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Introduction

The purpose of this background paper is to review evidence relevant to estimating the dietary essentiality of
specific fatty acids in the diets of pregnant and lactating
women, and when possible to provide guidance for specific dietary levels. Evidence is emphasized according to
the hierarchy outlined in the background paper provided
to consultancy members [Smit et al., 2009], especially
section 5: ‘Choice of criteria, evidence, and dietary reference intakes’.
Pregnancy and lactation imposes special nutritional
needs on the mother-fetus/infant. With respect to fat, the
overwhelming majority of research in the past 2 decades
on dietary fat in the perinatal period has focused on nutritional needs for polyunsaturated fatty acids (PUFA),
and of these docosahexaenoic acid (DHA) and arachidonic acid (AA) have received the most attention.
Pregnancy first imposes nutritional demands on the
mother for energy and for components to grow the placenta, and, soon afterward, the fetus. Maternal nutrition
has long been recognized as important for both perinatal
health and for the long-term health of the infant. Deficiencies in placental growth due to frank malnutrition
have long been recognized as harmful to the infant, and
some of the mechanisms by which fetal and infant nutrition influence chronic disease have been investigated recently [Barker, 2007]. Specific nutrients have also long
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been recognized as being of possible importance to longterm infant health. With respect to fatty acid nutrition,
consumption of various oils during the last week of pregnancy was found to permanently program avoidance behavior in rats [Messeri et al., 1975] despite the postnatal
brain growth spurt in this species, which is consistent
with several other studies demonstrating perinatal effects
of PUFA nutrition on behavior [Borgman et al., 1975;
Lamptey and Walker, 1978]. Similarly, cholesterol intake
in infancy was hypothesized to program cholesterol levels
in later life, first supported by data in rats [Reiser and
Sidelman, 1972; Jensen et al., 1978]. More recently, baboon
[Mott et al., 1990] and human studies [Owen et al., 2002]
indicate that breast feeding has positive effects on the infant’s later cholesterol physiology, and in addition is consistently associated with later cognitive benefits [SchackNielsen and Michaelsen, 2006]. Notably, experimental
studies of the influence of perinatal nutrition on chronic
disease development in humans are impossible due to ethical and practical considerations. However, evidence from
randomized controlled trials (RCT) that evaluate acute
outcomes, reviewed below, are fully consistent with the
hypothesis that long-chain PUFA (LCPUFA) nutrition is
a key factor linking breast feeding to the infant’s CNS development and the mother’s mental health.
Specific health conditions in pregnancy influence either the mother or the infant, or both. The most unambiguous evidence tends to be associated with health conJ. Thomas Brenna
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Dietary Fat Intake in Pregnancy and Lactation

The dietary proportion of calories as fat is relevant to
caloric density, which in turn is relevant to the increasing
incidence of obesity and attendant metabolic issues.
There are few studies looking at the relationship of dietary fat intake and classes of fatty acids, assessed by
questionnaires, on gestational diabetes mellitus (GDM)
or impaired glucose intolerance (IGT). The relation between macronutrient intake and the development of glucose intolerance during pregnancy has been poorly examined. In one study, dietary intake during the second
trimester was assessed with a food frequency questionnaire (FFQ), and women were classified into GDM, IGT
or normal glucose tolerance [Saldana et al., 2004]. Adding 100 kcal from carbohydrates to the diet was associated with a 12% decrease in risk of IGT and a 9% decrease
in risk of GDM, and substituting fat for carbohydrates
resulted in a significant increase in risk of both IGT and
GDM, suggesting that excess of fat intake during pregnancy may be detrimental in terms of GDM and IGT. A
recent prospective study in the eastern USA compared
first trimester diet studied with a FFQ with risk for development of GDM or IGT at weeks 26–28. No significant
relationship was found between the risk of GDM and intake of total fat, saturated fat, PUFA, or trans fat [Radesky
et al., 2008]. A significant relationship with n–3 PUFA
(per 300 mg/day increment) was found, but ascribed to
a chance finding. A cross-sectional study of pregnant
women in Shanghai compared diet assessed by 24-hour
recall with existing IGT and GDM. Total fat intake was
98
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similar to a normal group, but a highly significant relationship was found between IGT/GDM and reduced
PUFA intake, and while no distinction between n–3 and
n–6 was possible, the authors speculated that there was
little likelihood of a difference between groups [Wang et
al., 2000]. A retrospective study in northern Italy restricted to women with GDM or IGT showed that intake of
saturated fat was positively related to the risk of GDM or
IGT in women with conventional risk factors. Among
those with no conventional risk factors, intake of saturated fat was positively correlated with gestational hyperglycemia, while PUFA consumption was correlated with
lower risk [Bo et al., 2001]. These studies are suggestive of
a relationship between intake of specific fats and development of abnormalities in glucose metabolism, suggesting
that pregnant women at the higher end of PUFA intake
are less likely to have impairment of glucose metabolism
in pregnancy. A similar association between dietary elongated n–3 fatty acids and the risk of preeclampsia and
gestational hypertension has been suggested, but must to
be confirmed by further studies [Oken et al., 2007].
Dietary trans fatty acids (TFA) are associated with
negative health conditions in pregnancy. TFA is a generic term that refers to partially hydrogenated vegetable oil
(PHVO) containing a broad distribution of monounsaturated fatty acid (MUFA) with trans double bonds, unusual cis isomers, and trans double bonds in higher unsaturates; the latter, or unknown compounds, may be responsible for the hypercholesterolemic effects of PHVO
[Tyburczy et al., 2009]. Erythrocyte TFA, reflective of
diet, were strongly associated with preeclampsia in a
case-control study of pregnant women in the US [Williams et al., 1998] and in Zimbabwe [Mahomed et al.,
2007], though no relationship with dietary TFA, assessed
with a FFQ, was found in another US study [Oken et al.,
2007]. Dietary TFA, assessed by FFQ, have recently been
associated with ovulatory infertility [Chavarro et al.,
2007], fetal loss [Morrison et al., 2008], lowered birth
weight and head circumference [Hornstra et al., 2006;
van Eijsden et al., 2008]. TFA are at similar concentrations in the maternal and fetal circulations at birth, showing that the fetus is exposed to maternal TFA [Koletzko
and Müller, 1990]. It has long been known that dietary
TFA intake among pregnant and lactating women is directly related to the breast milk TFA [Aitchison et al.,
1977; Craig-Schmidt et al., 1984]. There is some evidence
that they are inversely related to PUFA in breast milk,
which may compromise benefits [Innis and King, 1999].
Combined with experimental data [Albuquerque et al.,
2006; Morrison et al., 2008; Pisani et al., 2008a, 2008b],
Brenna /Lapillonne
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sequences that develop, or can be treated, on the time
scale of clinical trials. Many outcomes associated with
the reproductive period extend for many years. Further,
studies of low-risk populations are more easily planned
and executed than those of pregnant and lactating women and infants, who are among the most vulnerable of
study participants. For these reasons, development of evidence in these groups is challenging despite, or alternatively because of, the very high priority placed on these
groups.
The major functional outcomes that have been studied
in the infant are visual and cognitive maturity, immune
function, and growth. For the mother, glucose tolerance,
preeclampsia, and psychiatric health have been considered, and for the mother-offspring pair, maintenance of
normal pregnancy to term has been of the most interest
with respect to fat and fatty acid intake.

Conceptus (Placenta and Fetal) PUFA

In the first weeks of pregnancy, the fetal demands for
structural fat are expected to be small compared to the
mother’s stores. The placenta is primarily a vascular organ facilitating material transport between mother and
fetus. It grows rapidly in early pregnancy and continues
to grow to term, and has a high requirement for phospholipids as structural fat, which makes up about 88% of placental lipids [Klingler et al., 2003]. Placental unsaturated
phospholipids are dominated by AA, which appear at a
several-fold greater concentration than DHA and other
PUFA. AA precursors linoleic acid (LA) and dihomo-linolenic acid (DGLA) are also at higher concentrations
than n–3 precursors [Bitsanis et al., 2005]. Biosynthesis
of AA from its primary dietary precursor LA is thought
to be rapid because the 3 enzymatic steps (6-desaturation, elongation, 5-desaturation) are usually considered
to be rapid compared to the 7 steps involving 2 organelles
in the accepted pathway for DHA biosynthesis. An alternative pathway to AA has recently been shown to be possible via 8-desaturation of 20:2n–6, mediated by the fatty acid desaturase 2 (FADS2) gene product, when this
substrate is available [Park et al., 2009]. In normal pregnancy, there is no evidence that dietary n–6, including
AA, is inadequate.
Increases in the concentration of LCPUFA from maternal tissues to fetal circulation to fetal tissues, referred
to as biomagnification, have long been known [Crawford
et al., 1976]. Longitudinal data on maternal and umbilical
blood phospholipid fatty acid composition indicate that
DHA as a percent of total fatty acids in the fetal blood
increases dramatically after 20 weeks gestation [Al et al.,
1995, 2000]. In vitro and in vivo experiments support a
highly selective fatty acid transfer through the placenta,
with the order of preference being DHA 1AA 1 -linolenic acid (ALA) and LA [Ruyle et al., 1990; Haggarty et
al., 1999]. A marked increase from the umbilical artery to
vein (28%1; 2.2 g/109 RBC) was observed for red blood
cell (RBC) DHA in human cord blood, but not for plasma

