
ABSTRACT: Essential fatty acids are structural components of
all tissues and are indispensable for cell membrane synthesis;
the brain, retina and other neural tissues are particularly rich in
long-chain polyunsaturated fatty acids (LC-PUFA). These fatty
acids serve as specific precursors for eicosanoids, which regu-
late numerous cell and organ functions. Recent human studies
support the essential nature of n-3 fatty acids in addition to the
well-established role of n-6 essential fatty acids in humans, par-
ticularly in early life. The main findings are that light sensitivity
of retinal rod photoreceptors is significantly reduced in new-
borns with n-3 fatty acid deficiency, and that docosahexaenoic
acid (DHA) significantly enhances visual acuity maturation and
cognitive functions. DHA is a conditionally essential nutrient
for adequate neurodevelopment in humans. Comprehensive
clinical studies have shown that dietary supplementation with
marine oil or single-cell oil sources of LC-PUFA results in in-
creased blood levels of DHA and arachidonic acid, as well as
an associated improvement in visual function in formula-fed in-
fants matching that of human breast-fed infants. The effect is
mediated not only by the known effects on membrane biophys-
ical properties, neurotransmitter content, and the correspond-
ing electrophysiological correlates but also by a modulating
gene expression of the developing retina and brain. Intracellu-
lar fatty acids or their metabolites regulate transcriptional acti-
vation of gene expression during adipocyte differentiation and
retinal and nervous system development. Regulation of gene ex-
pression by LC-PUFA occurs at the transcriptional level and
may be mediated by nuclear transcription factors activated by
fatty acids. These nuclear receptors are part of the family of
steroid hormone receptors. DHA also has significant effects on
photoreceptor membranes and neurotransmitters involved in
the signal transduction process; rhodopsin activation, rod and
cone development, neuronal dendritic connectivity, and func-
tional maturation of the central nervous system.
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Studies over the past five decades have evaluated the effects
of nutrition on central nervous system (CNS) development in
experimental animals and humans. The results reveal that a

reduction in the supply of energy and/or several essential nu-
trients during the first stages of life has profound effects on
the structural and functional development of the nervous sys-
tem. Malnutrition impairs brain growth and development by
decreasing the number of cell replication cycles, reducing
total brain DNA, and restricting dendritic arborization, thus
reducing neuronal connectivity. Intrauterine and early postna-
tal malnutrition affect cell number and hyperplastic growth as
measured by DNA content (1). Development of the cerebel-
lum is most affected by nutritional deprivation around the
time of birth in humans. Synaptic connectivity is particularly
affected if malnutrition occurs after birth but before year 3 of
life. Alterations in dietary precursors may affect tissue levels
of neurotransmitters (serotonin, norepinephrine, dopamine,
and acetylcholine) in specific brain regions (2). The supply of
essential fatty acids (EFA) affects the structural composition
of the brain and myelin sheaths in particular. The functional
correlates of these biochemical changes induced by malnutri-
tion include alterations in the waking electroencephalo-
graphic activity, visual- and auditory-evoked responses,
motor and cognitive development, and social abilities. Sleep-
wake cycle organization as well as autonomic nervous sys-
tem functioning during sleep are perturbed by early human
malnutrition (3,4). Most of these effects are potentiated by
other environmental factors that interact with poor diet in
defining the adverse consequences.

The traditional point of view, that protein and energy
deficits per se directly affect brain structural development and
cognitive performance, has been challenged because protein
energy malnutrition coexists with multiple micronutrient de-
ficiencies and with psychosocial deprivation that interact to
disrupt brain development. This makes it particularly diffi-
cult to tease out the role of specific nutrients such as EFA
from multiple deprivations that act in tandem, contributing to
the final outcome in terms of growth and mental developmen-
tal (5). The major effects on growth and brain development
associated with EFA deficiency are explained by the role of
fatty acids (FA) as basic components of biological mem-
branes, precursors of eicosanoids, and regulators of gene ex-
pression. The effect on growth is most likely linked to the role
of EFA in energy balance and eicosanoid-mediated growth
factors. The effects on CNS development are likely mediated
by the role of EFA on gene expression, membrane structures,
and electrophysiologic responses. The purpose of this review
is to examine the effects of dietary EFA on the development
of the brain and vision and the potential mechanisms by
which modulation occurs.

Copyright © 2001 by AOCS Press 885 Lipids, Vol. 36, no. 9 (2001)

*To whom correspondence should be addressed at INTA, Macul 5540,
Casilla 138-11, Santiago, Chile. E-mail: uauy@uchile.cl
Abbreviations: AA, arachidonic acid (20:4n-6); ABER, auditory brainstem-
evoked response; ALA, α-linolenic acid (18:3n-3); CNS, central nervous
system; DHA, docosahexaenoic acid (22:6n-3); EFA, essential fatty acid;
ERG, electroretinogram; FA, fatty acids; FPL, forced-choice preferential
looking; GLA, γ-linolenic acid (18:3n-6); LA, linoleic acid (18:2n-6); 
LC-PUFA, long-chain polyunsaturated fatty acids; M I, metarhodopsin I; 
M II, metarhodopsin II; MDI, Mental Development Index; PC, phosphatidyl-
choline; PPAR, peroxisome proliferator-activated receptor; PUFA, polyun-
saturated fatty acid; RBC, red blood cell; RxR, retinoic acid receptor; TR,
thyroxine receptor; VEP, visual-evoked potential.

Essential Fatty Acids in Visual and Brain Development
Ricardo Uauya,b,*, Dennis R. Hoffmanb, Patricio Peiranoa, David G. Birchb, and Eileen E. Birchb

aInstitute of Nutrition and Food Technology (INTA), University of Chile, Santiago, Chile, and bRetina Foundation of the Southwest, Dallas, Texas



EFFECT OF EFA ON BRAIN DEVELOPMENT

Preterm infants (randomized controlled trials). Very-low-
birth-weight infants born with a birth weight of <1500 g are
considered particularly vulnerable to EFA deficiency given
the virtual absence of adipose tissue at birth, the possible in-
sufficiency of FA elongation/desaturation enzymatic path-
ways, and the inadequate intake of long-chain polyunsatu-
rated fatty acids (LC-PUFA) provided by formula. Random-
ized controlled clinical trials that have included formula
feeding with or without LC-PUFA and functional assessment
of visual/neurodevelopment in preterm infants are summa-
rized in Table 1.

Over the past decade, we and others have conducted stud-
ies to evaluate the effect of n-3 FA in preterm infant develop-
ment. These studies examined the effects of α-linolenic acid
(ALA), ALA plus docosahexaenoic acid (DHA), or ALA plus

DHA and arachidonic acid (AA) supplementation on plasma
and tissue lipid composition, retinal electrophysiologic func-
tion, maturation of the visual cortex, and on other measures
of infant growth and development (6–14). In our initial work,
we showed that retinal function, as determined by the elec-
troretinogram (ERG), is affected by n-3 supply in preterm
human infants. Infants fed an n-3–deficient corn oil diet (stan-
dard formula at the initiation of the study in 1987) had signif-
icantly higher rod ERG thresholds (i.e., more light was nec-
essary to elicit a threshold rod ERG response, resulting in a
less mature ERG response) than infants receiving either
human milk or n-3–supplemented formula. An analysis of the
amplitude–intensity behavior of the responses (Naka-Rushton
functions) from the infants in the study revealed that the
threshold elevation in the n-3–deficient infants was due pri-
marily to a shift in log k (i.e., the sensitivity of the rod system
was lower). In addition there was a modest but significant de-
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TABLE 1
Controlled Studies of Long-Chain Polyunsaturated Fatty Acid (LC-PUFA) Supplementation and Visual/Neurodevelopment of Preterm Infantsa

LC-PUFA level in formulas Evaluation,
Reference Study groups (n) (% total lipids) outcome, age Main results

6,7 F1 (12) ALA 1.4, DHA 0.35 ERG at 36, 57 wk F3, lower rod amplitude and higher
F2 (10) EPA 0.65 PCA rod threshold at 36 wk. n-3 LC-PUFA
F3 (10) LA 20.8, ALA 2.7 related to rod threshold and inversely to
HM (10) LA 24.2, ALA 0.5 amplitude. No difference at 57 wk.

