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Abstract
The central nervous system of human infants has a uniquely high content of docosahexae
noic acid (DHA, 22:601-3), which is accreted during the brain growth spurt that occurs dur
ing the first year of life. Based on results from randomized controlled trials on visual acuity 
it is presently agreed that preterm infants have a conditional need for preformed DHA, but 
the data for term infants are inconclusive. The term infant studies are in general performed 
more recently and with higher levels of a-linolenic acid (LNA, 18:301-3) in the control for
mulas. A meta-regression analysis of the data has shown that differences in the dose of 01-3 
poly-unsaturated fatty acid (PUFA) are an important factor in explaining the inconsistencies 
in the functional outcomes. Thus, the data on both term and preterm infants are in agree
ment with a classical dose-response relationship, but it is unknown at this stage whether 
dietary LNA could meet the 01-3 PUFA requirements. Moreover, the potential long-term 
implications of the early improvements in visual function are not known. <0-3 PUFA intake 
in the first year of life is also believed to affect infant cognitive development, although this 
question remains unresolved. Breast-feeding has been shown to confer a long-term advan
tage in cognitive performance of approximately 3 IQ-points relative to that in formula-fed 
subjects, but this difference could be due to confounding as well as specific components of 
human milk. The DHA-content of human milk depends on the maternal fish intake, which 
in many countries does not support optimal levels of DHA in the milk. Most maternal fish 
oil supplementation trials report no advantage to infant mental development during the first 
year of life, but many of these studies find positive associations between breast-milk DHA 
and neuro-developmental outcomes, mirroring the results of observational studies. Some 
of these studies indicate possible negative effects of æ-3 LCPUFA, e.g. on language develop
ment, but the interpretation is complicated by lack of knowledge of the long-term predictive 
role of the employed early tests on cognitive development. Apart from direct mental effects, 
changes in the fatty acid composition of the central nervous system may also influence other 
types of behavior and body functions, such as the regulation of blood pressure. Early intake 
of <u-3 PUFA has been shown to affect blood pressure later in life in both LCPUFA-supple- 
mented formula-fed infants and <0-3 PUFA deficient rats. This line of research is up-coming 
and we expect the next decade will provide us with new aspects of the effect of <0-3 PUFA 
that need to be taken into consideration when making dietary recommendations for PUFA- 
intake during growth.
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Introduction: co-3 PUFA and the 
developing brain
Humans have a very high growth rate during the 
first year of life, particularly in the central nervous 
system (CNS). The CNS has a uniquely high con
tent of docosahexaenoic acid (DHA, 22:6æ-3) that 
accretes during its growth spurt. Infancy is char
acterized by a high growth velocity of the head 
and brain, which increases in weight from 200 g at 
birth to 1 kg at 1 year of age, when the growth spurt 
starts to fade out (Martinez, 1992), and DHA is ac
creted in this period. This accretion is not only due 
to the increase in brain size but also to an increase 
in the relative content of DHA (Martinez, 1992). It 
has been estimated that approximately half of the 
DHA accumulation within the body of a breast
fed infant appears in the brain (Cunnane et al., 
2000), which has been calculated to accumulate 
as much as 4 g DHA during the first year of life 
(Cockburn, 1997). In order to judge the magnitude 
of this accumulation one has to consider both the 
intake and the efficiency of incorporation.

The efficiency of DHA-incorporation from di
etary alfa-linolenic acid (LNA, 18:302-3) appears to 
be extremely low in rats, partly due to recycling 
of carbon into non-essential components in the 
brain (Cunnane et al., 1999). A number of primate 
studies (Sheaff Greiner et al., 1996; Sheaff Greiner 
et al., 1997; Su et al., 1999) have shown that dietary 
DHA is incorporated in the CNS about 10 times 
more efficiently than LNA, but that only a small 
fraction of the supplied æ-3 fatty acids are incor
porated, regardless of the source. A number of 

studies investigating the brain fatty acid composi
tion of infants that died from sudden infant death 
syndrome (SIDS) show that brain DHA-accretion 
confers a dietary æ-3 PUFA demand (Farquharson 
et al., 1992; Farquharson et al., 1995; Jamieson et 
al., 1999; Makrides et al., 1994). Also, an increase 
in the relative DHA-content in the brain was ob
served in breast-fed infants, whereas no increase 
was seen in formula-fed infants (Makrides et al., 
1994). This indicates that the infant formulas did 
not sustain brain DHA-accretion, at least not to 
the same extent as breast-milk. The important 
question is whether the differences in DHA-accre
tion in the CNS affect brain function.

co-3 PUFA in breast-milk and infant 
formula
Infant formula is designed to match breast-milk in 
its overall fatty-acid composition, i.e. its content 
of saturated, mono-unsaturated and poly-unsatu- 
rated fats (PUFA). However, as the composition 
of breast-milk is variable, no defined standard ex
ists for the composition of formula, especially not 
with respect to the content of specific PUFAs. The 
PUFA-content of formulas has changed over the 
years as evidence of the importance of æ-3 PUFA 
has increased. A decade ago most infant formulas 
contained linoleic acid (i8:2æ-6) and LNA as the 
only sources of PUFA. In the early studies from 
the 1980-1990’ies, which examined the functional 
effects of infant formula, the LNA-content was 
as low as 0.2 % of the energy or less (Faldella et 
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al., 1996; Uauy et al., 1990). Today many formu
las contain some long-chain (LC)PUFA, most 
often both DHA and arachidonic acid (2o:4O)-6). 
In 2003, all term infant formulas on the Danish 
market contained linoleic acid and LNA in a ratio 
of approximately 8:1 (Straarup et al., 2006). Hu
man milk always contains some DHA and other 
LCPUFAs, but the amount of æ-3 LCPUFA varies 
greatly with diet (Brenna et al., 2007; Lauritzen et 
al., 2001). Breast-milk from women with special 
diets, such as vegans who ingest no LCPUFA and 
Eskimos who consume large amounts of æ-3 LCP
UFA, differs only 3-fold in their content of linoleic 
acid, arachidonic acid and LNA, but differs more 
than 15-fold in their content of DHA. Reports on 
the DHA-content of breast-milk from individual 
women range from 0.1 to 3.5 % of the fatty acids 
(FA%) (Brenna et al., 2007; Koletzko and Rodrigu- 
ez-Palmero, 1999).