1

‘%’ applied to fatty acid composition refers to ‘weight for weight’ (%,
w/w), unless specified otherwise.
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DHA. Most other fatty acids showed similar non-significant trends, indicating that fetal RBC play a role in the
transport of DHA and possibly other fatty acids [Ruyle et
al., 1990]. Fetal venous RBC had nearly double the DHA
than maternal venous RBC.
The fetal and infant CNS has long been known to be
rich in fat, and especially DHA and AA. The human
brain growth spurt starts around the 28th week of gestation and continues to 1 year [Dobbing and Sands, 1979],
while the demand for DHA and AA continues to 2 years
of age [Martinez, 1992]. In humans, AA dominates in
early in utero brain growth, and later DHA concentrations dominate. The synapses are especially rich in DHA,
as are all regions of gray matter [Diau et al., 2005]. Animal
studies show that DHA is obtained from milk postpartum and enhances CNS plasma membrane concentrations [Arbuckle and Innis, 1993; Hsieh et al., 2007]. Infants fed formula without DHA and AA have lower CNS
DHA compared to those who are breastfed [Farquharson
et al., 1992; Makrides et al., 1994], consistent with these
animal results. DHA and AA are present in human milk.
DHA concentrations are variable and respond to dietary
factors, while AA is more constant [Yuhas et al., 2006;
Brenna et al., 2007]. It is clear, therefore, that the pregnant
and lactating mother provides DHA and AA to the developing fetus via preferential placental transfer and later via
breast milk. Both must come from 1 of 3 sources: maternal stores, biosynthesis from precursors, or preformed
from the maternal diet.
It is likely that initiation of enhanced LCPUFA intake
at any stage in pregnancy or lactation can at least partially make up for previously low intakes prior to conception
and in the first weeks of gestation, unlike some nutrients
such as folate, for which intake around the time of conception is crucial. PUFA demands attendant to pregnancy
and lactation to support the placenta and fetus/infant are
substantial. In the normal-term infant, total body DHA is
estimated at 3.8 g at birth [Cunnane et al., 2000], so accretion of DHA must average (3,800 mg/280 days) 14 mg/day
through gestation. An earlier estimate of total n–3 PUFA
accretion in term infants in the last trimester was primarily for adipose, and was 67 mg/day; of this, most is DHA
[Clandinin et al., 1981]. A re-evaluation of the fetal n–3
PUFA accretion during the last trimester suggests an even
higher accretion rate of 75 mg/day, which translates into
an accretion rate of 34.1 mg per kg body weight per day
[Lapillonne and Jensen, 2009]. Fetal accretion is low in the
first half of gestation, and the bulk of demands for DHA
are in the final 12 weeks as the brain and adipose rapidly
expand. It is estimated that 65% of the n–3 fatty acids acAnn Nutr Metab 2009;55:97–122
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sufficient data exist on TFA to warrant caution against
consumption of foods with PHVO in pregnancy and lactation, though the data in humans are largely associational and do not permit setting of quantitative targets.

PUFA Biosynthesis and Neural Function

Animal studies primarily in rats appearing in the
1960s showed that all the n–3 and n–6 PUFA can be synthesized from the 18 carbon precursors LA (18: 2) and
ALA (18: 3). These in turn can be synthesized from 16
carbon precursors in vivo [Cunnane et al., 1995], verifying many in vitro studies demonstrating that the crucial
100
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part of the molecule that must be obtained from the diet
is the homoallylic polyunsaturated moiety between the
terminal methyl and the n–9 position, where n equals the
total number of carbon atoms in the molecule.
Essential fatty acid deficiency studied in experimental
animals by deletion of all unsaturated fatty acids, either by
the use of fat-free diets or by fully hydrogenated fats, produces a scaly dermatitis and reproductive impairment that
can be corrected by addition of small amounts of LA or
PUFA mixtures such as lard. The symptoms are often ascribed mainly to LA, but more recent data indicate that LA
and ALA can partially compensate for the absence of the
other [Cunnane and Anderson, 1997; Bazinet et al., 2003],
while having distinct and apparently indispensable functions. Human deficiency conditions of combined LA and
ALA have been described in an infant on total parenteral
nutrition, and ALA alone in an adult [Holman, 1998].
Compelling evidence derived from controlled feeding
studies in healthy humans, including voluntary transgender (female to male, and male to female) participants,
shows that women have a greater DHA status, measured
in cholesterol esters, and this is due to estrogenic effects
[Giltay et al., 2004a, b]. Experimental rat data have recently shown that capacity for DHA synthesis from ALA,
the expression of related enzymes in the liver, and the
mRNA expression of FADS1 (5-desaturase) and FADS2
(6- and 8-desaturase) genes are, respectively, 3.8 and
2.5 times greater in females than males, and that the 5desaturase protein was higher in female livers (+50%). In
contrast, no gender difference was observed in the cerebral cortex [Extier et al., 2009]. It is also likely that blood
lipid and breast milk fatty acids in pregnancy and lactation
are influenced by genetic variants, as has been demonstrated recently for the FADS1 and FADS2 gene [Xie and
Innis, 2008]. These data are consistent with stable isotope
tracer studies suggesting high inter-individual variation
in DHA biosynthesis, but also greater DHA biosynthesis
in women than in men [Burdge and Calder, 2005; Pawlosky et al., 2007]. Levels of breast milk DHA in vegans are
less than half that of control omnivores [Sanders and Reddy, 1992] and similar to reported global minima in breast
milk DHA [Brenna et al., 2007]. It is apparent, however,
that vegans maintain basal DHA levels sufficient to avoid
frank deficiency, and thus DHA biosynthesis is more efficient that that of omnivores, for whom ALA or eicosapentaenoic acid (EPA) supplementation does not increase
plasma DHA [Brenna et al., 2009]. There is evidence that
maternal DHA status is reduced after pregnancy, raising
concern over a need to maintain levels in the case of consecutive closely spaced pregnancies [Hornstra, 2000].
Brenna /Lapillonne
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cumulate in the fetal adipose tissue, 30% in lean mass, and
only 3.9% in the brain and 0.7% in the liver. Since it is not
known whether dietary DHA is preferentially directed to
the brain, its accumulation in organs other than the CNS
should be taken into consideration when estimating DHA
requirements for preterm infants. PUFA storage in maternal adipose and other tissue is substantial compared to
demands, and thus expressing requirements on a daily basis throughout pregnancy is appropriate
The normal breastfed infant accretes 1,900 mg DHA in
the first 180 days of life (11 mg/day), whereas infants fed
formula with no DHA and AA lose 900 mg DHA largely
from adipose [Cunnane et al., 2000]. Many studies show
that dietary precursors are converted to DHA very inefficiently; thus, DHA is poorly synthesized by adult humans. ALA itself is oxidized at the highest rate known
among fatty acids, around 60% in the first days after consumption in adults [Brenna, 2002], and more than a dozen
studies show that blood DHA levels in adults can be raised
only with consumption of preformed DHA [Brenna, 2002;
Plourde and Cunnane, 2007; Brenna et al., 2009]. Unlike
adults, infant blood DHA rises with increased ALA status,
and thus infants appear to be more efficient converters
than adults [Clark et al., 1992; Jensen et al., 1996]. Recent
data are consistent and indicate that biosynthesis is significant in preterm newborns and falls off within months
of birth [Carnielli et al., 2007]. However, other isotope
measurements indicate a wide range of biosynthetic capability among human infants. Though these studies are unable to establish whether infants can meet their requirements for DHA by biosynthesis from ALA, they show that
DHA biosynthetic activity is undetectable for some infants [Uauy et al., 2000]. These infants would appear to be
most vulnerable to a low intake of LCPUFA from breast
milk with low DHA or by infant formula not containing
DHA. There is evidence that preterm and term infants
with improved LCPUFA status at birth have improved status at term post-conceptual age, suggesting that improved
maternal DHA status may advantage the newborn [Foreman-van Drongelen et al., 1995; Guesnet et al., 1999].

LCPUFA Supplementation Trials and LCPUFA Status

Supplementation studies are valuable as a guide to the
biochemical and physiological effects of a minimal change
in the supply of a dietary component or food with no
other change in the usual diet. In the case of fats, supplementation generally takes the form of oil, typically included in capsules, foods enriched in the specific fat, or
foods new to the diet that are enriched in the fat. Research
studies also employ all these ways of increasing intake,
but blinding of subjects and researchers to treatments can
be limited by the form of the supplement. For instance,
neither subjects nor researchers can be blinded to the addition of fish to a diet, though researchers or technicians
performing analyses can be blinded.
There are several studies showing DHA status at birth
is related to maturation [Helland et al., 2001, 2003; Cheruku et al., 2002; Malcolm et al., 2003a; Bouwstra et al.,
2006]. The majority of studies on fatty acid intake in
pregnancy and lactation have focused on n–3 supplementation, with a few concerned specifically with AA. We
consider each separately.
n–3 LCPUFA Supplementation
Quantitatively, the major n–3 PUFA found in tissue
are ALA, EPA, docosapentaenoic acid (DPA) (n–3), and
DHA. Minor amounts of 18:4n–3 (stearidonic acid, SDA)
and 20:4n–3 (eicosatetraenoic acid) can also be found, as
well as trace levels of the 24-carbon LCPUFA 24:5n–3 and
24:6n–3.