8 F1 (13) ALA 1.4, DHA 0.35 VEP at 36, 57 wk F3, poorer visual acuity by VEP and FPL.
F2 (16) EPA 0.65 FPL at 36, 57 wk F1 and HM similar results
F3 (12) LA 20.8, ALA 2.7 PCA
HM (9) LA 24.2, ALA 0.5

9 F1 (33) ALA 3.1, DHA 0.2–0.3 Teller acuity cards, F1, better acuity at 48 wk.
F2 (34) ALA 3–4.8 38, 48, 57, 68, 79, DHA level related to visual acuity at 48 wk.

and 92 wk PCA
10 F1 (27) ALA 3.1, DHA 0.2–0.3 Bayley Mental and F1, lower PDI

F2 (27) ALA 3–4.8 Psychomotor
Developmental Index,
92 wk PCA

11 F1 (33) ALA 3, DHA 0.2, EPA 0.3 Fagan’s NP, F1, less % novel look time
F2 (34) ALA 3–4.8 68, 79, 92 wk PCA

12 F1 (26) ALA 3.1, DHA 0.2 Teller acuity cards, F1, better acuity at 48 wk in
F2 (33) ALA 4.8 39, 48, 57, 68,79, nonbronchopulmonary dysplasia infants

92 wk PCA
13 F1 (15) ALA 3.1, DHA 0.2 Fagan’s NP, F1, shorter look duration

F2 (12) ALA 4.8 92 wk PCA F2, more % novel time
14 F1 (21) DHA 0.3, AA 0.44 Flash VEP F1 and HM, better acuity

F2 (25) ALA 0.9, LA 19.4 ERG Not different
HM (12) DHA 0.16, AA 0.4 ABER at 52 wk PCA Not different

15 F1 (140) DHA 0.25–0.15b, AA 0.4 Teller acuity cards, Not different
F2 (143) DHA 0.25–0.15b, AA 0.4 2, 4, 6 mon PCA 
F3 (144) ALA 2.4 Fagan’s NP, Not different
HM F1 and F2 supplemented 6, 9 mon

with two AA/DHA LCP MacArthur, 9, 14 mon Not different
sources Bayley II Mental and F1, F2, 8 point higher PDI for
Egg/marine Psychomotor infants with birth weight <1250 g
Fungal/marine Development Index, F1, F2, and HM, better

DHA 0.25 until 40 wk 18 mon visual acuity at 2, 4, 6 mon
then 0.15 DHA for 12 mon Sweep VEP, 2, 4, 6

mon corrected age
aAbbreviations: ALA, α-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ERG, electroretinogram; PCA, postconceptional age; LA,
linoleic acid; HM, human milk; VEP, visual evoked potential; FPL, forced-choice preferential looking; PDI, Psychomotor Development Index; NP, novelty
preference; AA, arachidonic acid; ABER, auditory brainstem evoked response. F1, F2, and F3 correspond to different formulas.
bFirst value refers to content during the period up to the gestational age (40 wk); second value is the content after 40 wk.



crease in the amplitude in the maximal amplitude (Vmax) that
could be elicited from infants in the deficient group. An
analysis of the leading edge of the a-wave showed that the de-
creased sensitivity in the infants fed n-3–deficient formula
originated in the rod photoreceptors (7). The results of dietary
FA modification on the function of the visual cortex, as mea-
sured by pattern reversal visual-evoked potential (VEP) acu-
ity and behaviorally by the forced-choice preferential looking
(FPL) visual acuity response, demonstrated that infants in the
human milk and marine oil groups (both receiving DHA) had
improved maturation of VEP relative to infants fed formulas
devoid of DHA (corn and soy oil groups) at the 4-mon
adjusted-age followup (8). No differences were found be-
tween soybean- and marine oil-containing formula if acuity
was assessed by FPL. Visual acuity tests measure the integrity
of the neural pathway from the retina to the occipital cortex
and provide a surrogate measure of CNS function. The long-
term significance of the improved retinal and visual function
on later neurodevelopment is presently being explored.

Carlson’s first randomized clinical study in preterm infants
supplemented with LC-PUFA demonstrated better visual acuity
in infants up to 4 mon of age using FPL measurements. After
this time, control infants “caught up” in visual function mea-
sures. These investigators report evidence of more rapid visual
processing as measured by shorter look duration in the Fagan
test of visual recognition at 6 and 12 mon of age in LC-
PUFA–supplemented infants (9–11). The reduction in AA in
blood lipids, when marine oil was provided as a source of n-3
fatty acids, was associated with reduced weight and linear
growth (10–13). In a second preterm infant study using low
eicosapentaenoic acid (20:5n-3) marine oil for up to 2 mon cor-
rected age, Carlson demonstrated improved visual development
at the 2-mon followup; at 12 mon of age, there was a 10-point
Bayley Mental Development Index (MDI) difference favoring
the DHA-supplemented group (11,12). Furthermore, the DHA-
supplemented group had shorter look times in the novelty pref-
erence test at 9 mon, suggesting better visual processing (12).

In our recent studies, conducted in Chile, no LC-PUFA ef-
fect on auditory brain stem-evoked responses (ABER) was
demonstrated; this coincides with the results of a preterm in-
fant study by Faldella (14). One of our centers (INTA) recently
participated in a collaborative multicenter study of a large
group of preterm infants. This study included 470 preterm in-
fants fed LC-PUFA formula supplemented with different AA
and DHA sources, i.e., marine oil and egg phospholipids or
fungal oil. The level of DHA was 0.25% of total fat in preterm
formulas and 0.15% in follow-up formula; both formulas con-
tained 0.4% AA (15). Significant differences were found in
sweep VEP at 6 mon favoring the LC-PUFA–supplemented
formula group compared with the control formula group.
There were no diet-induced differences in behavioral tests of
visual acuity (determined using Teller acuity cards). Mean
novelty preference was significantly better at 6 mon in the LC-
PUFA–supplemented group. No differences in MacArthur vo-
cabulary tests were found, but an improved 14-mon score was
noted in the supplemented group when non-English-speaking

subjects were excluded from the analysis. For infants <1250 g
at birth, an advantage of 8.8 points in the LC-PUFA–supple-
mented group in the Bayley II Psychomotor Development
Index was observed at 12 mon (15).

Significance of LC-PUFA for term infants (randomized
controlled trials). The question of whether healthy full-term
infants require LC-PUFA in their formula has received con-
siderable attention over the past decade. The finding of lower
plasma DHA and red blood cell (RBC) concentrations in in-
fants fed formula compared with breast-fed infants suggests
that formulas provide insufficient ALA or that chain elonga-
tion–desaturation enzymes are not sufficiently active during
early life to support optimal tissue accretion of DHA. Full-
term infants also may be dependent on dietary DHA for opti-
mal functional maturation of the retina and visual cortex
(16–38). Controlled trials that have included formula feeding
with or without LC-PUFA and functional assessment of vi-
sual and neural development are summarized in Table 2.

Makrides et al. (25) conducted the first controlled random-
ized study in term infants using a formula supplemented with
0.36% DHA and 0.27% γ-linolenic acid (GLA) compared
with a formula providing ample ALA (1.6%) but no DHA as
well as a breast-fed reference group. They demonstrated de-
layed visual acuity at 4 and 6 mon of age in the formula group
lacking DHA. Infants who received breast milk for >16 wk
had better VEP acuity than those breast-fed for shorter times
or given formula without LC-PUFA. A separate study showed
better visual acuity at 2 mon but no benefits after 6 mon of
life in breast-fed or 0.1% DHA formula-fed infants relative to
control formula (26). Biochemical indices of DHA status and
visual acuity maturation of infants receiving only ALA were
delayed relative to those receiving formula supplemented
with ALA + DHA; these latter infants had maturational in-
dices similar to those of the breast-fed group (27).