co-3 PUFA and visual acuity
Research on functional CNS-effects of æ-3 PUFA- 
intake in infancy has mainly focused on visual 
acuity This is due to: 1) The exceptional high lev
els of DHA in the retina, 2) Visual acuity being a 
well-described symptom of æ-3 PUFA-deficiency 
(Neuringer et al., 1984), and 3) Visual acuity devel
ops rapidly during early infancy and is relatively 
easy to measure (Lauritzen et al., 2004a). Visual 
acuity is normally assessed by the general physi
cian as the ability to read letters or symbols from 
a certain distance. This method is however not ap
plicable to infants, who instead are presented with 
stripes in order to judge their tendency to gaze at 
these (the Teller card method). Alternatively in
fant visual acuity can be determined as the visual
ly evoked electric potentials in their visual cortex 
by the use of electrophysiological methods (VEP 
or SWEEP-VEP) (Neuringer et al., 1994).

As reviewed in (Lauritzen et al., 2001), several 
randomized controlled trials have shown an im

provement in visual acuity in formula-fed preterm 
infants after addition of DHA to formula. A meta
analysis showed a slower visual acuity maturation 
in preterm infants (born <37* week of gestation) 
given formulas with a LNA-content of less than 2 
FA% compared to those given human milk or for
mulas with DHA, alone or in combination with æ- 
6 LCPUFA (SanGiovanni et al., 2000b). The differ
ence in visual acuity between infants who were fed 
formulas with or without DHA was observed at 2 
and 4 months of age. Only a few studies compared 
visual acuity between breast-fed and formula-fed 
preterm infants (Birch etal., 1992; Birch etal., 1993), 
but these studies and a number of similar studies 
in term infants have shown better visual acuity at 
4 months with breast-feeding (SanGiovanni et al., 
2000a). Since many randomized controlled trials 
in preterm infants show positive effects on infant 
visual acuity when DHA is added to infant formu
la, it is generally agreed that preterm infants have a 
conditional need for preformed DHA (e.g. (Fleith 
and Clandinin, 2005)). In contrast, the data from 
term infants is not believed to be conclusive.

Various reviews of the trials in term infants 
report that only half of the studies show a faster 
visual acuity maturation after DHA-addition, 
while the other half show no effects (Eilander et 
al., 2007; Lauritzen et al., 2001; SanGiovanni et al., 
2000a). However, it is important to keep in mind 
that as evidence has accumulated, the æ-3 PUFA- 
content of formulas has increased (Lauritzen et 
al. 2001). The first three preterm infant trials used 
formulas (with 0.25-0.5 FA% LNA) that would 
now be considered to be æ-3 PUFA-deficient. The 
studies in term infant are in general performed 
more recently and with considerably higher levels 
of LNA in the control formulas (around 2-3 FA%). 
The DHA-content that was used in the experimen
tal formulas has also varied. One of the early tri
als with preterm infant used large amounts of fish 
oil (as much as 0.5-1 FA% æ-3 LCPUFA) (Carlson 
et al., 1991), whereas lower amounts (down to 0.1-



46 L. Lauritzen, C. T. Damsgaard, A. D. Andersen & K. E Michaelsen BS 56

Experimental formular DHA-equivalents (mg/d) DHA Percent of Total Fatty Acids

Fig.l. Left: Dose-response: term infant DHA intake vs. visual acuity improvement. The plot shows the 
results from the meta-regression analysis of Uayu et al. (2003). The experimental formula content is 
given in DHA-equivalents (mg/d) assuming a 10% conversion of ENA to DHA. The result from the 
study of Birch et al. (2005) (0) has been superimposed on the fit from the meta-regression analysis. 
Right: the results of a crude analysis that do not consider formula content of LNA.

O.2 FA% DHA) were used in the trials with term 
infants (Auestad et al., 2001; Carlson et al., 1996). 
The more recent studies seem to have realized the 
need for larger DHA-doses and provided 0.3-0.4 
FA% DHA in their experimental formulas. The 
difference between the results of the term and pre
term infant trials are much less obvious when we 
look at only the most recent trials, that have used 
similar standard formulas and similar doses of 
DHA (Auestad et al., 2001; Birch et al., 2005; Innis 
et al., 2002; O’Connor et al., 2001; Wezel-Meijler 
et al., 2002).

