual acuity and IQ
maturation similar to that of breast-fed infants.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Two long-chain polyunsaturated fatty acids (LCPs), docosa-
hexaenoic acid (DHA) and arachidonic acid (ARA), are
important structural components of membrane lipids in the
served.
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central nervous system [1,2]. Beginning in the mid trimester
of human fetal development and continuing throughout the
second year of life, there is rapid brain growth, starting in
mid gestation with the neuronal hyperplastic growth spurt,
followed by synaptogenesis and myelination [3–6]. The ten-
fold increase in brain size during this period is accompanied
by an approximate 30-fold increase in DHA content and a 15-
fold increase in ARA content [7–10]. The rapid accretion of
LCPs into neural membranes is dependent prenatally on
placental transfer of LCPs and, postnatally, on dietary
sources and limited endogenous synthesis.

Human milk in most Western countries provides 0.2 to 0.4%
of fatty acids as DHA and 0.3 to 0.7% of fatty acids as ARA (see
Table 3 in Lauritzen et al. [11] for review). Some infant
formulas currently sold in North America provide no DHA or
ARA and those that do provide DHA and ARA vary widely in the
amount provided. Infants fed formulas lacking LCPs have
significantly lower LCP concentrations in cerebral cortex
[12,13] and significantly lower LCP concentrations in red
blood cell membranes than breast-fed infants [13–19]. Most
LCP-supplemented infant formulas, which contain a range of
LCP-concentrations and provide LCPs from various sources,
increase red blood cell LCP concentrations to within the range
of concentrations found among breast-fed infants [13–19]. It is
unknown whether the varying formulations result in equiva-
lent LCP concentrations in the retina and brain.

The link between rapid LCP accretion and the brain
growth spurt has led to a number of studies on the effects of
LCP supplementation of infant formula on neural function.
Several randomized trials have found a specific benefit of
LCP supplementation for retinal maturation, visual acuity
development, or cognitive development during infancy
[17,20–25]. Others have found no benefit [26–31].

Longterm outcome data from randomized trials of LCP
supplementation are scarce [27,32]. No longterm visual or
cognitive outcome data are available for LCP supplements
derived frommicroalgal/microfungal sources. It is possible that,
although plasma and red blood cell concentrations appear to
respond similarly to LCP supplements derived from various
sources, brain composition may not. The purpose of the present
studywas to examine the effects ofmicroalgal/microfungal LCP
supplementation of infant formula provided in the first 17weeks
of life on visual and cognitive outcomes at 4 years of age.

2. Methods

2.1. Participants

Seventy-nine healthy term infants were enrolled (1993–1995)
in the randomized clinical trial (RCT) of microalgal/micro-
fungal DHA and ARA supplementation of infant formula
within the first 5 days of life; 52 were available for follow-up
testing at 4 years of age. As shown in Table 1, most of the loss
to follow-up occurred during the initial weeks following
enrollment (prior to the 4-month visit) and was due to their
pediatricians’ recommendations to switch to a soy protein-
based formula following symptoms suggestive of lactose or
cow milk protein intolerance. Of the 68 infants who
remained in the protocol to 4 months of age, 82% completed
the protocol through 18 months of age and 76% completed
the 4 year examination.
In addition, a non-randomized group of 40 healthy term
breast-fed infants were enrolled concurrently with the
randomized trial (1993–1996); 32 were available for follow-
up testing at 4 years of age. As shown in Table 1, this
represents 82% of the breast-fed infants who completed the
protocol through 4 months of age. The breast-fed group was
enrolled in order to provide a “gold standard” for comparison
with formula-fed groups. The average duration of breast-
feeding was 43±9 weeks (range: 17–60 weeks).

Also shown in Table 1 are the demographics for the cohorts
that completed testing at 4 years of age.With the exception of
the breast-fed cohort,males comprised 44–55% of each cohort,
which had 16–24% non-white race/ethnicity. All parents had
completed high school, 62–65% of mothers had college or post-
graduate degrees, and 80–84% of fathers had college or post-
graduate degrees. In the breast-fed group, males comprised
53% of the cohort, which had 12% non-white race/ethnicity. All
parents had completed high school, 81%ofmothers had college
or post-graduate degrees, and 77% of fathers had college or
post-graduate degrees. Overall, the cohort followed through
4 years of age did not differ significantly from the original
cohort in the proportion of males, mothers who had college or
post-graduate degrees or fathers that had college or post-
graduate degrees (z<1.6; p>0.05 for all comparisons) but did
have a slightly and significantly higher proportion of white
children (83.3% versus 72.2% in the original cohort; z=1.82,
p<0.05).