Auestad et al. (28) compared infants fed standard formula,
formula supplemented with 0.2% DHA (from marine oil), or
formula with 0.12% DHA and 0.43% AA. No significant dif-
ferences could be detected among the three diet groups using
ERG at 4 mon, visual acuity, or the Bayley Scales of Infant
Development test at 12 mon. Furthermore, negative correla-
tions were found between RBC and DHA at 4 mon and lan-
guage development assessed by the MacArthur Communica-
tive Development Inventory given at 14 mon (r = −0.20 to 
−0.37 depending on the specific item, P < 0.05) (29). A bene-
ficial effect of DHA, AA, and GLA supplementation on psy-
chomotor development assessed by the Brunet-Lezine method
was reported at 4 and 12 mon but not at 24 mon of age (30,31).
This study reported a strong association between the erythro-
cyte phosphatidylcholine (PC) AA/linoleic acid (LA) ratio and
the developmental quotient at 24 mon, but there was no rela-
tion to the dietary intervention in the first 4 mon of life (31).
In an attempt to control for confounding variables that could
affect visual and neural development, Gibson et al. (32) sup-
plemented mothers with LC-PUFA to produce DHA-enriched
breast milk with concentrations ranging from 0.1 to 1.7% of
total FA. The plasma and erythrocyte-phospholipid DHA level
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of these infants was related to breast milk DHA in a saturable
manner; no significant increases were noted in blood DHA
levels when the breast milk content of DHA was >0.6%. In-
fant VEP acuity had no relationship to DHA content of breast
milk; the developmental quotient at 12 mon was significantly
but weakly correlated with breast milk DHA. At 24 mon, this
effect was no longer evident.

Recently, Birch et al. (33) showed a persistent benefit in vi-
sual acuity development for year 1 of life in DHA-supple-
mented formula-fed infants compared with infants fed formula
with ample ALA but devoid of LC-PUFA. The formula given
for the first 17 wk of life contained 0.35% DHA, with or with-
out 0.72% of AA; both LC-PUFA were derived from single-
cell oils in the supplemented groups. The dietary effects on vi-
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TABLE 2
Controlled Studies of Long-Chain Polyunsaturated Fatty Acid (LC-PUFA) Supplementation and Visual/Neurodevelopment of Term Infantsa

LC-PUFA level in formulas Evaluation,
Reference Study groups (n) (% total lipids) outcome, age Main results

25 F1 (13) DHA 0.36, EPA 0.58 VEP at 16, 30 wk F1 and HM, better visual acuity
GLA 0.27

F2 (19) LA 16.8, ALA 1.6
HM (23)

26 F1 (19) DHA 0.35, AA 0.43 Teller acuity cards, F1, better visual acuity only at 2 mon
F2 (20) LA 21.9, ALA 2.2 2, 4, 6, 9, 12 mon
HM (19)

30 F1 (27) DHA 0.3, AA 0.44 Brunet-Lezine’s F1 and HM, better developmental
F2 (29) LA 11.1, ALA 0.7 developmental quotient than F2
HM (30) quotient at 4 mon

31 F1 (26) DHA 0.3, AA 0.44 Brunet-Lezine’s Not different, developmental quotient
F2 (30) LA 11.1, ALA 0.7 developmental related to 24-mon plasma DHA level,
HM (25) quotient at 24 mon but not to 4-mon plasma DHA

35 F1 (24) DHA 0.2, AA 0.35 Infant habituation F1, shorter fixation times
F2 (24) LA 11.4, ALA 0.7 at 4 mon Mean scores on habituation not different
HM (27)

36 F1 (21) DHA 0.2, AA 0.35 Problem solving at F1, better
F2 (22) LA 11.4, ALA 0.7 10 mon

28 F1 (26) DHA 0.12, AA 0.43 Sweep VEP acuity Not different
F2 (28) DHA 0.23 2, 4, 6, 9, 12 mon
F3 (28) LA 21.9, ALA 2.2 FPL acuity Not different
HM (38) 2, 4, 6, 9, 12 mon

29 F1 (38) DHA 0.12, AA 0.43 MacArthur’s F3, more vocabulary comprehension/
F2 (33) DHA 0.23 developmental production than DHA group
F3 (42) LA 21.9, ALA 2.2 index at 14 mon
HM (60) Bayley I Mental Not different

and Psychomotor
Developmental
Index at 12 mon

27 F1 (14) DHA 0.3, GLA 0.5 Sweep VEP HM better than formulas
F2 (12) DHA 0.3 at 4 mon F1 and F2 
F3 (11) LA 12, ALA 1.2 Nonsignificantly better visual acuity than F3
HM (25) DHA 0.38, AA 0.4

33 F1 (23) DHA 0.36, AA 0.72 FPL and Sweep Not different
F2 (22) DHA 0.35 VEP at 6, 17, 26, F1, F2, HM better visual acuity at
F3 (23) LA 14.6, ALA 1.49 52 wk 6, 17, and 52 wk, but not at 26 wk
HM (21) DHA 0.29, AA 0.56

34 F1 (19) DHA 0.36, AA 0.72 Bayley II Mental F3, worse in MDI
F2 (17) DHA 0.35 and Psychomotor MDI related to plasma and RBC
F3 (20) LA 14.6, ALA 1.49 Developmental DHA at 4 mon

Index at 18 mon
38 F1(154) DHA 0.32, AA 0.3 Bayley I Mental Not different

F2 (155) LA 12.4, ALA 1.1 and Psychomotor
HM (138) Developmental Index 

at 18 mon
40 F1 (24) DHA 0.34, AA 0.34 Flash VEP, 16, Not different

F2 (23) DHA 0.35 34 wk
F3 (21) LA 16.8, ALA 0.13 Bayley Mental and Not different and not related to
HM (46) DHA 0.2, AA 0.4 Psychomotor plasma DHA levels

Developmental Index
at 12, 18 mon

aAbbreviations: GLA, γ-linolenic acid; MDI, Mental Development Index; RBC, red blood cell; for other abbreviations see Table 1.



sual acuity development were evident using sweep VEP
acuities but absent if the FPL behavioral measure of acuity
was used. Supplemented groups receiving DHA or DHA +
AA and the breast milk group had better acuity. The differ-
ences were significant during the periods of rapid change in
development of VEP acuity, i.e., in the first 20 wk and near 12
mon of life. The developmental outcome of these infants was
reported recently (34). Scores on the Bayley MDI II at 18 mon
of age for the DHA + AA group were significantly better than
those observed in the non–LC-PUFA formula-fed infants. A
7-point normalized MDI score difference was highly signifi-
cant despite the relatively small sample size (n = 20/group).
The small variability in developmental score obtained was
likely due to the highly homogeneous population studied and
the fact that one observer evaluated mental development in all
subjects. The DHA-only group had marginally higher MDI
scores than controls. This is the first randomized controlled
study that reports an LC-PUFA effect on mental development
at 18 mon of age. Moreover, positive significant correlations
between blood DHA levels at 4 mon with measures of visual
acuity at 1 yr and mental development at 18 mon were noted
(34). The existence of a relationship between early biochemi-
cal and later functional data suggests that visual function and
neurodevelopmental phenomena may be related but do not
constitute proof of a causal relationship.

A behavioral study of 44 term infants fed a combined
DHA- and AA-supplemented formula or a control formula
during the first 4 mon demonstrated that visual habituation
performance scores of infants at 4 mon of age were better in
the LC-PUFA–supplemented formula group (35). Infant cog-
nitive behavior was assessed at 10 mon of age by a means-
end problem-solving test (36). The LC-PUFA–supplemented
group had significantly more intentional solutions and scored
higher than infants fed the non–LC-PUFA–containing control
formula. Higher problem-solving scores in infancy have been
shown to relate to higher childhood intelligence quotient
scores (37). These studies provide a solid indication of effi-
cacy but are limited in their extrinsic validity because of small
sample size and rather homogeneous infant populations.

Lucas et al. (38), in the largest controlled term-infant study
to date, did not find a beneficial effect of LC-PUFA supple-
mentation in a group of 309 infants randomized to formula
diets with or without LC-PUFA. A reference group of 138 in-
fants included for comparative purposes were breast-fed. No
biochemical data on FA composition of plasma or tissues were
obtained in this study, limiting the assessment of compliance
to the test formula. Follow-up studies at 18 mon revealed no
benefit in cognitive or motor development. No adverse effects
of LC-PUFA supplementation were noted in terms of infec-
tion, atopy, or formula tolerance. However, the interpretation
of these data is limited by the fact that study formulas differed
not only by the presence or absence of LC-PUFA but also by
several other fatty acids. The expected higher MDI score in
breast-fed infants compared with standard formula-fed infants
was not apparent in this study, and because there was no
plasma or tissue biochemical evaluation of infant EFA status,

a relationship between LC-PUFA status and neurodevelop-
ment could not be established (38). In addition, the maternal
population studied had a low educational level, i.e., ~20% had
no formal education at all and ~70% had not completed a high
school education. Mean MDI values for all groups of infants
were 4–6 points below the norm, suggesting that these groups
may not be representative of the normal population in the
United Kingdom but rather a group subjected to an environ-
mental factor that restricted their neurodevelopment. The pos-
sible effect of maternal education or ethnicity is raised from
the analysis of confounding variables (39). Using the same
LC-PUFA–enriched and control formulas, Makrides et al. (40)
also did not find diet-induced differences in VEP acuity or
Bayley MDI scores during year 1 of life. In this case, breast-
fed infants had higher MDI scores than formula-fed infants at
2 yr, even after adjusting for environmental variables. No cor-
relations between plasma LC-PUFA levels and neurodevelop-
ment indices were found by these investigators.