Fat and Fatty Acid Requirements during
Pregnancy and Lactation

At least 19 studies in adults show that supplementation of ALA in the form of flaxseed, flax oil, or purified
ALA results in increases in plasma, platelet, or RBC ALA,
EPA, and DPA, but has no effect on DHA [Brenna, 2002;
Plourde and Cunnane, 2007; Brenna et al., 2009]. Supplementation with 10 g/day of flax oil for 28 days similarly
does not increase breast milk DHA [Francois et al., 2003].
Increases in blood DHA status ascribed to increasing dietary ALA intake involve changes in cooking oils that
also reduce LA intake [Mantzioris et al., 1994, 1995; Ezaki et al., 1999; Ghafoorunissa et al., 2002], and thus reducing competition for incorporation into phospholipids, and possibly increasing conversion of ALA to DHA.
Hypothetically, SDA was considered to be a more efficient precursor for LCPUFA because it is the product of
ALA 6-desaturation, considered to be the rate-limiting
step in LCPUFA biosynthesis because of the relatively
low activity of this enzyme in vitro compared to the 5desaturase [Su and Brenna, 1998]. The availability of
SDA-enriched soy oil has shown SDA to be a more efficient precursor of EPA than ALA, but it does not increase
human plasma DHA levels [James et al., 2003; Harris et
al., 2008].
An increase in DHA status can be effectively achieved
by increasing DHA intake by supplementation or increasing intake of foods containing DHA. Addition of
either 57 g (2 oz) of sardines plus fish oil, providing about
1.1 g DHA per day starting at gestational weeks 24–30
and ending at week 34, showed significant increases in
plasma and RBC DHA in mothers, and their infants
showed a 45% increase in plasma DHA compared to controls [Connor et al., 1996]. Several other studies confirm
that enhanced LCPUFA status, or nutrition, in fetal life
or during lactation benefits the infant. Randomized placebo-controlled supplementation of pregnant women
from week 30 of gestation with 2.7 g fish oil (32/23 EPA/
DHA) increased DHA and EPA in umbilical plasma
phospholipids, thus, showing that supplementation effectively improves fetal status [van Houwelingen et al.,
1995]. Notably, AA decreased significantly in plasma, but
was not significantly reduced in phospholipids of the
vessel wall, which also showed a significant increase in
DHA. An RCT of 400 mg DHA consumed from 15 weeks
gestation to term resulted in 20% higher maternal blood
DHA at 28 weeks and at term, and the maternal decrease
in DHA during pregnancy was attenuated. No changes
in cord blood DHA were found in this study [Montgomery et al., 2003]. A multicenter European RCT of 270
pregnant women administered 0.5 g DHA/0.15 g EPA
from gestation week 22 to term produced an increase in
Ann Nutr Metab 2009;55:97–122
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Accumulating biochemical evidence clearly shows
that n–6 and n–3 PUFA serve as precursors to distinct
oxygenated lipids with signaling function in many different processes, collectively termed eicosanoids (for
20-carbon compounds) and docosanoids (for 22-carbon
compounds), active at low concentrations. Moreover, the
specific and conserved PUFA composition of the CNS,
dominated by high concentrations of DHA and AA [Diau
et al., 2005] and the high DHA levels in the retina dominated by DHA [Benolken et al., 1973; Neuringer et al.,
1986; Diau et al., 2003] suggest a structural role in membranes probably related to the efficiency of G-proteincoupled signaling [Gawrisch and Soubias, 2008] as well
as other functions. For these reasons, neural tissue, particularly the retina, has been a focus of studies aimed at
establishing evidence for optimal infant neural development based on perinatal PUFA intake.

AA Supplementation
AA gives rise to a potent array of eicosanoids that
modulate many physiological processes, playing signaling roles associated with coagulation and immune function. AA-derived prostaglandins are important for the
maintenance of pregnancy and the initiation of labor
[Khan et al., 2008], and it has long been known that urinary excretion of markers of prostaglandin synthesis are
related to dietary AA intake in animals. AA and EPA/
DHA are generally considered to be antagonistic in many
bioactivities, and thus the study of supplemental AA in
adults without co-administration of DHA or EPA + DHA,
or in foods, is limited due to concern over possible deleterious effects on participants.
A small number of AA-alone supplementation trials
involving a very limited number of adults have appeared.
An early report of 6 g AA as ethyl ester orally administered to 4 adult men for 2–3 weeks showed greatly enhanced platelet aggregation and was stopped early for 2
of the participants, though no adverse symptoms were
observed [Seyberth et al., 1975]. A trial of 1.5 g AA supplementation as triacylglycerol for 50 days was conducted in adult men [Ferretti et al., 1997; Kelley et al., 1997;
Nelson et al., 1997a, b, c]. AA was markedly increased in
plasma phospholipids and cholesteryl esters, and there
was no change in platelet aggregation or in bleeding
times and few changes in immune parameters, though
urinary eicosanoids did increase [Kelley et al., 1997]. A
study of 4 female and 4 male adults aged 56–70 years
showed that moderate increase in AA of about 700 mg/
day did not significantly influence pro-inflammatory
cytokine production, plasma soluble adhesion molecules
[Thies et al., 2001a], natural killer cells [Thies et al.,
2001b], or T lymphocyte proliferation [Thies et al.,
2001c]. The small number of non-pregnant, non-lactat102
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ing adults who have participated in AA supplementation
trials did not reveal any major adverse events, and some
papers have noted this fact. An RCT of a combined dose
of 0.26 g/day AA plus 0.57g/day DHA in pregnant women resulted in no change in RBC AA or total n–6 LCPUFA, though RBC DHA did rise [Otto et al., 2000].
Considering all available studies, there is no strong evidence in favor of an increase in AA apart from DHA for
the health of pregnant women or their infants from supplementation trials.

Breast Milk LCPUFA

The fat content of breast milk is relatively constant at
3–4% by weight and delivers 50–60% of calories. The
dominant LCPUFA in breast milk are DHA and AA, appearing at concentrations several-fold higher than the
other LCPUFA. A comprehensive meta-analysis of breast
milk composition reported means and SD of 0.32 8
0.22% (range: 0.06–1.4%) for DHA and 0.47 8 0.13%
(range: 0.24–1.0%) for AA in 65 studies that included
2,474 women [Brenna et al., 2007]. DHA is more variable
than AA on a relative basis (coefficient of variation:
DHA = 69%, AA = 28%); breast milk DHA responds
more sensitively to diet. A detailed study sampling about
50 women in 9 countries showed that the concentration
of saturates and monounsaturates is also relatively constant, with substantial changes found only in the Philippines where lauric, myristic, and palmitic acids were elevated, consistent with high consumption of tropical oils.
AA variability was among the least variable, ranging
from 0.36 to 0.49%, while its precursor LA ranged from
7.9% in the Philippines to 17.8% in Chile. DHA ranged
from 0.17% in North America to 0.99% in Japan, typically considered among the highest per capita fish consuming countries [Yuhas et al., 2006]. ALA had 5-fold
relative range, from 0.43% in the Philippines to 2.0% in
China. A study of breast milk in vegans, vegetarians, and
omnivores showed significantly lower DHA in vegan
milk (0.14 8 0.06%, mean 8 SEM; n = 19) compared to
vegetarian (n = 5) or omnivore (n = 21) milks (0.30 8
0.05% and 0.37 8 0.07%, respectively), but no change in
AA; 14-week-old breastfed infants of vegan mothers had
less than a third the DHA concentration in erythrocyte
lipids (1.9 8 0.3%) than those of omnivore mothers (6.2
8 0.4%), though AA concentrations were not different
[Sanders and Reddy, 1992].
LCPUFA supplementation has long been known to influence breast milk PUFA concentrations [Jensen et al.,
Brenna /Lapillonne
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maternal plasma DHA and EPA as well as significantly
greater cord plasma DHA [Krauss-Etschmann et al.,
2007].
It is clear, however, that supplemental ALA can increase blood concentrations of EPA and DPAn–3 in
adults against a stable background diet, but not DHA.
Changes in cooking oils that increase ALA and simultaneously decrease LA also show efficacy for increasing
DHA, suggesting that lowering LA is key for increasing
basal DHA levels attained from ALA. Recognizing that
the main food n–3 is ALA, and that ALA does not serve
as an efficient precursor of DHA outside the perinatal
period, both ALA and DHA should be considered essential nutrients.