In a review of the effect of æ-3 PUFA in the 
function of the brain and retina in infants, we hy
pothesized that the differences in the dose of co-3 
PUFA (both LNA and DHA) could be an impor
tant factor in explaining the inconsistencies in the 
functional outcomes in the term infant trials (Lau- 
ritzen et al., 2001). This has later been confirmed 
in a meta-regression analysis (Uauy et al., 2003). 
Uauy and his coworkers found a highly significant 
association between the observed effects on visual 
acuity and the combined intake of LNA and DHA 
in the term infant trials. The group tested different 

theoretical proportions (0-10 %) of LNA-conver- 
sion to DHA and the best fit was achieved with a 
DHA-equivalence factor of 10% for LNA. This is 
in agreement with data on DHA-incorporation in 
the CNS of primates. The meta-regression analysis 
included seven trials that assessed visual acuity at 
4 months of age (Fig. 1) and explained as much 
as 68 % of the variation between the results of the 
randomized controlled trials that tested formulas 
with and without DHA in term infants (p=o.ooi) 
(Uauy et al., 2003). Also, the results of a more re
cent trial (Birch et al., 2005) fits nicely with the re
gression (Fig. 1). Thus, in our opinion the present 
data from both term and preterm infants are in 
agreement with a classical dose-response rela
tionship, suggesting that the dietary need may be 
around 100 mg/d or 0.4 FA% DHA in the milk, 
regardless of gestational age at birth. At this stage 
it is unknown whether LNA-intake alone could 
meet the 0,-3 PUFA-requirements of infants. To 
our knowledge only one study has investigated the 
effects of a formula with a LNA-content above 4 
FA% (Innis et al., 1997).

Since breast-milk DHA varies with maternal 
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diet, a way to look at the developmental effects 
of infant DHA-intake is to perform randomized 
trials with lactating mothers. We and others have 
conducted such trials in which the DHA-content 
of breast milk was manipulated by supplementing 
the lactating mothers with fish oil in order to look 
for functional effects on visual acuity and other 
outcomes in the infants (Table 1). The breast-milk 
DHA content in our trial correlated significantly 
with the maternal intake of æ-3 LCPUFA and was 
raised from a mean of 0.4 FA% in the olive oil- 
supplemented (control) group to around 1 FA% 
in the fish-oil supplemented group (Lauritzen et 
al., 2004b). In our study, the fish-oil supplement 
did not have any immediate effect on the SWEEP- 
VEP visual acuity of the infants at 2,4 or 9 months 
of age, i.e. no significant differences were observed 
between the two randomized groups. However, we 
did see a significant association between the DHA 
content of infant erythrocytes (a well-accepted bi
omarker of DHA intake) and their visual acuity at 
4 months. The erythrocyte DHA-content together 
with the degree of breast-feeding, gestational age 
and number of siblings were found to account for 
24 % of the variance in infant visual acuity (around 
4 % by DHA alone). The low degree of explanation 
is in part due to noise in the SWEEP-VEP testing 
of visual acuity in the infants. When the random 
variation of the SWEEP-VEP method is removed, 
the effect of DHA is estimated to increase to a 
much larger fraction of the variance (Lauritzen et 
al., 2004a).

The two other randomized controlled trials 
looking at the effects of æ-3 LCPUFA-supplemen- 
tation during lactation did not find any group-dif- 
ferences in infant visual function (Gibson et al., 
1997; Jensen et al., 2005) and neither did a mater
nal supplementation trial in which æ-3 LCPUFA- 
supplements were given during pregnancy or dur
ing both pregnancy and lactation (Malcolm et al., 
2003a). Accordingly, the most obvious conclusion 
would be that maternal DHA-supplementation 

does not markedly affect infant visual develop
ment (Eilander et al., 2007). However, the preg
nancy trial is questionable as no biochemical ef
fect of the intervention was observed in breast 
milk or infant blood at delivery (Malcolm et al., 
2003a). In contrast, a more recent trial in which 
mothers were supplemented with DHA during 
pregnancy did find an effect on infant visual acu
ity at 4 months, although not at 6 months of age 
(Judge et al., 2007a). This study was performed in 
the US and used a very low DHA-dose. Since both 
intake of DHA and thus the breast-milk content 
of DHA are lower in the US than in Scandinavia, 
this study may indicate that the trials should be 
re-evaluated in order to look at dose-response-re- 
lations, like the formula trials. However, the new 
pregnancy DHA-supplementation trial was only a 
small study and the result could be a chance-find
ing. Data from one of the published trials with 
maternal DHA supplementation in pregnancy 
(Malcolm et al., 2003a; Malcolm et al., 2003b) and 
a new Canadian trial (Innis, 2007a) show associa
tions between visual functions (ERG, VEP-latency 
and visual acuity) in infants and biochemical bi
omarkers of DHA intake and a few observational 
studies in breast-fed infants have also observed 
that DHA in breast-milk or infant erythrocytes 
was positively associated with visual acuity (Innis 
et al., 2001; Jørgensen et al., 2001; Makrides et al., 
1993). This supports the association found in our 
maternal supplementation trial and underlines the 
need for a dose-response approach when evaluat
ing results. Furthermore, the evidence indicates 
that the optimal milk DHA level is higher than 
that found in breast-milk from women with a low 
intake of æ-3 LCPUFA.

Apart from the optimal dose, another unre
solved matter is whether or not the effect of æ-3 
LCPUFA on visual acuity is long-lasting. Only a 
few randomized trial have looked at the effects on 
visual acuity beyond the first year of life (Auestad 
et al., 2003; Birch et al., 2007; Singhal et al., 2007).
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Table 1. Overview of randomized trials on the visual and cognitive effects in children after maternal fish oil-supplementation 
during pregnancy and/or lactation.