Other studies have attempted to optimize ALA to DHA
conversion by providing sufficient ALA (>0.7% of total en-
ergy) as well as lowering the LA to ALA ratio in the formula
(<10:1). This alternative strategy for the formulation of infant
diets would be simpler and less expensive to produce than the
addition of n-3 LC-PUFA (21,24). Unfortunately, results from
infants fed formula with a ratio of 4.8:1 demonstrated poorer
growth, possibly due to the lower AA levels found with this
dietary regimen (24).

Recent systematic reviews of LC-PUFA supplementation.
The results of two recent meta-analyses conducted on the ef-
fect of LC-PUFA on visual acuity maturation in preterm and
term infants are summarized in Figures 1 and 2. As can be ob-
served in the figures, most studies demonstrated a positive ef-
fect for assessments conducted during the first 2–4 mon of
life; the results at 6 mon were equivocal and again, at 12 mon,
some studies were positive. The conclusions by San Giovanni
et al. (41,42), in their two reports, is that there is a significant
overall advantage for the LC-PUFA–supplemented infants in
terms of visual acuity. The main differences in experimental
design, subject selection, dietary supplementation, other nu-
trition-related factors, and the primary outcomes of these
studies are summarized in Table 3. Most studies have chosen
the prospective, randomized, controlled, double-blind design,
but some studies included in the systematic reviews compared
human milk-fed with formula-fed infants. This comparison
has limited validity because infants of breast-feeding mothers
and formula-fed infants usually vary in terms of maternal ed-
ucation, birth weight, home environment, socioeconomic
level, and other confounders. To evaluate efficacy, most stud-
ies have used “healthy” subjects controlling for birth weight,
gestational age, socioeconomic status, and maternal charac-
teristics. These well-controlled studies have strong intrinsic
validity. However, these studies cannot be generalized for all
infants because the study groups in the controlled studies may
not be representative of the population at large. The diets
studied have provided 0.1–0.35% DHA in both preterm and
term infant studies. These values are in the middle-to-lower
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range of mean DHA content found in breast milk as derived
from combined data of omnivorous women around the world.
No formal controlled DHA dose-response studies evaluating
visual maturation and/or mental development at varying lev-
els of supplementation have been conducted in preterm
(8–15) or term infants (25–31,33–40).

The duration and reversibility of diet-induced effects is an-
other important consideration in assessing outcome. In evalu-
ating diet-induced changes in visual/neural development, the
selection of outcomes is crucial. The sensitivity and variabil-
ity of the measurements are vital to detect an effect given the
presence of multiple known and unknown confounders. The
timing of the measurement is also of great importance; most
LC-PUFA effects are evident only over the period of rapid de-
velopment and do not persist once functional maturation has
been achieved. The visual acuity results suggest that transient
effects reflect the acceleration or the slowing of a maturational
process with a fully normal final outcome. Several studies
have demonstrated significant effects of dietary LC-PUFA on
visual maturation in the first 4 mon of life, but in most studies,
visual acuity normalized by 6 mon or at most by 1 yr of age
(41,42). However, we need to consider whether this phenome-
non can truly be dismissed as transitory and of limited signifi-
cance and instead consider that we may have failed to detect a
significant change later in life. This may be explained by the
limitations in our tools, which may not be sufficiently sensi-
tive; moreover, other related functions may indeed have been
affected. As an example of this problem, in term infants, we
failed to detect differences in visual acuity of breast-fed com-
pared with formula-fed infants at 6 mon but stereo-acuity re-
sponses were different at 3 yr of age (16). In this study, most
breast-fed infants (92%) had mature operant preferential look-
ing stereo acuity, whereas only 35% of the infants in the for-
mula-fed group met the maturity criteria. Visual recognition
in the breast-fed group was also better; only 61% of the for-
mula-fed infants had a perfect score, whereas 93% of the
breast-fed group had a perfect score (16). This illustrates the
need to select sensitive outcome measures and provide for suf-
ficient follow-up of cohorts in these randomized clinical trials.
It is impossible to fully discard the possible long-term conse-
quences of early developmental delays in function unless fol-
lowup is conducted over a sufficient period of time.

MECHANISMS FOR EFA EFFECTS ON GROWTH AND
BRAIN DEVELOPMENT

Molecular regulation of gene expression by nutrients. Regu-
lation of gene expression by nutrients can occur at multiple
levels (43,44). For example, FA can bind to specific or non-
specific ligands that interact with response elements in spe-
cific DNA motifs usually present in the promoter region of
the gene, affecting gene transcription. DHA and other PUFA
interact with nuclear factors modulating the activation of spe-
cific nuclear proteins such as peroxisome proliferator-
activated receptors (PPAR), which in turn act as transcription
regulators (45). In this case, the nutrient effect is indirect be-

cause it is the activated transcription factor that binds cis-reg-
ulatory elements of DNA found in target genes. Another form
of nutrient ligand interaction includes changes in phosphory-
lation mediated by the nutrient. At the posttranscriptional
level, once mRNA are formed, nutrients may act by modify-
ing native RNA processing, mRNA transport and stability,
and breakdown rates. Nutrients may also modify the rate of
mRNA translation by the activation of protein synthesis in the
polyribosomal complex. Nutrients such as vitamin K can af-
fect gene expression at the posttranslational level beyond the
synthesis of protein by modifying the gene products formed.
Vitamin K-dependent amino acid carboxylation, which is
necessary for active prothrombin synthesis, represents an ex-
ample of nutrient-induced posttranslational modification of
gene products. Finally, nutrients can modify the turnover rates
of proteins including enzymes, thus affecting their activity
level. In many cases, the nutrient-induced changes in gene ex-
pression are part of the adaptive response to a given level of
nutrient exposure (43,44). Thus, nutrients may affect the up-
take, metabolism, storage, or excretion of the nutrient that
triggered the gene regulatory response.

LC-PUFA are involved in the regulation of cell growth and
differentiation by modulation of gene expression. For example,
the effect of DHA on the functional maturation of the retina ob-
served in several animal species including primates may now
be potentially related to a direct effect on photoreceptor differ-
entiation. Studies using primary culture of retinal neuronal cells
have revealed a potential mechanism by which this condition-
ally essential nutrient affects gene expression critical to retinal
function and survival (46). In cultured cells from rats, DHA
significantly increased the differentiation of apical processes in
rod outer segments, the locus for rhodopsin and opsin-depen-
dent light transduction. This was paralleled by an increase in
opsin expression and content in the rod photoreceptor apical
processes (46). The molecular mechanisms underlying these
effects have not been fully clarified, but these data suggest an
effect of DHA on opsin gene expression and possibly on other
proteins required for the assembly of disc membranes. Recent
studies from Bazan’s group (47) have demonstrated that the
transport of opsin and rhodopsin to the apical process via post-
Golgi membranes is coupled to DHA transport. The close mol-
ecular interaction between these key photoreceptor proteins
and DHA suggests that DHA influences retinal photoreceptor
structural development as well as function.

Regulation of gene expression by LC-PUFA also occurs at
the transcriptional level and is mediated by transcription fac-
tors that bind cis-regulatory elements found in target genes.
These transcription factors, which are activated by FA, have a
structure similar to that of the steroid-thyroid supergene family
of nuclear receptors, which includes the steroid hormone re-
ceptors, glucocorticoid receptor, vitamin D receptor, thyroxine
receptor (TR), and the retinoic acid receptor (RxR) (48–50).
PUFA-responsive transcription factors recently have been char-
acterized; for example, PPAR can be activated by clofibric acid
and other peroxisome proliferators (45,48,50). Recent studies
have identified a number of proteins and co-activators that in-
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teract with nuclear receptors involved in the regulation of tran-
scriptional activity. The formation of the binding site for the
co-activator in the nuclear receptor is ligand dependent.