1992]. The influence of supplementation on breast milk
DHA concentrations has been tested systematically. Fifty-two lactating women randomized to 5 supplement
doses of DHA free of EPA in an algal oil showed dosedependent increases in infant plasma phospholipids and
RBC DHA, with no further increase in infant DHA status
at breast milk DHA levels above 0.8% [Gibson et al., 1997].
About 1 g DHA/0.5 g EPA consumed from 1 week postpartum yielded breast milk with 1.16% DHA and 1.34%
DHA at 2 and 4 months postpartum, respectively, compared to randomized controls with 0.3 and 0.4% at the 2
respective time points. The levels in supplemented women exceeded the levels of women in the 90th percentile of
fish consumption in the same population, with average
breast milk DHA of 0.60 and 0.74% at the 2 time points
[Lauritzen et al., 2004]. An RCT of 200 mg DHA per day
contained in a 200 ml drink increased breast milk DHA
from 0.25 to 0.5% when consumed from 21 to 37 weeks’
gestation and stopped at term [Bergmann et al., 2008].
Importantly, supplementation of lactating women with
10 g/day ALA from flaxseed oil for 28 days increased
breast milk EPA and DPA, but not DHA [Francois et al.,
2003].
A meta-analysis of 11 studies showed that breastfed
infants have a cognitive advantage over formula-fed infants in the age range 6–23 months. These studies were
conducted before the inclusion of LCPUFA in most infant formula, leading many to speculate that it is LCPUFA that are active components of breast milk [Anderson et al., 1999]. Studies of autopsy samples show that
breastfed infants have higher cortex DHA compared to
formula-fed infants [Farquharson et al., 1992; Makrides
et al., 1994]. Tracer studies in the pregnant baboon, an
omnivorous primate similar to humans, show that preformed DHA is about 20-fold more efficacious as a source
of CNS DHA than the precursor ALA [Greiner et al.,
1997]. Similar experiments show that the efficacy of
DHA was 7-fold greater than ALA as a source of CNS
DHA in baboon neonates [Su et al., 1999]. These data
form strong evidence that preformed DHA is the specific component of breast milk than enhances CNS DHA
in breastfed human infants rather than some combination of breast milk nutrients. Consistent with the human
studies, a Japanese study comparing exclusive breast
feeding versus formula feeding with up to 80% breast
feeding in the first month of life found greater RBC DHA
at 4 weeks of life and improved cognitive function in
breastfed children at age 5 years as well as a correlation
between cognitive function and 4-week RBC DHA levels
[Tanaka et al., 2009].

Though the concentration of plasma phospholipid
DHA and AA increases throughout pregnancy, the percent of fatty acids drops during pregnancy [Al et al.,
1995], raising concerns about the adequacy of intake to
support levels of bioactive structural lipids.

Fat and Fatty Acid Requirements during
Pregnancy and Lactation
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There are a limited number of studies directly reporting on the intake of fatty acids by pregnant women. Most
highlight LCPUFA, and several recent studies focus on
differences in intake and status in GDM. Table 1 lists 10
studies published between 1995 and 2006, and also includes NHANES III data for women of childbearing age
for reference. Some reported on a comprehensive set of
fatty acids, and others reported a subset of fatty acids. All
data have been converted to means 8 SD in units of mg/
day for comparison, and 5 key PUFA are presented: LA,
ALA, DHA, AA, and EPA. Seven of the 10 studies used
recall questionnaire/interview methods (24-hour recall,
FFQ) known to have high test-retest variability, while 2
others employed food records and 1 used duplicate diet
analysis. Combining the 6 studies that did not consider
GDM with the control groups from the GDM studies, the
range of means for dietary intake in apparently normal
pregnancy are: ALA, 989–1,600 mg/day, DHA, 38–300
mg/day, and AA, 20–198 mg/day. LA ranged from 7,888
to 14,795 mg/day, and EPA from 16 to 143 mg/day. No
study accounted for the extremes of any PUFA. Only 1
developing country, Mexico, is represented, and it reported the greatest intake for AA [Parra et al., 2002]. The 1
study using duplicate diet analysis was within the ranges
for ALA, DHA and AA, but had the low value for LA [Denomme et al., 2005]. NHANES III data on women of
childbearing age (14–50 years, n = 6,340) are also within
the range reported for pregnant and lactating women. In
all cases, the SD calculated from the reported SEMs are
larger than the means, highlighting both diversity of intake and high imprecision of dietary recall data. In addition, food composition tables used in NHANES III do not
report LCPUFA levels with precision necessary for unbiased estimates.
GDM has been shown by several studies to result in
altered blood fatty acid status, inspiring several studies of
fat intake in GDM pregnancy. Four studies of GDM were
identified, 2 reporting on women in Hartford, Conn.,
USA, and 2 in the UK. Three of 4 studies that compared
normal pregnancy with GDM yielded differences in in-

Table 1. PUFA intake (mg/day; mean 8SD) of pregnant women (or all women in NHANES III data)
Location
Innis and Friesen, 2008
Denomme et al., 2005

Method

Canada
Canada

FFQ
Chemical analysis
of 3-day duplicate
food collections
Innis and Elias, 2003
Vancouver Food questionnaire
Parra et al., 2002
Mexico City FFQ
De Vriese et al., 2001
Ghent
FFQ
Otto et al., 2001
Maastricht FFQ
Lewis et al., 1995
Nebraska
24-hour recall and
USA
2-day food record
Single 24-hour recall
NHANES III 1994–1996, USA
1998 (all womenb)

Subjects, n

LA

ALA

DHA

AA

135
20

13,50083,725
7,9988748

1,4808475
1,2958161

110895
82833

90825
99819

70840
35819

55
146
26a
20
30

11,20082,966
14,79588,920
13,70085,900
13,17084,025
NR

1,6008742
1,5188710
1,5008550
1,0908400
9898301

1608148
1408110
3008190
1408220
48881

121859
170880
130840
2080
NR

78815
52840
150890
808134
23860

6,340d

13,547816,293 1,21081,722

Control, 44
GDM, 44
Control, 31
GDM, 14
Control, 15
GDM, 15
Omnivore, 7
Vegetarian, 4
Diabetic omnivore, 4

11,71085,180
12,21086,590
11,56085,440
14,36086,560
10,61083,880
11,72084,130
9,55482,751
10,44682,662
10,56483,524

578366 NR

EPA

308203

Studies reporting intake in GDM

Loosemore et al., 2004
Wijendran et al., 1999
Lakin et al., 1998

London

Food record
(4 days)
Connecticut 24-hour recall
USA
Connecticut 24-hour recall
USA
(3 days)
Aberdeen
FFQ

1,3308560
1,4208770
1,3408660
1,5208880
1,1308310
1,3008800
1,2188327
1,4928202
1,4058444

1308140
2008170c
688100
34819
38833
878110c
173851
985d
2708275

1208130
2828174
155887
134870
106852
152850c
198851
42817d
289841d

1108220
1608250
16821
1289
20821
51817c
1438126
885d
1808186

NR = Not reported. All data converted to means 8 SD. When the SEM
was reported, SD was calculated by [SD = SEM ! 冪n]; for Innis and Friesen [2008], error = (interquartile range)/2.
a
Third trimester FFQ.

b
Mean of reported intake for all females pooling ages 14–18, 19–30,
31–50 years; SD is calculated as the simple mean of SDs (source: www.ncbi.
nlm.nih.gov/books/bv.fcgi?indexed=google&rid=hstat1a.section.38451).
c
Significantly different from control.
d
Significantly different from omnivore.

take of DHA or AA or both. Once diagnosed, GDM women are normally provided with dietary advice [Wijendran
et al., 1999], which may explain why DHA and/or AA intake was higher in women with GDM.
The data confirm that LA intakes are on average
more than 10-fold that of ALA. DHA and AA intakes
are similar, and both are higher than EPA in most studies. They are not of sufficient precision or breadth to enable estimation of requirements for pregnancy and lactation.

Bulstra-Ramakers et al., 1995; Onwude et al., 1995; Olsen
et al., 2000], and on the basis of 2 [Bulstra-Ramakers et
al., 1995; Olsen et al., 2000] concluded that LCPUFA supplementation reduced early preterm delivery (!34 weeks
gestation; RR = 0.39, CI: 0.18–0.84), but found no significant effects for 12 other parameters. Another metaanalysis evaluated birth outcomes in 6 studies [Olsen et
al., 1992; Helland et al., 2001; Malcolm et al., 2003b;
Smuts et al., 2003a; Smuts et al., 2003b; Sanjurjo et al.,
2004] and concluded that there is a mild increase of
length of pregnancy with marine oil supplementation
[Szajewska et al., 2006]. A 2006 Cochrane systematic review considered 6 trials [D’Almeida et al., 1992; Olsen et
al., 1992, 2000; Bulstra-Ramakers et al., 1995; Onwude
et al., 1995; Smuts et al., 2003b] of EPA or EPA + DHA
on the risk of preeclampsia, preterm birth, low birthweight, and small-for-gestational age [Makrides et al.,
2006]. An analysis of a subset of 3 trials [Olsen et al.,
1992, 2000; Smuts et al., 2003b], deemed high quality,
concluded that women allocated to a marine oil supple-

Meta-Analyses and Systematic Reviews of LCPUFA
Supplementation with Pregnancy Outcomes

Lengthening the gestational period to reduce preterm
birth benefits both mother and fetus. A 2007 meta-analysis on the effects of LCPUFA supplementation in highrisk pregnancies on several parameters [Horvath et al.,
2007] included 4 studies [Moodley and Norman, 1989;
104
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RCT with Infant Functional Outcomes

Numerous RCT on infant outcomes associated with
n–3 LCPUFA supplementation in pregnancy and lactation
have appeared. Table 2 shows 12 RCT that reported visual
or cognitive outcomes in infants with administration of
DHA or EPA or both in pregnancy, lactation or both. For
the stated primary outcomes, 8 found positive effects upon
original study conclusion or follow-up [Gibson et al., 1997;
Helland et al., 2003; Jensen et al., 2005; Lauritzen et al.,
2005a; Dunstan et al., 2008; Innis and Friesen, 2008;
Krauss-Etschmann et al., 2008; Olsen et al., 2008]. Several
showed positive effects in secondary analysis.
Evidence of DHA deficiency was reported, evaluated
on the basis of below average visual acuity in infant girls
of mothers receiving placebo rather than 400 mg/day
DHA from week 16 of gestation to delivery [Innis and
Friesen, 2008]. Problem solving and visual acuity was
improved in infants of mothers receiving 214 mg/day
DHA from week 24 of gestation to delivery [Judge et al.,
2007a, b]. An RCT of a supplement delivering 200 mg
DHA and 35 mg EPA from week 15 to term resulted in no
change in visual evoked potential (VEP) and did not produce enhancement from supplement to placebo group.
Coefficients of variation averaged 120%, and 18 or 24 infants were tested at 50 and 66 weeks post-conceptual ages.
Fat and Fatty Acid Requirements during
Pregnancy and Lactation