All participants were born at 37 to 40 weeks postmenstrual
age as determined by early sonogram, date of last menstrual
period, and physical and neurodevelopmental assessment at
birth. Only singleton births with birth weights appropriate for
gestational age were included. All participants were born at
Presbyterian Hospital of Dallas or Medical City Hospital in Dallas.
Exclusion criteria were family history of milk protein allergy,
genetic or familial eye disease (e.g., hereditary retinal disease,
strabismus), vegetarian or vegan maternal dietary patterns,
maternal metabolic disease, maternal anemia, maternal infec-
tion, presence of a congenital malformation or infection,
perinatal jaundice, perinatal asphyxia, meconium aspiration
and any perinatal event which resulted in placement of the
infant in the neonatal intensive care unit.

Parents of eligible neonates were provided a brief
information sheet about the dietary study only after hospital
records noted that they had elected to formula feed.
Informed consent was obtained from one or both parents
24–96 h after birth and prior to the infant's participation. This
research protocol observed the tenets of the Declaration of
Helsinki and was approved by the Institutional Review Boards
of the University of Texas Southwestern Medical Center
(Dallas, TX), Presbyterian Medical Center (Dallas, TX), and
Medical City Columbia Hospital (Dallas, TX).

2.2. Randomization

On the day of enrollment (range=0 to 4 days; mean±SD=2.1±
1.0 day), infants in the randomized cohort were assigned to one
of 3 diets, described in the paragraph below. Each of the 3 diets
wasmasked by two color/number codes, for a total of 6 possible
diet assignments for each infant. A computerized, blocked
randomization schedule was developed by the Mead Johnson
Research Center and provided in sealed envelopes to the study
site.
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2.3. Diets

Study diets were Enfamil® with iron, Enfamil® with iron
supplemented with 0.35% DHA (of total fatty acids), or
Enfamil® with iron supplemented with 0.36% DHA and 0.72%
ARA. All formulas were prepared by Mead Johnson Nutritionals
(Evansville, IN) and provided approximately 15% linoleic acid
(LA) and 1.5% α-linolenic acid (LNA). DHA-supplemented and
DHA+ARA-supplemented formulas contained single cell oils,
specifically DHASCO® and ARASCO® (Martek Biosciences,
Columbia, MD). All formulas were provided in 32 oz. ready-
to-feed cans and contained 2.2 g protein, 5.6 g fat and 10.3 g
carbohydrate per 100 kcal; all nutrientsmet existing standards
for commercial formula based on established Infant Formula
Act requirements. Assigned diets were fed exclusively through
17 weeks of age. No solid foods were introduced before
17 weeks. Beyond 17 weeks, the infants received commercial
formula (not provided by the study). At the time, the studywas
conducted (1993 to 1996), no LCP-supplemented formulas
were commercially available in North America. As previously
reported, blood lipid analyses confirmed compliance with the
assigned diets [14,17,20].

2.4. General protocol

In the current follow-up phase of the study, we tested the
hypothesis that infant formula lacking LCPs during the first
17 weeks of life would result in: 1. visual acuity at 4 years of
age that was significantly poorer than in breast-fed infants;
2. IQ at 4 years of age that was significantly poorer than in
breast-fed infants. Visual acuity and IQ were assessed at
4 years of age. All visual acuity testing was completed by
research assistants who were masked to the infants’ diets
and other test results. All cognitive testing was completed by
one of the authors (SG), a child psychologist specializing in
psychoeducational testing who was masked to the infants’
diets and other test results. Testing at 4 years of age was
completed for 19 children in the control formula group, 16 in
the DHA-supplemented formula group, 17 in the DHA+ARA-
supplemented formula group, and 32 in the breast-fed group.
As reported previously, these children had also provided
sweep VEP acuity, growth data, blood samples, and, for a
subset of infants, Bayley Scales of Infant Development (BSID-
II) scores during the first 18 months of life [14,17,20,25].

2.5. HOTV visual acuity

HOTV testing was conducted for each eye using the
Amblyopia Treatment Study (ATS) protocol [33] and the
Electronic Visual Acuity (EVA) system developed by Moke et
al [34] for the Pediatric Eye Disease Investigator Group. Four
different single letters are presented (“H” “O” “T” “V”),
framed with crowding bars that are spaced around the letter
on the EVA display. The test protocol consists of the
presentation of single-surrounded optotypes in four steps:
a screening phase, a first threshold determination (phase 1),
reinforcement phase, and a second threshold determination
(phase2). A handheld device that used the Palm® operating
system prompted the tester and controlled the order letters
were presented according to the ATS protocol. Acuity testing
was conducted at a test distance of 3 m.
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2.6. Wechsler preschool and primary scale of
intelligence

The Wechsler Preschool and Primary Scale of Intelligence,
Revised (WPPSI-R) was used to assess intelligence at 4 years
of age. This test has two scales. Performance IQ includes
object assembly, geometric design, block design, mazes,
picture completion, and animal pegs tasks. Verbal IQ
includes information, comprehension, arithmetic, vocabu-
lary, similarities, and sentence tasks. Raw scores for
Performance IQ and Verbal IQ, based on the number of
items successfully completed, are converted to standard
scores based on the child's age at the time of testing. In
addition, a Full Scale IQ standard score is computed based on
both the Performance and Verbal IQ scales. Each of the
standard scores, Performance IQ, Verbal IQ, and Full Scale
IQ, has a mean of 100 with a standard deviation of 15.