The activation of PPAR by FA was first characterized in
Xenopus laevis; α-, β-, and γ-isoforms were able to respond to
FA with overlapping specificity (45). However, few studies
have systematically explored the differential activation of
PPAR by FA of different chain length or unsaturation. Yu et
al. (49) compared the ability of FA to activate the different
PPAR isoforms using chimeric constructs. The tetR/PPARα
chimeric receptor was activated to almost the same extent by
LA and DHA, whereas the γ-isoform was activated by DHA
but not by LA and the β-isoform was responsive to DHA >
LA. PPARα is apparently also activated by medium- and long-
chain unsaturated FA. This evidence has been used to support
the notion that reduction of hepatic expression of lipogenic en-
zymes induced by dietary n-3 and n-6 PUFA is mediated by
PUFA-activated PPARα (45,48,50). In this chimeric PPAR ex-
pression model, DHA was the most potent activator, whereas
saturated myristic acid (14:0) was a considerably poorer in-
ducing agent (48). The net effects of PPAR on cellular
processes and metabolism include enhanced peroxisomal pro-
liferation, increased FA oxidation, decreased FA synthesis,
and enhanced glucose oxidation (50). Additional work will be
necessary to better characterize the intracellular FA metabo-
lites that regulate transcriptional activation and responsiveness
of target genes critical for retinal and brain development.

EFA effects on neural structures and functional properties.
Lipids, such as various phospholipids and cholesterol, serve
as components of specialized cell membranes and organelles.
The overall quantity and relative composition of these lipid
species may affect membrane fluidity and protein/lipid inter-
actions, resulting in changes in overall cell function. The FA
composition of structural membrane lipids can affect mem-
brane function by modifying overall membrane fluidity (order
parameter), membrane thickness, lipid phase properties, mem-
brane microenvironment, or by interaction of FA with mem-
brane proteins (51–53). These effects may modulate receptor
activity, transport of metabolites in and out of cells, and hor-
monal or other signal transduction processes. Most dietary n-3
FA–induced membrane changes are not reflected by an overall
change in membrane fluidity, but result in selective changes in
specific domains of membrane microenvironment (54). The
replacement of DHA by docosapentaenoic acid (22:5n-6) ob-
served in n-3 deficiency results in a very similar overall lipid
unsaturation level because only one double bond has been lost.
Thus, on average, membrane fluidity as measured by fluores-
cent probe polarization remains unchanged. Furthermore, the
major changes in the physical state induced by the FA compo-
sition of lipid bilayers occur when mono- or diunsaturated
moieties are introduced; namely, when a saturated FA such as
stearic acid (18:0) is replaced by oleic acid (18:1n-9) or by LA
(18:2n-6) (52,53). Others have suggested that the DHA supply
modifies the phospholipid molecular species present in neural
tissues, thus affecting overall function (55).

One of the most significant membrane effects of DHA is

its role in photoreceptor signal transduction processing. Re-
cently, Litman and Mitchell (56) reported that LC-PUFA
present in membrane phospholipid molecular species have
profound effects on rhodopsin activation and related struc-
tural modifications. Rhodopsin is a membrane protein present
in rod outer segment disk membranes, accounting for 90% of
the protein content. It functions as a photon receptor coupled
to a G protein. The light-induced conformational change of
rhodopsin triggers a biochemical cascade finally leading to
an increase in phosphodiesterase activity and a decrease in
cGMP that closes sodium ion channels in the photoreceptor
disk membrane. The result is a hyperpolarization that is re-
flected in the ERG as the leading edge of the a-wave and that
ultimately leads to the release of synaptic neurotransmitters.
Membrane FA composition affects the ability of photons to
transform rhodopsin to the activated state (56–58). The
rhodopsin activation in response to light involves a transfor-
mation of metarhodopsin I (M I) to metarhodopsin II (M II).
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FIG. 1. Meta-analysis of visual acuity differences in preterm infants;
solid bars represent randomized comparisons [group fed formula with
long-chain polyunsaturated fatty acids (LC-PUFA) compared with group
fed formula without LC-PUFA]. Open bars represent nonrandomized
comparisons (group fed human milk compared with formula without
LC-PUFA). Dashed line represents mean of estimate from combined
data for various studies for given month. C and S refer to comparison
formulas containing corn and soy oil, respectively. (A) Acuity differ-
ences measured by behavioral tests (acuity cards); (B) acuity differences
measured by visual-evoked potentials; all values expressed in octaves
(one-octave difference is a 50% reduction in width of stimulus element).
Data obtained from Reference 41. DHA, docosahexaenoic acid; F, for-
mula; BF, breast feeding.



The MI → MII equilibrium constant is six times higher with
di-DHA acylated PC than with di-myristoyl (14:0) PC. The
di-DHA PC has an equilibrium constant that is almost identi-

cal to that of phospholipids extracted from native rod disks.
The effect is explained mainly by the increase in membrane
free volume. This greater mobility of rhodopsin within the
lipid microenvironment most likely explains the change in G
protein activation and the corresponding enhanced signal
transduction to photon stimuli (58). The corresponding phys-
iologic phenomenon is an increase in retinal sensitivity to
light, such as we observe by providing DHA in the infant diet.

EFA effects on electrophysiologic responses. The role of
membrane lipid composition in determining the electrical
properties of cultured neuronal cells exposed to exogenous
FA has also been investigated (59). Both n-3 and n-6 FA re-
duce the rate of rise and lower the amplitude of Na+ action
potentials. The opposite effects were observed when saturated
or trans monoenoic FA were added to the culture (60). These
effects are likely mediated by a change in the number of ac-
tive Na+ channels. A change in membrane composition or al-
tered FA availability to the cells may explain this effect. Free
LC-PUFA have been shown to modulate the inactivation of
calcium and sodium channels in rat neural cells (61). There
are also changes in cation currents in hippocampal neurons
(60) and a higher seizure threshold in rat cortex (62). These
effects appear to depend on free extracellular LC-PUFA con-
centrations and not on membrane phospholipid composition
(61). The responsiveness of free LC-PUFA to dietary inter-
ventions, which alter tissue composition, remains unclear.
The release of free LC-PUFA from membranes could have
widespread effects on neurosensory function.

At the CNS level, interest in the effect of EFA on the mat-
uration of visual function is based on their role as key struc-
tural components of cell membranes and their accumulation
in visual and neural structures. Data from breast-fed infants
who received DHA indicate that a higher content of this FA
is present in brain cortex relative to infants fed formula (63).
Neuringer and colleagues (64) established the need for n-3
FA in the diet, utilizing infant rhesus monkeys as a model sys-
tem for n-3 FA deficiency. Following prenatal (maternal) and
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FIG. 2. Meta-analysis of visual acuity differences in term infants; solid
bars represent randomized comparisons (group fed formula with LC-
PUFA compared with group fed formula without LC-PUFA). Open bars
represent nonrandomized comparisons (group fed human milk com-
pared with formula without LC-PUFA). Dashed line represents mean of
estimate from combined data for various studies for given month. (A)
Acuity differences measured by behavioral tests (acuity cards); (B) acu-
ity differences measured by visual evoked potentials; all values ex-
pressed in octaves (one-octave difference is a 50% reduction in width
of stimulus element). Data obtained from Reference 42. See Figure 1 for
abbreviations.