However, an association between infant DHA status at
term and VEP was found at both time points, suggesting
that enhanced prenatal DHA status is related to visual
maturity [Malcolm et al., 2003b]. In another report from
this study, infant electroretinography correlated with
DHA status [Malcolm et al., 2003a], consistent with the
findings for VEP.
A larger study randomized pregnant women to 10 g
cod liver oil compared to corn oil controls. Increases in
umbilical plasma phospholipid DHA, DPA (n–3), and
EPA were found, but no significant difference was found
for electroencephalograms (EEG) between the groups.
However, at 2 days of life, neonates with mature EEG had
greater DHA status, suggesting an advantage to those
with enhanced DHA supply in utero [Helland et al., 2001].
A follow-up to this study involving about 20% of the original cohort found greater IQ of children at 4 years of age
whose mothers were in the cod liver oil group, and the
maternal intake of DHA was the only significant correlate of IQ at 4 years [Helland et al., 2001]. A follow-up at
7 years of age with a larger subset of the original cohorts
did not find significant changes in IQ with the same test,
but did reveal a significant correlation with maternal
plasma phospholipid ALA and DHA during late pregnancy [Helland et al., 2008].
A supplementation study of 98 pregnant women reported numerous functional outcomes related to infant
cognitive development [Dunstan et al., 2007, 2008] and to
immune function [Dunstan et al., 2003a, b; Prescott et al.,
2007]. Supplementation was with a fish-oil-derived mixture of 2.2 g DHA and 1.1 g EPA from midway through
gestation to term. No negative effects were detected with
this high-dose supplement [Dunstan et al., 2008]. Breast
milk LCPUFA was greater than the olive oil control at day
3 postpartum (DHA: 1.15 vs. 0.5%; EPA: 0.16 vs. 0.06%),
remained elevated at 6 weeks (DHA: 0.42 vs. 0.25%), and
was back to baseline levels at 6 months. Cognitive assessment at 2.5 years of age correlated with day 3 and month
6 breast milk DHA levels [Dunstan et al., 2007]. Eye and
hand coordination at 2.5 years was significantly greater
in the fish oil group, and was correlated with cord blood
DHA and EPA and inversely correlated with AA [Dunstan et al., 2008]. Stimulated production of leukotriene
B4 [Prescott et al., 2007] and cytokines [Dunstan et al.,
2003a, b] in cord blood neutrophils was lower in the fish
oil group.
A supplementation trial with high levels of 1.2 g
DHA/1.8 g EPA fish oil administered to 249 pregnant
women in Bangladesh from week 25 of gestation to
term showed no significant differences in the Bayley
Ann Nutr Metab 2009;55:97–122
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ment had a mean gestational period 2.6 days longer than
those allocated to placebo or untreated groups. The authors concluded that the evidence at that time was not
sufficient to warrant routine use of marine oil to reduce
the rate of preterm birth, low birthweight, small-for-gestational age, or preeclampsia. A reassessment of data
from an RCT [Olsen et al., 2000] has appeared since this
review showed lengthening of gestation in a group of
495 women with a history of preterm delivery, intrauterine growth restriction, or pregnancy-induced hypertension by supplementation with 2.7 g EPA + DHA from
week 30 of gestation. An effect was detected in low and
moderate fish eaters and no effect was detected in high
fish eaters [Olsen et al., 2007]. The influence of habitual
fish intake on gestational length and related measures
may explain the mixed neutral and positive results on
gestation length in previous studies.
Importantly, none of these studies reported substantial adverse effects of marine oil supplementation. Observation of benefit with a nutrient that poses negligible risk
is strong evidence for recommending minimal consumption levels to optimize health on a population basis.

Table 2. RCT of n-3 LCPUFA in pregnancy and lactation that report functional outcomes other than birth outcomes (gestational

length, birth weight, birth length)
Participantsa

Test dose

Dose

Innis and
Friesen,
2008

135

Algal oil

Olsen et al.,
2008

Primary functional outcome

Comments

400 mg DHA week 16 to
delivery

Distribution of visual acuity
suggestive of DHA deficiency in
girls.

Visual acuity at 60 dpt (n.s.).
Study was explicitly not designed
to detect group differences.

19 of 266 Fish oil

1.6 g EPA
1.1 g DHA
or
4 g olive oil

week 30 to
delivery

Reduced asthma and allergic asthma
at 16 years.

Small subset of participants from
Olsen et al., 1992.

KraussEtschmann
et al., 2008

195

Fish oil

0.5 g DHA
0.15 g EPA

week 22 to
delivery

Cord blood mRNA CCr4,
IL-13, IL-4 lower and TGF- higher.

Judge et al.,
2007b

29

Cereal-based 0.214 g DHA week 24 to
bar with low
delivery
EPA fish oil

Problem-solving improved in DHA
group, age 9 months.
Fagan test of infant intelligence
(n.s.).

Judge et al.,
2007a

30

Cereal-based 0.214 g
bar with low DHA
EPA fish oil

week 24 to
delivery

Visual acuity (Teller cards)
improved at age 4 months; at age
6 months (n.s.).

Tofail et al.,
2006

249

Fish oil

1.2 g DHA;
1.8 g EPA
or 2.3 g LA;
0.27 g ALA

week 25 to
delivery

Bayley Mental Development Index
and PDI, age 10 months (n.s.).

Jensen et al.,
2005

⬃165

Algal oil

200 mg/day
DHA

postpartum
5–120 day

Bayley PDI greater at 30 months.
VEP amplitude lower at 4 and
8 months.
Visual acuity (VEP, Teller cards)
(n.s.). Several other neurodevelopmental outcomes (n.s.).

Lauritzen et al.,
2004

97

Fish oil

1 g DHA
0.5 g EPA

postpartum
Visual acuity (VEP) (n.s.).
1 week to 4 months

Infant RBC DHA correlated with
visual acuity at 4 months.

Lauritzen et al.,
2005b

122

Fish oil

1 g DHA
0.5 g EPA

postpartum
1 week to
4 months

Problem solving at 9 months (n.s.).
Passive vocabulary at 1 year (lower
with fish than olive oil); at 2 years
(n.s.).

Word comprehension at 1 year
inversely correlated with 4month RBC DHA.

Lauritzen et al.,
2005a

72

Fish oil

1 g DHA
0.5 g EPA

postpartum
1 week to
4 months

Weight, height at 2.5 years (n.s.).
BMI greater, head circumference
greater at 2.5 years.

BMI correlated with maternal
DHA at 4 months postpartum.

Lauritzen et al.,
2005c

65

Fish oil

1 g DHA
0.5 g EPA

postpartum
LPS-stimulated IFN- higher at
1 week to 4 months 2.5 years.

No difference in IL-10 means;
difference in IL-10 distribution.

Larnkjaer et al.,
2006

66

Fish oil

1 g DHA
0.5 g EPA

postpartum
1 week to
4 months

Blood pressure, electrocardiogram
pulse wave velocity, heart rate, heart
rate variability at 2.5 years (n.s.).

–

Colombo et al.,
2004

70

Eggs

133 mg DHA weeks 24–28
or
to delivery
33 mg DHA

Mental processing (look duration)
improved with high DHA at ages 4
and 6 months; 8 months (n.s.).
Increase in examining and less
distractibility between age 1 and 2
years; attentional disengagement
(n.s.).

Subset of participants in Smuts
et al., 2003b.

Dunstan et al.,
2003a

83 of 98

Fish oil

2.2 g DHA
1.1 g EPA

Cord blood cytokine responses to
cat allergen (n.s.); IL-10 response
lower with fish oil.

–
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Duration

week 20
to delivery

Participants overlap in these
studies.
Participants basal DHA intake
averaged 80 mg/day.

PDI 95% CI (–4.3 to 0.1) by
multiple regression.
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Study

Table 2 (continued)

Study

Participantsa

Test dose

Dose

Duration

Primary functional outcome

Comments

Dunstan et al.,
2003b

83
of 98

Fish oil

2.2 g DHA
1.1 g EPA

week 20
to delivery

Cord blood IL-4, IL-5, IL-6, IL-12
(n.s.).
IL-13 lower with fish oil.

Less severe disease at age 1 year.

Dunstan et al.,
2007

⬃60

Fish oil

2.2 g DHA
1.1 g EPA

week 20
to delivery

Cognitive scores correlated with
breast milk DHA and EPA at 2.5
years.

Dunstan et al.,
2008

72 of 98

Fish oil

2.2 g DHA
1.1 g EPA

week 20
to delivery

Eye-hand coordination favored fish
at age 2.5 years.

Cord blood RBC DHA and EPA
correlated with eye-hand
coordination and inversely with
AA.

Prescott et al.,
2007

98

Fish oil

2.2 g DHA
1.1 g EPA

week 20
to delivery

Cord blood neutrophil LTB4, IL-6,
IL-10 stimulated production lower
with fish oil.