Study a) Experimental 
supplement

b) Control oil
c) Period of sup

plementation

DHA in 
breast-milk 
(FA%)

Performed assessments 
(n in all random groups)

Observed group- 
differences (rela
tive to control)

Description of observed 
associations with DHA in 
breast-milk or RBC

Supplementation in pregnancy
Malcolm et 
al., 2003a;
Malcolm et
al., 2003b

a) 250 mg/d C0-3 
LCPUFA/d 
(fish oil)

b) High oleic acid 
sunflower oil

c) Gestation wk 15 
to delivery

a) 0.2 
nmol/1

b) 0.3 
nmol/1 
at 0 wks

1) Infant plasma & RBC 
at 0 wks (53)

2) ERG within 1 wk (41 
or 44)

3) Flash VEP at 0, 2.5 & 6 
mo (55, 52, 51)

4) t-VEP 2.5 & 6 mo (?)

1) NS: RBC-DHA 
increased by 5%

2) No differences
3) No differences
4) No differences 

in acuity or 
parameters

2) Significant associated 
with RBC C0-3 LCPU
FA status at birth

3) No associations
4) Association between 

peak latency and 
RBC-DHA at birth

Tofail et al.,
2006

a) 3g/do)-3
LCPUFA (fish 
oil)

b) Soy oil
c) Gestation wk 25 

to delivery

Not as
sessed

1) BSID at 10 mo (249)
2) Infant behavior at 10 

mo (249)

1) No differences
2) No differences

No biochemical measures 
of the intervention 
included

Judge et al.,
2007a
Judge et al., 
2007b

a) 340 mg/d
<0-3 LCPUFA 
(functional 
foods)

b) Corn oil
c) Gestation wk

24 to delivery

Not as
sessed

1) Teller at 4 & 6 mo (30,
26)

2) Fagan at 9 mo
3) PS at 9 mo

1) Better acuity at
4, but not at 6 
mo.

2) No differences
3) Higher score

No biochemical measures 
of the intervention 
included

Supplementation in pregnancy and lactation
Heiland et 
al., 2001
Heiland et
al., 2003

a) 2.2 g/d (cod 
liver oil)

b) Corn oil
c) Gestation wk 18 

to 12 wks post 
partum

a) 1.2
b) 0.47 at 12 

wks

1) Infant plasma PL at 0, 4 
& 12 wks (74, 82, 75)

2) EEG at 2 days & 12 wks 
(148,122)

3) Fagan at 6 & 9 mo 
(262, 245)

4) K-ABCat4y(84)

1) C0-3 PUFA in
creased by 60% 
at 4 wks

2) No differences
3) No differences
4) Higher score

2) Mature and immature 
2d-EEG was associ
ated with differences 
in C0-3 LCPUFA status 
at birth

3) No associations
4) Association with co-3 

LCPUFA status at 0
& 4 wks and maternal 
DHA-intake.
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Table 1. (continued)

Study a) Experimental 
supplement

b) Control oil
c) Period of sup

plementation

DHA in 
breast-milk 
(FA%)

Performed assessments 
(11 in all random groups)

Observed group- 
difierences (rela
tive to control)

Description of observed 
associations with DHA 
in breast-milk or RBC

Supplementation in lactation
Makrides 
et al., 1996 
Gibson et 
al., 1997

a) 0-1.3 g/d DHA 
(algal oil)

b) None used
c) Day 5 to 12 wks 

post partum

a) 0.21-1.13 
at 12 
wks

1) Infant plasma & RBC at 
12 wks (52)

2) VEP at 12 & 16 wks 
(26,36)

3) BSID at 1 & 2 y (51,49)

1) RBC-DHA 
increased by 
>70%

2) No difierences

1) Asymptotic dose-re
sponse with milk- 
DHA

2) No association with 
milk or RBC-DHA

3) MDI positively as
sociated with milk & 
RBC-DHA at ly, but 
not at 2 y.

Jensen et 
al., 2005

a) 200 mg/d DHA 
(algal oil)

b) Soy/Corn oil 
(50:50)

c) Day 5 to 4 mo 
post-partum

a) 0.35
b) 0.20 at 4

mo

1) Infant plasma PL at 4 
mo (159)

2) Teller at 4 & 8 mo & 
SWEEP-VEP at 4 mo 
(147,147.160)

3) t-VEP at 4 & 8 mo (168, 
153)

4) CAT, CLAMS, DQ at 12 
&30 mo (165,147)

5) BSID at 30 mo (133)

1) PL-DHA in
creased by 35%

2) No difierences
3) Lower ampli

tude
4) No difierences
5) No difierence 

in MDI, but 
higher PDI

2-5) No significant 
correlation with any 
visual or neuro-de- 
velopmental outcome 
and infant PL-DHA 
at 4 mo

Lauritzen 
et al 2004 
& 2005

a) 1.3 g/dw-3 LCP- 
UFA (func
tional foods)

b) Olive oil
c) 1 wk to 4 mo 

post-partum

a) 1.34
b) 0.41 at 4

mo

1) Infant RBC at 4 mo (78)
2) SWEEP-VEP at 2 & 4 

mo (88, 97)
3) PS at 9 mo (86)
4) CDI at 1 and 2 y (89, 71)
5) Follow-up with blood 

pressure, immune 
function and body 
composition at 2.5 y

1) RBC-DHA 
increased by 
40%

2) No difierences
3) Higher score in 

girls
4) Lower ly- 

comprehen- 
sion, mostly 
in boys and 
less sentence 
complexity in 
boys at 2V

1) Asymptotic dose-re
sponse with milk- 
DHA

2) Association between 
visual acuity and 
RBC-DHA at 4 mo

3) No association with 
RBC-DHA at 4 mo

4) Active vocabulary at 1 
y adversely associated 
with RBC-DHA at 4 
mo, but no asscociat- 
tions at 2y