TABLE 3
Critical Aspects in Experimental Design of Studies of Long-Chain Polyunsaturated Fatty Acid
(LC-PUFA) Supplementation on Visual and Neurodevelopment in Infantsa

Design Diet

Prospective randomized, controlled, Content and balance of EFA: LA and ALA
double blind study Content and balance of each LC-PUFA

Nonrandomized, formula compared Source of LC-PUFA: egg, single cell, marine
with breast-fed reference group Energy balance and content of critical

Descriptive, nonrandomized trial nutrients (I, Fe, Zn, vitamin A, folate)
Preplanned or post-hoc analysis Digestibility and utilization
Sample size to detect effect Duration of the dietary intervention

Subjects Outcome

Term or preterm infants Sensitivity of selected outcome
Birth weight and gestational age Variability in measurement of outcome
Special groups or representative population Age of evaluation, time of day of evaluation
Socioeconomic and ethnic group Time of effect relative to critical period
Maternal education Biological and clinical significance
Home environment Duration and reversibility of effects
Pre- and postnatal growth Safety of intervention and side effects
aAbbreviation: EFA, essential fatty acids. For other abbreviations see Table 1.



postnatal diets deficient in n-3 FA, the DHA concentrations
in both the occipital cortex and the retina were reduced to
20% of that in control monkeys. The n-3 FA deficiency also
impaired visual acuity as measured by preferential looking
techniques. By 12 wk of age, the deficient monkeys presented
Snellen acuities of ~20/125 vs. 20/50 in controls (20/20 is the
average adult acuity; 20/50 is the average for 12 wk of age in
monkeys). In addition, the b-wave amplitudes of ERG were
reduced by 30% in the n-3 FA–deficient rhesus monkeys (64).

Several potential mechanisms by which early dietary EFA
supply may affect visual and brain maturation and long-term
function can be outlined on the basis of the available experi-
mental data. The potential role of DHA as a modulator of
membrane properties is supported by the in vitro studies of
membrane fluidity and transport in neural cells modified in
their membrane FA. The putative role of DHA in amplifying
the phototransduction cascade is supported by the electro-
physiologic findings in animals and humans. Dietary n-3 sup-
plementation in these studies resulted in decreased retinal rod
threshold and higher maximum amplitude, meaning that less
light is required to trigger a retinal response and that more
signal is being transmitted to the visual pathway, respectively.
Moreover, the discovery of biochemical differences in phos-
phorylated microtubular-associated proteins in neurons from
the visual cortex of light-deprived kittens during early devel-
opment provides a mechanism for the classical observations
by Hubel and Wiesel (65,66). The expression of microtubular
proteins in the visual cortex induced by light plays a key role
in establishing the dendritic arborization and interconnections
necessary for visual perception; darkness inhibits the expres-
sion of this gene product (67,68). Thus the role of light-medi-
ated stimuli in triggering cortical differentiation offers a plau-
sible explanation for the phenomenon of a critical period for
ocular dominance that has a biochemical basis as well as
structural and functional correlates (65–70). We speculate that
the effect of DHA on light transduction in the retina early in
life may have lasting effects (i.e., imprint) on the organiza-
tion and function of the visual cortex. The alternative possi-
bility is that DHA has an effect on photoreceptors as well as
an independent effect on cortical maturation itself. No defini-
tive answer can be established from the available data. As
previously indicated, the fact that human milk-fed infants ex-
hibited more mature stereo acuity at 3 yr relative to formula-
fed infants suggests that this phenomenon may be relevant to
humans (16). Additional supportive evidence on the possible
long-term effect of early DHA supply on maturation of the
visual cortex comes from a large population-based prospec-
tive study of determinants of stereo acuity development con-
ducted in Bristol, United Kingdom in collaboration with one
of us (E.B.). The results indicate that a maternal antenatal diet
rich in DHA is associated with enhanced stereopsis of infants
at age 3.5 yr after adjusting for other environmental as well
as maternal and infant factors (71).

In conclusion, evidence for a beneficial effect of AA +
DHA supplementation on CNS development is strong. The
followup of supplemented infants beyond infancy should help

to address the question concerning the persistence of effects
beyond early life. Studies summarized in this review provide
evidence supporting the view that dietary EFA supply affects
visual development of preterm and term infants. The prelimi-
nary information on cognitive development is insufficient to
fully establish a claim for an LC-PUFA effect on mental de-
velopment. Human infants require dietary AA and DHA to
maintain normal FA composition of plasma and RBC mem-
brane lipids, and presumably of brain and retina. Differential
gene expression induced by EFA and changes in membrane
biophysical properties are likely responsible for the observed
functional effects. Further work should lead to a better under-
standing of the mechanisms by which EFA affect visual and
brain development and allow for a better definition of opti-
mal nutrition in early life. Optimal in this context implies the
right amount and balance of nutrients to obtain a desirable
outcome (i.e., enhanced cognitive development or decrease
in burden of disease in adult life) considering that there are
inherent risks from excesses as well as deficits.

ACKNOWLEDGMENTS

This work was supported by Fondecyt No. 1000657, NICHD 22820
and Cátedra Presidencial RU1996 grants.

REFERENCES

1. Dobbing, J., Hopewell, J.W., and Lynch, A. (1971) Vulnerabil-
ity of Developing Brain. VII. Permanent Deficit of Neurons in
Cerebral and Cerebellar Cortex Following Early Mild Undernu-
trition, Exp. Neurol. 32, 439–447.

2. Pollitt, E. (1988) A Critical View of Three Decades of Research
on the Effects of Chronic Energy Undernutrition on Behavioral
Development, in Chronic Energy Deficiency, (Schurch, B., and
Scrimshaw, N., eds.), IDECG, Lausanne Switzerland.

3. Fagioli, I., Peirano, P., Bes, F., and Salzarulo, P. (1989) Sleep in
Early Human Malnutrition, in Sleep ’88, (Horne, J.A., ed.), pp.
58–62, Gustav Fischer Verlag, Stuttgart.

4. Spassov, L., Curzi-Dascalova, L., Clairambault, J., Kauffmann,
F., Eiselt, M., Médigue, C., and Peirano, P. (1994) Heart Rate
and Heart Rate Variability During Sleep in Small-for-Gesta-
tional Age Newborns, Pediatr. Res. 35, 500–505.

5. Grantham-McGregor, S. (1995) A Review of Studies of the Ef-
fect of Severe Malnutrition on Mental Development, J. Nutr.
125, 2233S–2238S.

6. Uauy, R., Birch, D.G., Birch, E.E., Tyson, J.E., and Hoffman,
D.R. (1990) Effect of Dietary Omega-3 Fatty Acids on Retinal
Function of Very Low Birth Weight Neonates, Pediatr. Res. 28,
485–492.

7. Birch, E.E., Birch, D.G., and Hoffman, D.R. (1992) Retinal De-
velopment in Very Low Birth Weight Infants Fed Diets Differ-
ing in Omega-3 Fatty Acids, Invest. Ophthalmol. Vis. Sci. 33,
2365–2376.

8. Birch, E.E., Birch, D.G., Hoffman, D.R., and Uauy, R.D. (1992)
Dietary Essential Fatty Acid Supply and Visual Acuity Devel-
opment, Invest. Ophthalmol. Vis. Sci. 33, 3242–3253.

9. Carlson, S.E., Werkman, S.H., Rhodes, P.G., and Tolley, E.A.
(1993) Visual-Acuity Development in Healthy Preterm Infants:
Effect of Marine-Oil Supplementation, Am. J. Clin. Nutr. 58,
35–42.

10. Carlson, S.E., Werkman, S.H., Peeples, J.M., and Wilson,
W.M., III (1994) Growth and Development of Premature Infants

EFFECTS OF EFA ON VISUAL AND BRAIN DEVELOPMENT 893

Lipids, Vol. 36, no. 9 (2001)



in Relation to ω-3 and ω-6 Fatty Acid Status, World Rev. Nutr.
Diet. 75, 63–69.

11. Carlson, S.E., and Werkman, S.H. (1996) A Randomized Trial
of Visual Attention of Preterm Infants Fed Docosahexaenoic
Acid Until Two Months, Lipids 31, 85–91.

12. Werkman, S.H., and Carlson, S.E. (1996) A Randomized Trial
of Visual Attention of Preterm Infants Fed Docosahexaenoic
Acid Until Nine Months, Lipids 31, 91–97.

13. Carlson, S.E., Werkman, S.H., and Tolley, E.A. (1996) Effect
of Long Chain n-3 Fatty Acid Supplementation on Visual Acu-
ity and Growth of Preterm Infants With and Without Bron-
chopulmonary Dysplasia, Am. J. Clin. Nutr. 63, 687–697.

14. Faldella, G., Govoni, M., Alessandroni, R., Marchiani, E., Salvi-
oli, G.P., Biagi, P.L., and Spano, C. (1996) Visual Evoked Po-
tentials and Dietary Long Chain Polyunsaturated Fatty Acids in
Preterm Infants, Arch. Dis. Child. 75, F108–F112.