2.7. Statistical analyses

Sample sizes for the randomized trial were based on the
primary outcome measures of visual acuity at 4 and
12 months of age and the Bayley Scales Mental Development
Index (MDI) at 18 months of age. For α=0.05 and 1−β=0.80,
a sample size of 16 per diet group is sufficient to detect mean
differences of one standard deviation or greater. Anticipat-
ing a 25% loss to follow-up over the original 18 month
duration of the study, we recruited 26–27 infants per diet
group in the randomized trial and, anticipating a potentially
higher drop-out rate among breast-fed infants, we recruited
40 infants for the breast-fed group.

During the course of the study, all data were handled in a
coded manner. Data analyses were conducted with analysis
of variance (ANOVA) and planned comparisons among the 4
diet groups (control, DHA, DHA+ARA, and breast-fed) after
verifying that the data met normality criteria.

3. Results

3.1. HOTV acuity

The average HOTVacuity, Performance IQ, Verbal IQ, and Full
Scale IQ for each diet group at 4 years of age are shown in
Table 2. Dietary supply of LCPs during the first 17 weeks of
life had a small but statistically significant effect on HOTV
Table 2 Visual and cognitive outcomes at 4 years of age (mean±SE)

Ran

Control DHA

N=19 N=16

Acuity (logMAR) RE 0.076±0.022a,b 0.023±
Acuity (logMAR) LE 0.052±0.016 0.016±
Performance IQ 104.2±2.7 108.1±
Verbal IQ 98.8±2.6a 102.7±
Full scale IQ 101.0±2.6 105.9±

a = significantly poorer than BF.
b = significantly poorer than DHA.
logMAR = log minimum angle of resolution in minutes of arc.
acuity for the right eye (RE) (FRE=3.12, p<0.03; FLE=1.71,
p=0.17). Planned comparisons showed that the control
formula diet group had poorer HOTV acuity in the right eye
than the breast-fed group (tRE=2.96, p<0.004) as well as
lower right eye acuity than the DHA group (tRE=2.24,
p<0.03). Left eye acuity of the control formula group did
not differ significantly from any of the other diet groups.

3.2. Wechsler preschool and primary scale of
intelligence

Although both of the LCP-supplemented formula groups and
the breast-fed group averaged Performance IQ scores that
were 4 points higher than the control diet group, these
differences were not statistically significant (F=0.479,
p=0.70). Dietary supply of LCPs during the first 17 weeks
of life had a significant effect on Verbal IQ at 4 years of age
(F=5.15, p<0.003). Planned comparisons showed that both
the control formula diet group and the DHA diet group had
Verbal IQ scores poorer than the breast-fed group (t=3.69,
p<0.0004; t=2.45, p<0.02). The Verbal IQ scores of the LCP-
supplemented formula groups averaged 4 to 6 points higher
than the control group but this difference was not
statistically significant. The Full Scale IQ of LCP-supplemen-
ted formula diet groups averaged 4 to 6 points higher than
the control group but this trend was not statistically
significant (F=2.52, p=0.06).

Only 3 children in the control formula group (16%) scored
in the “Above Average” category on Full Scale IQ; i.e., had an
IQ≥115. Above average performance on Full Scale IQ was
noted in 4 children in the DHA group (27%), 4 children in the
DHA+ARA group (24%), and 12 children in the breast-fed
group (44%). The prevalence of above average performance
in the control formula diet group was significantly lower than
in the breast-fed diet group (z-test for proportions;
p<0.025); neither of the LCP-supplemented diet groups
differed significantly from the breast-fed group.