BSID: Bayley Scales of Infant Development, MDI: Mental Developmental Index, PDI: Psychomotor Development Index, CAT: 
Clinical Adaptive Test, CLAMS: Clinical Linguistic and Auditory Milestone Scale, DQ: Developmental Quotient on Gesell Scale 
Gross Motor scale, ERG: Electroretinogram, K-ABC: Kaufman Assessment Battery for Children, NS: Not significant, PL: Phos
pholipids, PS: Problem solving assessed by the Infant Planning Test, RBC: Erythrocyte, SWEEP-VEP: Swept visual evoked po
tential assessment of visual acuity, t-VEP: Transient visual evoked potential assessment of visual acuity, latency or amplitude.
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In one of their trials Birch and her co-workers 
found that children who during the intervention 
from 0-4 months of life had received standard 
unsupplemented formula still had poorer visual 
acuity at 12 month (Hoffman et al., 2000) and 4 
years of age (Birch et al., 2007), whereas Aues- 
tad et al. and her co-workers found no effect on 
visual acuity neither in infancy nor at 3V2 years 
of age (Auestad et al., 2003). In the largest long
term randomized trial so far, no effect of formula 
LCPUFA-supplementation was observed on the 
proportion of children with low visual acuity at 
4-6 years of age (Singhal et al., 2007). Many of 
the trials have measured visual acuity at different 
ages during the intervention period, typically at 
2, 4, 6, 9 and 12 months. The results from these 
studies appear to separate into two types. Some 
studies (e.g. (Carlson et al., 1993)) and two meta
analyses (SanGiovanni et al., 2000a; SanGiovanni 
et al., 2000b) indicate that the unsupplemented 
children catch up, since significant differences are 
generally observed at 2 and 4 months, but not at 
older ages. Other studies show a more permanent 
effect, with persistent differences in visual devel
opment between the supplemented and unsupple
mented groups, or even increased differences over 
time (e.g. (Birch et al., 2007)). The meta-analysis 
of term infant trials indicate that the ability to de
tect differences in visual acuity may depend on the 
method of visual acuity assessment (SanGiovanni 
et al., 2000a). It has been suggested that the dif
ferences are explained by differences in sensitiv
ity of the visual acuity test or by differences in the 
amount of DHA included in the experimental 
formula (Cheatham et al., 2006). However, in our 
opinion the observed inconsistencies in the per
sistency of the effect are not explained by gesta
tional age at birth, DHA-dose or visual acuity test
type, as there is no systematic difference in these 
variables between the studies that found an effect 
of DHA and those that did not. However, the in
consistent results could be due to other aspects of 

testing. In our experience, the children are harder 
to test with the SWEEP-VEP method when they 
are older than 8 months of age, resulting in noise 
and improper measurements, probably because 
the children are impatient and easier distracted 
during the test at this age. Therefore, we propose 
that the lack of a persistent effects of DHA despite 
continued DHA supplementation could be due to 
testing-noise. Even if the effect of DHA on visu
al acuity should prove to be truly transient, two 
studies report that other aspects of visual function 
later in childhood may depend on infant nutrition 
(Singhal et al., 2007; Williams et al., 2001). Both 
of these studies found that breast-feeding (Singhal 
et al., 2007) was associated with a greater likeli
hood of achieving a mature foveal stereoacuity at 
3-6 years of age (Singhal et al., 2007; Williams et 
al., 2001). Furthermore, one of these studies found 
that children whose mothers ate oily fish during 
pregnancy were also more likely to have a high de
gree of stereoacuity at 3U years of age (Williams 
et al., 2001), whereas the other study observed 
no effect of formula LCPUFA-supplementation 
on foveal stereoacuity (Singhal et al., 2007). Even 
if the visual effect turns out not to be persistent, 
an accelerated maturation of visual acuity could 
maybe affect maturation of higher cognitive func
tions or it could reflect general differences in the 
information processing that may also affect other 
CNS functions.

co-3 PUFA and cognitive function
Apart from visual function, the intake of æ-3 
LCPUFA in the first year of life is also believed 
to affect the cognitive development of the infants. 
In a meta-analysis, breast-feeding was shown to 
confer a long-term advantage in cognitive per
formance of approximately 3 IQ-points relative to 
formula-feeding (Anderson et al., 1999). The ef
fect in preterm infants was much stronger than in 
term infants, supporting that the effect is caused 
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by æ-3 LCPUFA. In a recent WHO meta-analysis 
the effect was 4.9 IQ points (Horta et al., 2007). 
One study showed that breast-feeding also had 
an effect of the same magnitude in young adults 
(Mortensen et al., 2002). An effect of breast-feed
ing of 3-5 IQ-points is not large compared to the 
effect of genetic and social conditions, but a shift 
in IQ in of this magnitude in a population may 
have a large impact on the number of disadvan
taged children. Breast-feeding is a choice of the 
mother and is also determined by socioeconomic 
factors. These must be controlled for before we 
can conclude if the milk itself has causal effects 
on cognitive function. Proper adjustment for 
confounding requires collection of information 
on many potential confounding factors, includ
ing parental IQ and measures of parenting skills 
and the home environment. In a recent analysis 
of a large cohort from the US, which included sib
ling pair analysis and control for maternal IQ, the 
conclusion was that there was no effect of breast
feeding on IQ (Der et al., 2006). However, mean 
duration of breast-feeding was only 3 months and 
more than half of the children were not breast-fed. 
Furthermore, it was based on a US population, 
where breast-milk DHA levels are likely to be sub- 
optimal (Brenna et al., 2007). Thus, although there 
is a plausible mechanism for an effect of breast
feeding on cognitive development through breast
milk DHA content, there is still a discussion about 
the potential influence of residual confounding by 
factors such as the quality of parental care, which 
goes along with a healthy diet.