15. O’Connor, D.L., Hall, R., Adamkin, D., Auestad, N., Castillo,
M., Connor, W.E., Connor, S.L., Fitzgerald, K., Groh-Wargo,
S., Hartmann, E.E., et al. (2001) Growth and Development in
Preterm Infants Fed Long-Chain Polyunsaturated Fatty Acids:
A Prospective, Randomized Control Trial, Pediatrics 108,
359–371.

16. Birch, E., Birch, D., Hoffman, D., Hale, L., Everett, M., and
Uauy, R. (1993) Breast-Feeding and Optimal Visual Develop-
ment, J. Pediatr. Ophthalmol. Strabismus 30, 33–38.

17. Bjerve, K.S., Brubakk, A.M., Fougner, K.J., Johnsen, H., Midth-
jell, K., and Vik, T. (1993) Omega-3 Fatty Acids: Essential Fatty
Acids with Important Biological Effects, and Serum Phospho-
lipid Fatty Acids as Markers of Dietary Omega-3 Fatty Acid In-
take, Am. J. Clin. Nutr. 57, 801S–806S.

18. Makrides, M., Simmer, K., Goggin, M., and Gibson, R.A.
(1993) Erythrocyte Docosahexaenoic Acid Correlates with the
Visual Response of Healthy, Term Infants, Pediatr. Res. 34,
425–427.

19. Courage, M.L., McCloy, U.R., Herzberg, G.R., Andrews, W.L.,
Simmons, B.S., McDonald, A.C., Mercer, C.N., and Friel, J.K.
(1998) Visual Acuity Development and Fatty Acid Composition
of Erythrocytes in Full-Term Infants Fed Breast Milk, Commer-
cial Formula, or Evaporated Milk, J. Dev. Behav. Pediatr. 19,
9–17.

20. Jorgensen, M.H., Hernell, O., Lund, P., Holmer, G., and
Michaelsen, K.F. (1996) Visual Acuity and Erythrocyte Docosa-
hexaenoic Acid Status in Breast-Fed and Formula-Fed Term In-
fants During the First Four Months of Life, Lipids 31, 99–105.

21. Innis, S., Nelson, C., Lwanga, D., Rioux, F.M., and Waslen, P.
(1996) Feeding Formula Without Arachidonic Acid and Do-
cosahexaenoic Acid Has No Effect on Preferential Looking
Acuity or Recognition Memory in Healthy Full-Term Infants at
9 Months of Age, Am. J. Clin. Nutr. 64, 40–46.

22. Innis, S.M., Nelson, C.M., Rioux, M.F., and King, D.J. (1994)
Development of Visual Acuity in Relation to Plasma and Ery-
throcyte ω-6 and ω-3 Fatty Acids in Healthy Term Gestation In-
fants, Am. J. Clin. Nutr. 60, 347–352.

23. Innis, S.M., Akrabawi, S., Diersen-Schade, D., Dobson, M.V.,
and Guy, D.G. (1997) Visual Acuity and Blood Lipids in Term
Infants Fed Human Milk or Formulae, Lipids 32, 63–72.

24. Jensen, C., Prager, T., Fraley, J., Chen, H., Anderson, R., and
Heird, W. (1997) Functional Effects of Dietary Linoleic/
Linolenic Acid Ratio in Term Infants, J. Pediatr. 130, 200–204.

25. Makrides, M., Neumann, M., Simmer, K., Pater, J., and Gibson,
R. (1995) Are Long-Chain Polyunsaturated Fatty Acids Essen-
tial Nutrients in Infancy? Lancet 345, 1463–1468.

26. Carlson, S.E., Ford, A.J., Werkman, S.H., Peeples, J.M., and
Koo, W.W. (1996) Visual Acuity and Fatty Acid Status of Term
Infants Fed Human Milk and Formulas With and Without Do-
cosahexaenoate and Arachidonate from Egg Yolk Lecithin, Pe-
diatr. Res. 39, 882–888.

27. Jorgensen, H.M., Holmer, G., Lund, P., Hernell, O., and
Michaelsen, K.F. (1998) Effect of Formula Supplemented with
Docosahexaenoic Acid and Gamma-Linolenic Acid on Fatty
Acid Status and Visual Acuity in Term Infants, J. Pediatr. Gas-
troenterol. Nutr. 26, 412–421.

28. Auestad, N., Montalto, M., Hill, R., Fitzgerald, K.M., Wheeler,
R.E., Connor, W.E., Neuringer, M., Connor, S.L., Taylor, J.A.,
and Hartmann, E.E. (1997) Visual Acuity, Erythrocyte Fatty
Acid Composition, and Growth in Term Infants Fed Formulas
with Long Chain Polyunsaturated Fatty Acid for One Year, Pe-
diatr. Res. 41, 1–10.

29. Scott, D.T., Janowsky, J.S., Hall, R.T., Carroll, R.E., Taylor,
J.A., Auestad, N., and Montalto, M.B. (1998) Formula Supple-
mentation with Long-Chain Polyunsaturated Fatty Acids: Are
There Developmental Benefits? Pediatrics 102, E59.

30. Agostoni, C., Trojan, S., Bellu, R., Riva, E., and Giovannini, M.
(1995) Neurodevelopmental Quotient of Healthy Term Infants
at 4 Months and Feeding Practice: The Role of Long Chain
Polyunsaturated Fatty Acids, Pediatr. Res. 38, 262–266.

31. Agostoni, C., Trojan, S., Bellu, R., Riva, E., Bruzzese, M.G.,
and Giovannini, M. (1997) Developmental Quotient at 24
Months and Fatty Acid Composition of Diet in Early Infancy: A
Follow-Up Study, Arch. Dis. Child. 76, 421–424.

32. Gibson, R., Neumann, M., and Makrides, M. (1997) Effect of
Increasing Breast Milk Docosahexaenoic Acid on Plasma and
Erythrocyte Phospholipid Fatty Acids and Neural Indices of Ex-
clusively Breast-Fed Infants, Eur. J. Clin. Nutr. 51, 578–584.

33. Birch, E.E., Hoffman, D.R., Uauy, R., Birch, D.G., and
Prestidge, C. (1998) Visual Acuity and the Essentiality of Do-
cosahexaenoic Acid and Arachidonic Acid in the Diet of Term
Infants, Pediatr. Res. 44, 201–209.

34. Birch, E.E., Garfield, S., Hoffman, D.R., Uauy, R., and Birch,
D.G. (2000) A Randomized Controlled Trial of Early Dietary
Supply of Long-Chain Polyunsaturated Fatty Acids and Mental
Development in Term Infants, Dev. Med. Child Neurol. 42,
174–181.

35. Forsyth, J.S., and Willatts, P. (1996) Do LC-PUFA Influence In-
fant Cognitive Behavior? in Recent Developments in Infant Nu-
trition (Bindles, J.G., Goedhart, A.C., and Visser, H.K., eds.),
pp. 225–234, Kluwer Academic Publishers, London.

36. Willatts, P., Forsyth, J.S., DiModugno, M.K., Varma, S., and
Colvin, M. (1998) Effect of Long Chain Polyunsaturated Fatty
Acids in Infant Formula on Problem Solving at 10 Months of
Age [comment], Lancet 352, 688–691.

37. Slater, A. (1995) Individual Differences in Infancy and Later IQ,
J. Child Psychol. Psychiatry 36, 69–112.

38. Lucas, A., Stafford, M., Morley, R., Abbott, R., Stephenson, T.,
MacFayden, U., Elias-Jones, A., and Clements, H. (1999) Effi-
cacy and Safety of Long-Chain Polyunsaturated Fatty Acid
Supplementation of Infant-Formula Milk: A Randomised Trial,
Lancet 354, 1948–1954.

39. Gibson, R. (1999) Long-Chain Polyunsaturated Fatty Acids and
Infant Development, Lancet 354, 1919–1920.

40. Makrides, M., Neumann, A., Simmer, K., and Gibson, R.A.
(2000) A Critical Appraisal of the Role of Dietary Long-Chain
Polyunsaturated Fatty Acids on Neural Indices of Term Infants:
A Randomized, Controlled Trial, Pediatrics 105, 32–38.

41. San Giovanni, J.P., Parra-Cabrera, S., Colditz, G.A., Berkey,
C.S., and Dwyer, J.T. (2000) Meta-Analysis of Dietary Essen-
tial Fatty Acids and Long Chain Polyunsaturated Fatty Acids as
They Relate to Visual Resolution Acuity in Healthy Preterm In-
fants, Pediatrics 105, 1292–1298.