3.3. Outcomes assessed during infancy and at
4 years

Neither sweep VEP acuity at 17 weeks of age nor at 52 weeks
of age was predictive of HOTV acuity or IQ outcome at
4 years of age (−0.16< r<0.11; 0.20<p<93). The Bayley
Scales of Infant Development (BSID-II) MDI scores at
domized

DHA+ARA BF

N=17 N=32

0.019 0.034±0.017 0.017±0.013
0.018 0.026±0.017 0.007±0.013
3.8 108.6±3.3 108.4±2.5
4.1a 104.5±2.9 112.6±2.3
3.9 107.5±3.1 111.2±2.3
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18 months of age were significantly negatively correlated
with both HOTV acuity (rRE=−0.35, p=0.007; rLE=−0.30,
p=0.005); that is, higher MDI scores were associated with
lower logMAR values (better visual acuities). In addition, the
BSID-II MDI scores at 18 months of age were significantly
positively correlated with IQ at 4 years of age (rPerf IQ=0.38,
p = 0.003); rVerbal IQ = 0.40, p = 0.002; rFull IQ = 0.46;
p<0.0001); that is, higher MDI scores were associated with
higher IQ. BSID-II PDI scores at 18 months were not predictive
of HOTV acuity or IQ at 4 years of age (−0.24<r<0.12;
0.07<p<0.83).

4. Discussion

Children who were fed formula containing no DHA or ARA
during the first 17 weeks of life in a randomized trial had
significantly poorer visual acuity and verbal IQ at 4 years of
age than children who were breast-fed for an average of
43 weeks. Children who were fed formula containing 0.36% of
fatty acids as DHA and 0.72% as ARA during the first 17 weeks
of life had visual acuity and Verbal IQ scores that did not
differ significantly from breast-fed children at 4 years of age.

Potentially, there are many differences between a non-
randomized breast-feeding group and formula-fed groups in
addition to the nutrient composition of human milk.
Maternal variables associated with the decision to breast-
feed include IQ, education level, socioeconomic status,
maternal-infant interaction, and the act of breast-feeding
itself. Nonetheless, a breast-fed group is commonly used as a
“gold-standard” when evaluating new infant formula ingre-
dients. That the control diet group, lacking a dietary source
of DHA and ARA during the first 4 months of life, had
significantly poorer Verbal IQ than the breast-fed group at
4 years speaks directly to the importance of these nutrients
during infancy for long-term cognitive development.

Differences in HOTV acuity among diet groups, although
statistically significant, are subtle. From the poorest mean
visual acuity of 0.076 logMAR (right eye of the control group)
to the best mean visual acuity of 0.007 logMAR (left eye of
the breast-fed group), the Snellen equivalent range is 20/24
to 20/20, a little less than one line on an eye chart. None of
the children scored more poorly than a Snellen equivalent of
20/40; i.e., all acuity scores were within the normal range
for 4-year-olds [35]. The differences among diet groups,
then, may reflect subtle differences in the phospholipid
structure of the neural membranes in the retina and/or
visual cortex as a result of early dietary differences in LCP
supply. Differences in the ability to name or match letters
may reflect differences in cognitive maturity among the diet
groups.

All of the diet groups’mean IQ scores ranged from a low of
98.8 (Verbal IQ of the control group) to 112.6 (Verbal IQ of
the breast-fed group); i.e., none of the groups had border-
line or intellectually deficient mean scores. Nonetheless,
both the control formula diet group and the DHA diet group
had Verbal IQ scores that were significantly poorer than the
breast-fed group and the prevalence of above average
performance in the control formula diet group was signifi-
cantly lower than in the breast-fed diet group.

Neither sweep VEP acuity at 17 weeks of age nor at
52 weeks of age was associated with IQ outcome at 4 years of
age. This was a surprising finding because sweep VEP acuity
at 17 weeks was predictive of BSID-II MDI score at 18 months
of age in the same cohort (Birch et al., 2000) and, in the
current study, BSID-II MDI score at 18 months was predictive
of Performance IQ, Verbal IQ, and Full IQ at 4 years of age.
This finding may indicate a greater influence of visual
development on cognitive evaluation at 18 months relative
to the more complex cognitive assessment conducted at
4 years, where tasks require the integration of multiple
sensory systems.

For the same randomized cohort of children, we
previously reported that LCP-supplementation of infant
formula resulted in better sweep VEP visual acuity during
the first year of life and better Bayley Scales Mental
Development Index scores at 18 months of age than control
formula. The current finding that only LCP-supplemented
children had acuity and IQ similar to that of breast-fed
infants further supports the need to supplement infant
formula with LCPs. Our IQ results differ markedly from those
of Auestad et al. [32] who found no differences in IQ between
breast-fed infant and those fed control or LCP-supplemented
formulas. The amount of LCP-supplementation in the
Auestad et al. study [32] was one-half to two-thirds the
amount provided in this study so it is possible that higher
levels of LCP-supplementation are required to see an effect
on IQ.

Our finding that the DHA group also had poorer Verbal IQ
than the breast-fed group suggests that a dietary supply of
both DHA and ARA are important for the developing brain.
Further studies of LCP-supplementation levels, including
long-term follow-up, will be needed to clarify the optimal
level of LCP-supplementation for cognitive and visual
maturation.
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