Epidemiological studies have described posi
tive associations between maternal intake of ma
rine foods and verbal IQ measured at 8 years of 
age (Hibbeln et al., 2007). However, permanent 
adverse associations with brain function have 
also been described, especially in countries with 
a high intake of marine mammals with high lev
els of methyl-mercury (Debes et al., 2006; Go- 
chfeld and Burger, 2005). Interestingly, in popu

lations exposed only through fish intake, similar 
levels of maternal methyl-mercury exposure are 
not associated with adverse outcomes (Davidson 
et al., 2006). Benefits from fish consumption are 
confounded by socioeconomic variables and by 
the replacement of other foods that could po
tentially influence the outcome. Thus, additional 
studies with better dose-construction and prefer
ably bio-monitoring of both æ-3 ECPUFA-status 
and neurotoxin exposure are needed in order to 
evaluate the composite benefit-risk dose-curve of 
fish on infant CNS development (Gochfeld and 
Burger, 2005). Furthermore, differences caused 
by breast-feeding versus formula-feeding could be 
confounded by socio-economic factors or other 
specific components of human milk, rather than 
being a true effect of æ-3 ECPUFA (McCann and 
Ames, 2005). Therefore, randomized controlled 
intervention trials are needed to prove any causal 
effects of ü)-3 ECPUFA.

Some randomized trials support an associa
tion between IQ and æ-3 PUFA intake, but the 
results are diverse. Rather than making definite 
conclusions, we will therefore exemplify and dis
cuss some of the relevant issues in the field. The 
two most recent reviews conclude that 1) evidence 
from several types of studies, particularly animal 
studies, suggest that changes in brain DHA-con- 
centrations are positively associated with changes 
in cognitive or behavioral performance (McCann 
and Ames, 2005) and 2) that randomized trials in 
preterm formula-fed infants indicate a beneficial 
effect of LCPUFA on cognitive development, but 
that further studies are needed to assess the effect 
in term formula-fed infants (Eilander et al., 2007). 
Many of the studies investigating the effects of 
DHA on cognitive function have used tests such 
as the Griffiths Scales or the Bayley Scales of In
fant Development (BSID), which were originally 
developed to identify children with serious devel
opmental problems (Cheatham et al., 2006). These 
well-established but very general tests may not be 
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well-suited for detecting small differences within 
the normal range of behavior, the development of 
which in early infancy is characterized by memory 
and speed of information processing (Cheatham 
et al., 2006). A couple of studies have investi
gated the effects of infant DHA-supplementation 
on specific developmental measures of informa
tion processing and detection of novelty (Auestad 
et al., 2001; O’Connor et al., 2001; Willatts et al., 
1998b). By use of a specific problem solving test, 
the Infant Planning Test, designed for children at 
exactly the age at which they were tested (Willatts, 
1999)> Willatts and his coworkers found that in
fants, who were fed infant formula supplemented 
with LCPUFA during the first 4 months of life had 
better overall test-scores at 10 months than those 
who were given standard formula (Willatts et al., 
1998a). In this test the child had to overcome some 
physical barriers (e.g. remove a cloth) in order to 
find a toy and the effect was mainly seen in the 
final step of the test (Willatts et al., 1998a) as the 
less mature children never made it to this step. It 
has been suggested that the cognitive effect of di
etary DHA may be easier detectable at older ages, 
when cognitive tests are more sensitive and relia
ble (e.g. by (Eilander et al. 2007)). One of the term 
trials on LCPUFA-supplemented infant formulas 
found increased performance in the Wechsler Pre
school and Primary Scale of Intelligence-test at a 
long-term follow-up at 4 years of age (Birch et al., 
2007).

Six of the seven randomized trials with æ- 
3 LCPUFA during pregnancy and/or lactation 
tested the cognitive effects in the children (Table 
1). Most of the maternal fish oil-supplementation 
trials report no clear advantage to infant mental 
development during the first two years of life, but 
some of the studies found positive associations 
between DHA in breast-milk and neuro-develop- 
mental outcomes, mirroring the results of obser
vational studies (Innis, 2007b). Our maternal fish 
oil-supplementation trial showed better problem 