42. San Giovanni, J.P., Berkey, C.S., Dwyer, J.T., and Colditz, G.A.
(2000) Dietary Essential Fatty Acids, Long Chain Polyunsatu-
rated Fatty Acids, and Visual Resolution Acuity in Healthy Full-
term Infants: A Systematic Review, Early Hum. Dev. 57,
165–188.

894 R. UAUY ET AL.

Lipids, Vol. 36, no. 9 (2001)



43. Cousins, R. (1994) Metal Elements and Gene Expression, Annu.
Rev. Nutr. 14, 449–469.

44. Clarke, S.D., and Jump, D.D. (1994) Dietary Polyunsaturated
Fatty Acid Regulation of Gene Transcription, Annu. Rev. Nutr.
14, 83–98.

45. Gottlicher, M., Demoz, A., Svenson, D., Tollet, P., Berge, R.K.,
and Gustaffson, J.A. (1993) Structural and Metabolic Require-
ments for Activators of the Peroxisome Proliferator-Activated
Receptor, Biochem. Pharmacol. 46, 2177–2184.

46. Rotstein, N.P., Politi, L.E., and Aveldaño, M.I. (1998) Docosa-
hexaenoic Acid Promotes Differentiation of Developing Pho-
toreceptors in Culture, Invest. Ophthalmol. Vis. Sci. 39,
2750–2758.

47. Rodriguez de Turco, E.B., Deretic, D., Bazan, N.G., and 
Papermaster, D.S. (1997) Post Golgi Vesicles Cotransport
Docosahexaenoyl Phospholipids and Rhodopsin During Frog
Photoreceptor Membranes Biogenesis, J. Biol. Chem. 272,
10494–10497.

48. Dreyer, C., Keller, H., Mahfaudi, A., Laudet, V., Krey, G., and
Wahli, W. (1993) Positive Regulation of the Peroxisomal Beta-
Oxidation Pathway by Fatty Acids Through Activation of Per-
oxisome Proliferator-Activated Receptor (PPAR), Biol. Cell 77,
67–76.

49. Yu, K., Bayona, W., Kallen, C.B., Harding, H.P., Ravera, C.P.,
MacMahon, G., Brown, M., and Lazar, M.A. (1995) Differen-
tial Activation of Peroxisome Proliferator Activated Receptor
by Eicosanoids, J. Biol. Chem. 270, 23975–23983.

50. Kersten, S., Desvergne, B., and Wahli, W. (2000) Roles of
PPARs in Health and Disease, Nature 405, 421–424.

51. Wheeler, T., Benolken, R., and Anderson, R. (1997) Visual
Membranes: Specificity of Fatty Acid Precursors for the Electri-
cal Response to Illumination, Science 188, 1312–1314.

52. Stubbs, C., and Smith, A. (1984) The Modification of Mam-
malian Membrane Polyunsaturated Fatty Acid Composition in
Relation to Membrane Fluidity and Function, Biochim. Biophys.
Acta 779, 89–137.

53. Lee, A., East, J., and Froud, R. (1986) Are Essential Fatty Acids
Essential for Membrane Function? Prog. Lipid Res. 25, 41–46.

54. Treen, M., Uauy, R., Jameson, D., Thomas, V., and Hoffman,
D. (1992) Effect of Docosahexaenoic Acid on Membrane Fluid-
ity and Function in Intact Cultured Y-79 Retinoblastoma Cells,
Arch. Biophys. 294, 564–570.

55. Lin, D., Connor, W., Anderson, G., and Neuringer, M. (1990)
Effects of Dietary n-3 Fatty Acids on the Phospholipid Molecu-
lar Species of Monkey Brain, J. Neurochem. 55, 1200–1207.

56. Litman, B., and Mitchell, D. (1996) A Role for Phospholipid
Polyunsaturation in Modulating Membrane Protein Function,
Lipids 31, S193–S197.

57. Weidmann, T., Pates, R., Beach, J., Salmon, A., and Brown, M.
(1988) Lipid-Protein Interactions Mediate the Photochemical
Function of Rhodopsin, Biochemistry 27, 6469–6474.

58. Mitchell, D., Straume, M., and Litman, B. (1992) Role of sn-1-
Saturated, sn-2-Polyunsaturated Phospholipids in Control of
Membrane Receptor Conformational Equilibrium: Effects of
Cholesterol and Acyl Chain Unsaturation on the Metarhodopsin

I in Equilibrium with Metarhodopsin II, Biochemistry 31,
662–670.

59. Love, J., Saurn, W., and McGee, R. (1985) The Effects of Ex-
posure to Exogenous Fatty Acids and Membrane Fatty Acid
Modification on the Electrical Properties of NG108-15 Cells,
Cell. Mol. Neurobiol. 5, 333–352.

60. Vreugdenhil, M., Bruehl, C., Voskuyl, R., Kang, J., Leaf, A.,
and Wadman, W. (1996) Polyunsaturated Fatty Acids Modulate
Sodium and Calcium Currents in CA1 Neurons, Proc. Natl.
Acad. Sci. USA 93, 12559–12563.

61. Weylandt, K., Kang, J., and Leaf, A. (1996) Polyunsaturated
Fatty Acids Exert Anti-Arrhythmic Actions as Free Acids
Rather than in Phospholipids, Lipids 31, 977–982.

62. Voskuyl, R., Vreugdenhil, M., Kang, J., and Leaf, A. (1998) An-
ticonvulsant Effect of Polyunsaturated Fatty Acids in Rats,
Using the Cortical Stimulation Model, Eur. J. Pharmacol. 341,
145–152.

63. Farquharson, J., Cockburn, F., Patrick, W.A., Jamieson, E.C.,
and Logan, R.W. (1992) Infant Cerebral Cortex Phospholipid
Fatty-Acid Composition and Diet, Lancet 340, 810–813.

64. Neuringer, M., Connor, W.E., Van Petten, C., and Barstad, L.
(1984) Dietary Omega-3 Fatty Acid Deficiency and Visual Loss
in Infant Rhesus Monkeys, J. Clin. Investig. 73, 272–276.

65. Hubel, D., and Wiesel, T. (1970) The Period of Susceptibility to
the Physiological Effects of Unilateral Eye Closure in Kittens,
J. Physiol. 206, 419–436.

66. Hubel, D.H., and Wiesel, T.N. (1977) Plasticity of Ocular Dom-
inance Columns in Monkey Striate Cortex, Phil. Trans. R. Soc.
Lond. B Biol. Sci. 278, 377–409.

67. Jameson, L., and Caplow, M. (1981) Modification of Micro-
tubule Steady-State Dynamics by Phosphorylation of the Micro-
tubule-Associated Proteins, Proc. Natl. Acad. Sci. USA 78,
3413–3417.

68. Aoki, C., and Siekevitz, P. (1985) Ontogenetic Changes in the
Cyclic Adenosine 3′,5′-Monophosphate-Stimulatable Phospho-
rylation of Cat Visual Cortex Proteins, Particularly of Micro-
tubule-Associated Protein 2 (MAP 2): Effects of Normal and
Dark Rearing and of the Exposure to Light, J. Neurosci. 5,
2465–2483.

69. Bornstein, M.H. (1989) Sensitive Periods in Development:
Structural Characteristics and Causal Interpretations, Psychol.
Bull. 105, 179–197.

70. Blakemore, C. (1991) Sensitive and Vulnerable Periods in the
Development of the Visual System, in The Childhood Environ-
ment and Adult Disease, (Bock, G.R., and Whelan, J., eds.)
pp.129–154, Ciba Foundation Symposium, John Wiley & Sons,
Chichester.

71. Williams, C., Birch, E.E., Emmet, P., North, K., and ALSPAC
Team (2001) Stereoacuity at 3.5 Years of Age in Children Born
Full-Term Is Associated with Prenatal and Postnatal Dietary
Factors, a Report from a Population Based Cohort Study, Am. J.
Clin. Nutr. 73, 316–322.

[Received October 2, 2000, and in final form and accepted Oc-
tober 16, 2000]

EFFECTS OF EFA ON VISUAL AND BRAIN DEVELOPMENT 895

Lipids, Vol. 36, no. 9 (2001)