–

Malcolm et al.,
2003a;
Malcolm et al.,
2003b

⬃25b/
group

Fish oil blend 200 mg/day
40% DHA
fish oil or
7% EPA
sunflower oil
4% DPA(n-6)

week 15
to delivery

Visual acuity (VEP, ERG) (n.s.).

Significant correlations found for
VEP and ERG with infant DHA
status.

Helland et al.,
2001

341

Cod liver oil

10 g/day
1.18 g DHA
0.80 g EPA

week 18 of
pregnancy
to week 13
postpartum

EEG (n.s.).
Fagan (n.s.).

Significant correlation of EEG
with umbilical plasma
phospholipid DHA.

Helland et al.,
2003
(4-year)

84

Cod liver oil

10 g/day
1.18 g DHA
0.80 g EPA

week 18 of
pregnancy
to week 13
postpartum

IQ favoring cod liver oil at age 4
years.

Significant correlation of IQ with
maternal DHA intake.

Helland et al.,
2008
(7-year)

142

Cod liver oil

10 g/day
1.18 g DHA
0.80 g EPA

week 18 of
pregnancy
to week 13
postpartum

IQ (n.s.).

Significant correlation of IQ at
age 7 with maternal phospholipid
DHA and ALA in late pregnancy.

Gibson et al.,
1997

52

Algal oil

0, 0.2, 0.4,
0.9, 1.3 g
DHA

day 5 to
week 12

Bayley MDI correlated with 12
weeks’ breast milk, infant RBC,
plasma DHA at age 1 year but not 2
years. Visual acuity (VEP) at 12 and
16 weeks (n.s.).

Treatment for depression
Su et al.,
2008

24

Menhaden
oil

1.2 g DHA
2.2 g EPA

mid-gestation,
duration
8 weeks

Depressive symptoms reduced;
higher response rate to treatment.

Freeman et al.,
2008

51

Fish oil

0.8 g DHA
1.1 g EPA

mid-gestation,
duration
8 weeks

Depressive symptoms (n.s.).

Rees et al.,
2008

26

Fish oil

1.6 g DHA
0.4 g EPA

6-week total in
trial (week 28
to 6 months
postpartum)

Depressive symptoms (n.s.).

Strong responders to placebo
ineligible for randomization to
treatment.
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n.s. = Not significant; MDI = Mental Development Index; PDI = Psychomotor Development Index; VEP = visual evoked potential; ERG = electroretinography.
a
Total subjects of a group unless otherwise indicated.
b
n varied based on outcome.

Psychiatric Health in Pregnancy and Lactation

Effects of dietary n–3 LCPUFA on psychiatric disorders has received considerable attention recently. The human CNS is rich in DHA and, though EPA concentrations are low in the CNS, in some tissues, EPA competes
with AA as a substrate for inflammation-mediating eicosanoids, including the newly described resolvins and related molecules. A range of other biochemical effects are
also known, including those for the intermediate LCPUFA DPA. Depression is a major morbidity associated with
108
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pregnancy, and several studies showing associations of
depression with reduced n–3 status have been published
[Sontrop and Campbell, 2006]. A selective deficit in DHA
has been reported in the postmortem orbitofrontal cortices of adults diagnosed with major depressive disorder,
and the reduction was greater in females [McNamara et
al., 2007]. Antidepressives may negatively influence the
fetus [Moses-Kolko et al., 2005], while there is general
agreement that preformed DHA and EPA have positive
effects on the fetus and no evidence of adverse effects at
nutritional or supranutritional levels.
LCPUFA and Depression in Men and in
Non-Pregnant and Non-Lactating Women
A recent cross-sectional study of 21,800 residents of
Norway showed a significant association between daily
consumption of cod liver oil with lower incidence and
severity of depression after adjustment for covariates
[Raeder et al., 2007].
Numerous RCT and open-label trials testing dietary
DHA, EPA, or both have shown either improvement or
no changes in mood disorders with a near negligible incidence of side effects. A 2006 meta-analysis of 8 RCT
[Stoll et al., 1999; Nemets et al., 2002; Peet and Horrobin,
2002; Marangell et al., 2003; Su et al., 2003; Silvers et al.,
2005; Frangou et al., 2006; Keck et al., 2006] yielded a
significant effect favoring n–3 treatment for unipolar
and bipolar depression [Freeman et al., 2006b], leading
to a recommendation by the American Psychiatric Association for all adults to eat fish at least twice weekly,
and for patients with mood, impulse control, or psychotic disorders to consume at least 1 g EPA + DHA. A separate meta-analysis [Lin and Su, 2007] found a significant
effect for 7 of these studies [Stoll et al., 1999; Nemets et
al., 2002; Peet and Horrobin, 2002; Marangell et al.,
2003; Su et al., 2003; Silvers et al., 2005; Frangou et al.,
2006] as well as a subset that examined clearly defined
depression [Nemets et al., 2002; Peet and Horrobin,
2002; Marangell et al., 2003; Su et al., 2003; Frangou et
al., 2006]. Both meta-analyses found high heterogeneity
and concluded that further study is necessary to understand specifics in which LCPUFA may be beneficial. A
third meta-analysis found evidence of efficacy in major
depression, but no evidence of efficacy in depressed
mood [Appleton et al., 2006], similar to later RCT by the
same authors who concluded that supplementation with
1.7 g DHA + EPA was not efficacious in correcting mild
to moderate depression [Rogers et al., 2008]. The metaanalysis has been criticized for over-inclusiveness [Richardson, 2008].
Brenna /Lapillonne
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Mental Development Index and Psychomotor Development Index scores at 10 months compared to a soybean
oil dose (2.3 g LA, 0.27 g ALA) [Tofail et al., 2006].
However, the study statistics indicate the Psychomotor
Development Index 95% CI as –4.3 to 0.1, which would
have been considered marginally significant by some
researchers.
One study found an apparently negative effect of fish
oil delivering 1 g DHA and 0.5 g EPA to lactating mothers [Lauritzen et al., 2004]. This study used encapsulated
fish oil baked into cookies as one form of supplementation when the original supply of supplement bars ran out;
the negative effects may be due to oxidative products of
fish oil at high heat.
A workshop of pediatric researchers in 2001 considered it premature to make recommendations for LCPUFA intake by pregnant and lactating women, though
added that the weight of evidence suggested, at the time,
that a prudent diet would have some DHA. An extensive
2005 AHRQ (Agency for Healthcare Research and quality) report on n–3 supplementation in child and maternal health was inconclusive about recommendations for
intake [Lewin et al., 2005]. In 2007/2008, 2 independent
workshops, led by B. Koletzko, included representatives
from numerous professional organizations, some of
which officially endorsed the workshop findings. The
recommendation is for a minimum intake of 200 mg
DHA per day for pregnant and lactating women, and a
note was made that intakes up to 1 g/day DHA or 2.7
g/day LCPUFA (DHA + EPA) had been used in clinical
trials without significant adverse effects [Koletzko et al.,
2007, 2008]. Evidence considered in these recommendations includes most of the studies in table 2 along with
prospective and retrospective studies and basic research
results. They were based on the demands of the developing fetus/infant for DHA and the limited ability for biosynthesis of DHA from precursors.

Fat and Fatty Acid Requirements during
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Placebo (n = 16)
n–3 PUFA (n = 17)
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Fig. 1. Evolution of the 21-item Hamilton Rating Scale for Depres-

sion (HAM-D) scores in pregnant women with depression treated
with n–3 PUFA or placebo during the study period (* p = 0.001,
** p = 0.019). All values represent the intention-to-treat population. Biweekly changes in the HAM-D scores illustrate a significantly greater decline in the n–3 group by mixed-model ANOVA.
Adapted from Su et al. [2008].

tween n–3 PUFA and control, but also tended to have
large placebo effects or variability in the outcome measures. Early small open-label studies [Marangell et al.,
2004; Freeman et al., 2006a, c] showed no significant
changes and no significant adverse reactions and all recommended further study. Fifty-six depressed pregnant
and postpartum women receiving psychotherapy were
randomized to 1.1 g EPA and 0.8 g DHA. No significant
additional improvement was detected due to the LCPUFA
treatment, though on average participants’ depression
improved and there was high variability in the outcome
measures (coefficient of variation ⬃48%) [Freeman et al.,
2008]. A study of 26 depressed women found no difference between those receiving 1.6 g DHA/0.4 g EPA in fish
oil capsules for 6 weeks; however, the authors concluded
that the study should not be considered definitive due to
the small numbers and related experimental difficulties
[Rees et al., 2008].
Two meta-analyses have appeared that evaluated studies of DHA/EPA in adult psychiatric health outcomes.
Both [Freeman et al., 2006b; Lin and Su, 2007] considered
the same set of studies on maternal psychiatric disorders
and arrived at congruent conclusions, that there is a substantial positive effect. They also suggested that more research is necessary because of heterogeneity among studies. Based on these studies, the American Psychiatric Society has recommended an intake of DHA and EPA for
psychiatric disorders.
Ann Nutr Metab 2009;55:97–122
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LCPUFA, Psychiatric Health and Depression in
Pregnant and Lactating Women
An ecological study showed a strong inverse relationship between the incidence of postpartum depression
and apparent seafood consumption (r = –0.81, p ! 0.001)
on a countrywide basis [Hibbeln, 2002]. Lower phospholipids and cholesteryl ester DHA were decreased by 26
and 37%, respectively, in venous serum of women diagnosed with postpartum depression compared to controls,
and DHA was the only PUFA that was significantly related to postpartum depression in this study [De Vriese
et al., 2003].
Studies of depression treatment in the perinatal period
are few, and several have been summarized in the lower
section of table 2. One study of 36 depressed subjects, in
which a menhaden oil concentrate delivering 1.2 g DHA
and 2.2 g EPA reduced depression scores, showed positive
results [Su et al., 2008]. In contrast to previous studies, a
lead-in period of 1 week was used in which all subjects
were provided with the placebo, and those with a 20%
reduction in depression were excluded from the main
study. Figure 1, taken from that study, shows a greater
drop in depression score in the n–3 group compared to
the placebo, reaching significance by week 6. Those in the
n–3 group developed a significantly greater RBC DHA
level than placebo (5.4 8 1.5% vs. 4.6 8 1.2%, p ! 0.03).
Other studies did not show significant improvements be-