solving at 9 months in the intervention group, 
but only in girls (Lauritzen et al., 2005). In the 
lactation trial by Gibsons group, they found an 
associations between RBC and milk DHA-levels 
and mental function, measured by global tests of 
infant development, although this was only ob
served at 1 year and not at 2 years of age (Gibson 
et al., 1996). Jensen et al. found a positive effect of 
a low dose of DHA during lactation on the psy- 
chomotorical score on the Bayley scale at iU years 
of age (Jensen et al., 2005) and a recent maternal 
supplementation-trial found an improvement of 
Infant Planning Test scores in infants 9 months 
after the pregnant mothers had ingested DHA- 
enriched functional foods (Judge et al., 2007b). 
Data from a Norwegian trial with cod liver oil
supplementation during pregnancy and lactation 
showed that the children from the cod liver oil- 
group did significantly better in the over-all score 
when they examined their problem solving abili
ties at 4 years of age (Heiland et al., 2003). They 
used the K-ABC test, which consists of a number 
of tasks on sequential problem solving, simultane
ous problem solving and non-verbal abilities. In 
contrast, results from a Dutch observational study 
do not provide evidence for a positive associa
tion between LCPUFA-status at birth or at 7 years 
(Bakker et al., 2003) and cognitive performance at 
7 years of age, but showed a significant negative 
correlation between perinatal DHA status and in
ternalizing problem behavior (Krabbendam et al., 
2007).

One of the highly discussed issues is the timing 
of the “open-window”-period, i.e. what stage in in
fant or fetal life is most vulnerable to effects of defi
ciencies in the DHA-supply (Eilander et al., 2007). 
However, most of the positive results on cognitive 
development so far are observed in post-partum 
maternal supplementation trials (Eilander et al., 
2007). This is in contrast to the general belief that 
the earlier during development, the more sensitive 
is the brain. This belief is based on the assump- 
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tion that DHA is affecting the formation of nerves 
and synapses early in fetal life, and that once the 
CNS is established, the effect is limited. It could, 
however, be hypothesized that early post-natal life 
is a more vulnerable period, because although the 
relative growth of the fetus is large in pregnancy, 
the absolute amount of DHA that is accreted in the 
brain is much larger during the first months after 
birth. Randomized trials with follow-on formulas 
or DHA-enriched baby foods in term breast-fed 
infants after weaning have found positive effects 
on visual acuity (Birch et al., 2002; Hoffman et 
al., 2004). This suggests that the critical period, in 
which the dietary DHA-supply can affect the mat
uration of cortical function, extends beyond fetal 
life and the early lactation period. Furthermore, a 
combined analysis of some of the LCPUFA-trials 
has demonstrated that the duration of the LCPU- 
FA-supplementation period was positively associ
ated with improvements in visual acuity (Morale 
et al., 2005). Thus, it is likely that CNS function 
is affected by the TCPUFA-intake throughout the 
first year of life (Morale et al., 2005).

Some of the studies on the effect of early TCP
UFA-intake and infant cognitive function indicate 
possible negative effects of æ-3 TCPUFA, e.g. on 
language development. However, the interpre
tation of these results is complicated by the lack 
of detailed knowledge on infant cognitive devel
opment and the long-term predictive role of the 
employed early tests on later cognitive develop
ment (Cheatham et al., 2006). Our maternal sup
plementation trial showed a negative effect of fish 
oil on language development at the follow-up ex
aminations at 1 and 2 years of age (Tauritzen et al., 
2005). Tanguage development was examined with 
MacArthurs parent-assessed Communicatory 
Development Inventory (CDI)-questionnaire, in 
which the parents report the number of words 
that the child is able to understand and say. The 
active and passive vocabulary at 1 year was found 
to be lower in the children from the fish oil-sup

plemented group and at 2 years of age there was 
still a negative effect in boys, who are known to 
mature at a slower rate than girls. A similar inverse 
relationship between æ-3 TCPUFA and language 
acquisition assessed by the CDI-questionnaire 
was shown in an observational study and in a 
randomized trial in preterm formula-fed infants 
(Auestad et al., 2003; O’Connor et al., 2001; Scott 
et al., 1998). This has been taken as adverse effects, 
but we and others have found slower language 
development in children of parents with higher 
education (Tauritzen et al., 2005), who are likely 
to have better verbal and educational skills later 
in life. Fast language development may intuitively 
be interpreted as a sign of high cognitive function, 
but it is also possible that a slower language devel
opment reflects a different state of mind - e.g. that 
the children so to speak “think before they speak”.

The point is that there are many things we do 
not know about infant cognitive and verbal devel
opment. John Colombo’s group found that the at
tention-score was differently related to the DHA- 
content in umbilical cord blood (a measure of the 
DHA-status at birth) at two different ages (Co
lombo et al., 2004). In the their test the child was 
given a complicated electronic toy with wheels, 
buttons, sounds etc. and the investigator assess
es the time the child spends looking at the toy. 
Those with high DHA-status paid less attention to 
the toy than those with low DHA at 12 months, 
whereas it was opposite at 18 months, resulting 
in a significant agexDHA-effect. From other tests 
the group could show that long duration of atten
tion at 12 months was positively associated with 
less mature behavior and reflects low processing 
efficiency, whereas it at 18 months was associated 
with more mature behavior and reflected the abil
ity to stay focused. These results indicate that ef
fects on cognitive function manifest differently at 
different ages. Colombo speculated that the effect 
of e.g. DHA could be evident only on the function 
that is most demanding to the infant at that spe
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cific age- i.e. staying awake, holding attention and 
IQ later in childhood (Wainwright and Colombo, 
2006).

co-3 PUFA and other central nervous 
system effects
The CNS regulates many functions in the body via 
the autonomic nervous system. Thus, apart from 
direct mental effects, changes in the DHA-con- 
tent in the brain could also influence other types 
of behaviors and body functions, such as the de
velopment of blood pressure control. It has been 
speculated that perinatal æ-3 PUFA intake may 
have a programming effect, reducing the risk of 
cardiovascular diseases in later life (Das, 2003). 
Compared with formula-feeding breast-feeding 
has been shown in two large systematic reviews 
and meta-analyses to be associated with a 1.2-1.4 
mm Hg lower systolic blood pressure later in life 
(Horta et al., 2007; Martin et al., 2005). Moreo
ver, in a unique study, Singhal et al. randomized 
preterm infants to either banked breast-milk or 
preterm infant formula and found that blood 
pressure at 13-16 years of age was negatively as
sociated with the intake of breast-milk (Singhal et 
al., 2001). This latter study indicates an effect of 
specific components in the milk rather than con
founding factors often related to voluntary breast
feeding. Not surprisingly only a few randomized 
trials have examined long-term programming ef
fects of such specific breast-milk components in 
humans. However, an early intake of æ-3 PUFA 
has been shown to affect blood pressure later in 
life in both LCPUFA-supplemented formula-fed 
infants (Forsyth et al., 2003) and æ-3 PUFA-de- 
ficient rats (Armitage et al., 2003). Forsyth et al. 
found that infants receiving dietary supplementa
tion with LCPUFA added to infant formula had 
lower blood pressure at 6 years of age than those 
who had been given the standard control formula 
(Forsyth et al., 2003). This is in accordance with 

data from the rat study, showing permanently in
creased blood pressure in offspring that had been 
exposed to æ-3 PUFA-deficiency during early life 
(Armitage et al., 2003; Weisinger et al., 2001). The 
control-formula group in Forsyths study may also 
have been æ-3 PUFA-deficient, as the formula did 
not contain the currently recommended 2 FA% 
LNA and had a very high o)-6/o)-3 PUFA-ratio 
(>16:1) (The Commission of the European Com
munities, 2006). We do not know whether the 
blood-pressure lowering effect in that study was 
caused by æ-3 LCPUFA, since the formula in For
syth’s study contained both DHA and arachidonic 
acid (2o:4O)-6). Our maternal fish oil-supplemen
tation trial did not show any convincing effects on 
blood pressure at 2U years (Larnkjær et al., 2006) 
but we did find a tendency towards an effect on 
heart rate (Larnkjær et al., 2006). Furthermore, 
we recently found an acute blood-pressure lower
ing effect of 3 months fish-oil supplementation in 
healthy infants at 12 months of age (Damsgaard et 
al., 2006). As with the effects of æ-3 LCPUFA on 
cognitive functions, the evidence on blood pres
sure shows many interesting indications, but we 
need more randomized controlled trials in order 
to make firm conclusions about the long-term ef
fects of C0-3 LCPUFA on blood pressure regula
tion.

Despite the lack of firm evidence, plausible 
mechanisms exist. Programming depends on 
some sort of imprinting or memory mechanism 
and it is most likely that long-term vascular effects 
would be mediated via the development and regu
lation of the autonomous nervous system. Chang
es in the hypothalamic-pituitary-adrenal axis have 
been suggested as a possible mechanism of early 
programming (Wintour et al., 2003). Pharmaco
logical studies in preterm infants have shown that 
antenatal treatment with glucocorticoids such as 
ß-methasone may persistently influence the hy
pothalamic-pituitary-adrenal regulation (Davis 
et al., 2006). An effect of æ-3 PUFA on the au
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tonomic control of heart rhythm, blood pressure 
and other physiological functions may therefore 
provide a common link between possible effects 
on later health and on the CNS development. The 
observed long-term effect of æ-3 LCPUFA-sup- 
plementation on blood pressure (Forsyth et al., 
2003) and heart rate (Larnkjær et al., 2006) could 
be interpreted as an indicator of accelerated CNS 
maturation. Exactly how DHA affects CNS func
tions remains to be elucidated, but a number of 
potential mechanisms are supported by data from 
in vitro studies and animal experiments (Innis, 
2007b).

Conclusions
In summary, early intake of æ-3 LCPUFA from 
human milk and infant formula has been shown 
to affect DHA accretion in the tissues, but it is 
presently unclear to what extent neural function 
is affected by tissue composition and what the op
timal levels of DHA in various tissues are. Human 
milk DHA-content depends on maternal diet, but 
often provides a better supply of æ-3 PUFA than 
formulas. Formula-fed infants have been shown 
to have poorer visual acuity than breast-fed in
fants and the visual acuity in formula-fed infants 
has been shown to be associated with the overall 
ü)-3 PUFA intake. Dietary LNA appears to corre
spond to 1/10 of preformed DHA and the optimal 
intake in preterm and term infants may be around 
100 mg/d DHA. The potential long-term implica
tions for visual function are unknown, but other 
CNS functions may be affected. Breast-feeding 
is associated with a cognitive advantage relative 
to formula. However, both observational studies 
relating maternal fish intake with child IQ, ran
domized studies investigating cognitive effects 
of DHA-enriched formula, and studies with æ-3 
ECPUFA in pregnancy/lactation are inconclusive 
with regard to the mental benefits for the infants. 
Changes in CNS æ-3 ECPUFA may also influence 

behavior and physiological function, such as blood 
pressure. Some studies indicate possible negative 
effects, e.g. on language, but we lack randomized 
trials and knowledge about cognitive development 
and the predictive value of early tests of cognitive 
and verbal function and markers of health. Hope
fully, the next decade will provide new evidence 
that will contribute to elucidate the dietary needs 
for PUFA during optimal growth and develop
ment.
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