25
Mean HAM-D score

Trials appearing since then have similarly yielded results mixed between positive and no effects. A dose-response study of 35 adults (ages 42 8 14 years) evaluated
the efficacy of 1, 2, and 4 g/day DHA on improvement in
depression, finding best efficacy for 1 g/day and significant
but less improvement for 2 g/day; no improvement was
found at the higher dose [Mischoulon et al., 2008]. Fortynine adults of both genders and with a history of recurrent
self-harm were randomized to supplements of mixed EPA
+ DHA (1.2/0.9 g) for 12 weeks and showed improvements
in scores for depression, suicidality, and daily stresses
[Hallahan et al., 2007]. An RCT of 83 adults of both genders found no differential improvement in depression between those that received tuna oil (2.2 g DHA and 0.6 g
EPA) daily and an olive oil control. In this study, subjects
had on average normal erythrocyte RBC levels upon entry
and responded to standard antidepressive treatment, indicating that LCPUFA conferred no additional benefit. A
crossover RCT of 1.6 g EPA/0.8 g DHA in 33 adults showed
improvement in recent (5 day) mood state profile, which
was enhanced for those on a high (55%) versus moderate
(40%) carbohydrate diet [Fontani et al., 2005].
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Cohort showed that higher maternal fish intake was independently associated with high child developmental
scores at 18 months of age [Oken et al., 2008].

Considerations for Industrializing Countries

Rapid industrialization in developing countries has
led to a major shift in the availability of high-quality seed
oils that can be an important source of calories and are
highly desired by consumers [Ghafoorunissa, 1996, 1998,
2005]. Many of these seed oils, such as sunflower, safflower, sesame, cottonseed, and groundnut (peanut) oils,
are rich in LA, but ALA is either very low or absent. The
consequences of wholesale substitution of all visible fats
for those rich in LA and nearly devoid of ALA are not
studied in human populations, but are well studied in
animals. In rats [Benolken et al., 1973] and primates
[Neuringer et al., 1986], deprivation of dietary n–3 PUFA
is typically accomplished by use of sunflower [Bourre et
al., 1989] or safflower [Salem et al., 2001] oils. Reproduction was apparently normal, as was growth. The absence
of n–3 led to the expected very low concentration of DHA
in all tissues, including retina and brain, and suboptimal
development of the visual system and various functions
of the CNS [Bourre et al., 1989]. Repletion studies, in
which animals on an n–3 deficient diet are changed to a
diet containing DHA, show that tissue composition recovers within a few weeks in most [Connor et al., 1990]
but not all tissues [Anderson et al., 2005]. In spite of a
185% recovery of retina DHA, some functional parameters associated with the retinal response to light remain
suboptimal into adulthood when deficiency occurs in
utero [Anderson et al., 2005]. It is therefore important to
ensure that ALA is included in cold use and cooking oils.
The use of oils blended to yield a final composition with
adequate ALA has been shown to improve n–3 status in
India, as a convenient and straightforward example to
avert the prospects of frank n–3 deficiency by overconsumption of ALA-deficient diets [Ghafoorunissa et al.,
2002].

Recommendations for Intake

Total Fat
There is no evidence that the incremental dietary energy requirement in pregnancy and lactation should have
a greater percentage of fat than in non-pregnant, non-lactating women. It is notable, however, that the caloric deBrenna /Lapillonne
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Genetic Polymorphism, Depression and Mental
Health
Importantly, existing RCT treat DHA and EPA as
therapeutics for the treatment of diagnosed depression.
Unlike antidepressive drugs, DHA and EPA are nutrients
that are normally present in all human diets apart from
those of strict vegans. They are present at some non-zero
level in all humans, and their augmentation as supplements may not be at doses appropriate to all individuals
that are putative responders. That is, participants entering studies with higher DHA/EPA status may not benefit
from supplementation because their depression is due to
some cause unrelated to DHA/EPA, thereby reducing the
statistical power of a study. Detailed genetic and molecular studies may reveal details necessary to distinguish responders from non-responders.
Some data are available to support alterations in PUFA
status with specific genetic polymorphisms in the FADS1
and FADS2 genes, both required for PUFA biosynthesis
in humans [Schaeffer et al., 2006] as well as for the putative fatty acid desaturase gene FADS3. Single nucleotide
polymorphisms of the FADS1, FADS2, and FADS3 gene
cluster (chromosome 11q12–13.1) have been associated
with serum phospholipid levels of n–6 PUFA and ALA in
a cohort of cardiovascular patients [Malerba et al., 2008].
RBC and plasma phospholipid AA and other n–6 levels
are strongly related to genetic variants in FADS1 and
FADS2 [Rzehak et al., 2009]. One study reported an association between IQ and FADS2 intronic SNP [Caspi et
al., 2007], but, apart from this, no studies exist showing
associations of PUFA-related genes and mental function.
This is likely to be because large-scale genetic profiling is
in its infancy and can be expected to be a topic of ongoing
research.
Although most of these studies have treated DHA and
EPA as therapeutics, evidence for their efficacy is also
evidence for correction of a dietary deficiency condition.
A recent large prospective study estimated DHA + EPA
intake from seafood in 14,500 pregnant women and assessed maternal depression and infant neurodevelopment to 8 years. Seafood intake delivering 830 mg/day
EPA + DHA was associated with protection against maternal depression, and 555–590 mg/day was associated
with protection against suboptimal verbal IQ at age 8
years for 98% of the population, describing a putative recommended dietary allowance [Hibbeln and Davis, 2009].
These data were consistent with improved stereoacuity at
3.5 years for breastfed children of mothers who ate oily
fish [Williams et al., 2001]. A prospective study of 25,000
children born to mothers in the Danish National Birth

Saturated, Monounsaturated, and Trans Fats
It is widely accepted that the saturated fatty acids
(SFA) and MUFA in the human diet can be biosynthesized from acetate precursors, which include non-fat
components (carbohydrates, glucogenic amino acids),
and from PUFA. It has long been known that the proportion of specific SFA in the diet gives rise to specific metabolic effects. Distinct metabolic effects of the major dietary MUFA (oleic acid, cis 9–18:1; vaccenic acid, cis 11–
18:1) have not been studied in humans.
Diets containing normal amounts of fat contain substantial amounts of SFA and MUFA. Low-fat human diets, those below 10% energy as fat, are encountered in the
developed world in association with fad diets, and in the
developing world as a result of high intake of low-fat
grains, tubers, and pulses. Apart from energy malnutrition, there are no established negative effects specific to a
putative deficiency of SFA or MUFA. There is no independent evidence for the incremental energy requirements in pregnancy and lactation for SFA or MUFA.
There exist sufficient data on TFA to warrant caution
against consumption of foods with PHVO by women
who are pregnant or lactating. Data in humans are largely associational, and do not permit setting a limit for safety during pregnancy and lactation and, therefore, PHVO
intake should be as low as practical.
Long-Chain PUFA
DHA and EPA
As reviewed and noted in tables 1 and 2, there are numerous positive functional outcomes for the mother and
infant with DHA and EPA intake. There is no basis for an
independent effect of EPA in pregnancy and lactation
since it has not been studied except when it was present
with DHA as a component of a fish oil preparation. DHA
has been studied alone and in combination with EPA, and
there is some evidence that n–3 LCPUFA is more effective
when EPA is present along with DHA for maternal depression. At least 2 studies providing DHA alone in pregnancy [Innis and Friesen, 2008] and lactation [Gibson et
al., 1997] report cognitive or visual benefit to the infant at
the few hundred mg/day range. We report on lactation
first because the composition of breast milk and lactationrelated studies enable direct estimates of utilization.
Lactation. Through the first 6 months of life, exclusively breastfed infants consume an average of 836 8
143 g of breast milk per day with a fat content of 41.1 8
Fat and Fatty Acid Requirements during
Pregnancy and Lactation

7.8 g/l [Kent et al., 2006]. The global average DHA content
of human breast milk is 0.32 8 0.22% [Brenna et al.,
2007]; thus, the average breast milk DHA output can be
calculated to be 110 mg/day. This figure can be compared
to a study from western Australia reporting breast milk
DHA output of about 49 mg/day for women, with mean
breast milk DHA of 0.19%, well below the global mean
[Mitoulas et al., 2003]. A simple proportionality [(0.32/
0.19) ! 49] indicates that an increase in breast milk DHA
concentration in these women would put their daily output at 82 mg/day, closer to the calculated global mean. We
consider the global mean because it is representative of a
broad array of populations.
Blood and breast milk DHA status are not improved
by consumption of precursors, and isotopic tracer studies
are consistent with these studies, showing very low conversion rates [Pawlosky et al., 2006]. Assuming that DHA
biosynthesis is negligible compared to output, 110 mg/
day may be taken as a mean minimal replacement nutrient intake not allowing for any inefficiency of transfer to
milk or use elsewhere by the lactating woman. A doseresponse study reported on the range of breast milk DHA
with DHA supplementation from 0 to 1.3 g/day [Gibson
et al., 1997]. The group receiving no DHA supplement
had breast milk DHA = 0.21%, low compared to the global mean, showing that the basal diet of this population is
low in DHA. This value is also close to that of vegetarian
mothers. A regression analysis of the data presented in
figure 2 shows a very high correlation between intake and
breast milk DHA. Using the equation of that line, breast
milk DHA at the global mean of 0.32% requires DHA intake of 167 mg/day above basal intake. The global mean
+2 SD would correspond to a breast milk level of 0.76%,
providing 261 mg/day DHA to the infant, which requires
DHA intake of 778 mg/day. Finally, breast milk DHA at
the 98th percentile globally is estimated to be about 1%
[Brenna et al., 2007]; this level would require maternal
DHA intake of 1,111 g/day. Notably, the dose-response
study showed that infant blood DHA reached a plateau
when breast milk DHA delivered about 800 mg/day
[Gibson et al., 1997]. These values are summarized in
table 3.
Based on these considerations, an average nutrient requirement for DHA in lactation can be set at 200 mg/day,
rounded for eased of reference. Meeting an INL98 (individual nutrient level) at the +2 SD (+780 mg/day) or 98%
DHA composition level (+1,100 mg/day) based on foods
would require very judicious selection of fatty fish rich in
DHA, considering compositions discussed in ‘Implications for Food-Based Dietary Guidelines’. There is, at this
Ann Nutr Metab 2009;55:97–122
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mands of pregnancy are difficult to meet with very-lowfat diets, as are requirements for PUFA.

Table 3. Calculation of mean DHA output via breast milk and
corresponding dietary intake, in the first 6 months postpartum

To achieve breast milk
DHA of
0.32%
0.76%
1%

Kent et al., 2006
Kent et al., 2006
Brenna et al., 2007
Brenna et al., 2007
Brenna et al., 2007

Incremental maternal DHA
intake, mg/day
167
778
1,111

Maternal DHA intake (I) vs. breastmilk DHA (B):
B = (0.72 ! I) + 0.20, using data of Gibson et al. [1997].

Table 4. Recommended nutrient intake values in pregnancy and
lactation

Average nutrient Upper nutrient
requirement
limits

DHA
DHA + EPA
AA
Industrial trans fatty acids

200 mg/day
300 mg/dayb

1.0 g/daya
2.7 g/daya
800 mg/daya
as low as practical

a

No observed adverse effect level in RCT.
Based on minimum adult average nutrient requirement plus
an increment for energy demands of pregnancy.
b

writing, insufficient evidence based on functional outcomes to justify recommendations at these higher levels
in normal populations. An average nutrient requirement
for DHA is recorded in table 4.
Pregnancy. The majority of DHA dedicated to the conceptus is carried by the newborn, which emerges with
total body DHA accretion averaging 14 mg/day through
gestation (3,800 mg DHA/280 days of gestation). The placenta averages 450 8 90 g [Molteni, 1984] and has 5.4 8
0.3 mg/g fatty acids, of which 5.3 8 0.2% is DHA [Larqué
et al., 2003]; thus, loss of DHA with the placenta is minor
on a per day-of-pregnancy basis, about 130 mg or !1 mg/
112

Ann Nutr Metab 2009;55:97–122

1.0
0.8
0.6
0.4
0.2
0
0

0.5

1.0

1.5

DHA supplement (g/day)

Fig. 2. Regression analysis of breast milk DHA (B) concentration

vs. DHA intake (I). B = (0.72 ! I) + 0.20 (r2 = 0.998). Data from
Gibson et al. [1997].

day, for the course of gestation. DHA intake required to
replace DHA carried away by the conceptus at parturition is therefore about 15 mg/day, a value that is small
compared to daily intake for all but vegans, as shown in
table 1. DHA intake of pregnant women ranges from 34
to 300 mg/day in omnivores, and 9 mg/day in vegans. The
1 study that analyzed duplicate diets showed a low mean
intake, and the others, all based on recall methods and
use of nutrient tables, are suspect because of concerns
with biases in both methods. Breast milk DHA levels are
an accurate biomarker for intake of lactating women. Assuming that women’s diets do not change radically between pregnancy and lactation, DHA intake is probably
best estimated by breast milk DHA levels, as shown in the
preceding section.
Studies reporting benefit to the infant use DHA doses
as low as 133 mg/day [Colombo et al., 2004] and reduce
signs of DHA deficiency at 400 mg/day [Innis and Friesen, 2008]. Higher levels may be necessary to show therapeutic benefit for conditions induced by multiple causes
as well as evaluations which employ less-sensitive outcome measures that are subject to strong placebo effects.
Studies of treatment of depression suggest that doses of
1 g EPA + DHA or more are efficacious, as discussed in
‘Psychiatric Health in Pregnancy and Lactation’.
Recent estimates of DHA + EPA intake efficacious toward reduction in maternal depression and risk for subBrenna /Lapillonne
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Breast milk consumed by
infant, g/day
8368143
Breast milk fat content, g/l
41.187.8
Global mean breast milk DHA
Output
0.328 0.22%
110 mg/day
Output + 2 SD
0.76%
261 mg/day
Output <98%
1%
344 mg/day

Reference
Breast milk DHA (%, w/w)

Amount

1.2

34
32
30
Children (%)

28
26
24
22
20
18
16
14
12
0
0

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Estimated n–3 fatty acids from seafood in pregnancy (%E)

Fig. 3. Dose-response for prevalence of children in the lowest

quartile for verbal IQ aged 8 years based on maternal seafood
consumption during pregnancy. At seafood consumption corresponding to LCPUFA intake of 0.10%E (about 300 mg/day), the
reduction in risk for low verbal IQ drops from 31 (no seafood
consumption) to about 20.5%. With 5 times more seafood consumption, the risk drops to about 15.5%. Adapted from Hibbeln
et al. [2007b].

optimal IQ were 389 and 114 mg/day, respectively, leading to an estimate of 830 mg/day EPA + DHA from seafood to meet nutritional requirements for 98% of a large
population [Hibbeln and Davis, 2009]. Rounding the 389
mg/day for maternal depression to 400 mg/day, and recognizing that the relative proportion of DHA and EPA in
seafood is approximately comparable, DHA intake is
about 200 mg/day. Because ALA serves as an effective
precursor for EPA, as measured in blood [Brenna et al.,
2009], the independent evidence for EPA intake apart
from ALA is less compelling than for DHA.
These latter data are, however, based on seafood consumption and not on LCPUFA specifically [Hibbeln et
al., 2007a]; thus, the totality of effects cannot strictly be
ascribed to EPA and DHA. Figure 3 [Hibbeln et al., 2007b]
shows the dose-response of verbal IQ at age 8 years to the
maternal seafood consumption in pregnancy. Intakes
were divided into quintiles and compared to those reporting no seafood consumption. Risk of being in the
lowest quartile of IQ was greatest for 8 year olds whose
mothers consumed no seafood during pregnancy. The
curve drops more steeply at low consumption and shows
that most of the benefit is derived by the second quintile
Fat and Fatty Acid Requirements during
Pregnancy and Lactation

of seafood consumption, where mean LCPUFA intake is
0.1%E, corresponding to about 300 mg/day LCPUFA on
a 2,500 cal/day diet.
In pregnancy, DHA demand will be greatest in the
third trimester. Establishing requirements on a trimester
basis should be avoided for at least 2 reasons. Unlike
many water soluble nutrients, fat is stored in adipose and
elsewhere, and can be mobilized when there is metabolic
need. Establishing separate requirements on a trimester
basis is bound to be confusing to women and unworkable
for food suppliers serving pregnant women. However, it
should be emphasized that much of the benefit from dietary fat can be derived if recommended levels are consumed after pregnancy is established, unlike nutrients
that are active in critical processes in the first days after
conception.
The WHO minimum acceptable macronutrient distribution range for men and non-pregnant/non-lactating women is set at 250 mg/day EPA + DHA, based on
benefit for prevention of cardiovascular disease. Although food sources of LCPUFA will, on average, provide similar amounts of EPA and DHA, strict interpretation of the acceptable macronutrient distribution range
allows for DHA to range between 0 and 250 mg/day.
Women seeking to follow this guideline and allow an
increment for additional energy demands of reproduction may consider an average increment of 300 cal/day
in pregnancy, and 500 cal/day in lactation. Total energy
requirements in pregnancy and lactation are then 2,300
and 2,500 cal/day, respectively, which correspond to increments of 115 and 125% above the non-pregnant and
non-lactating levels. These lead to total recommended
EPA + DHA intakes of 288–313 mg/day. Rounding for
ease of reference leads to the recommendation of an
intake of at least 300 mg/day EPA + DHA, of which
200 mg/day are DHA.
Upper Nutrient Limits. Recent studies in humans have
failed to establish negative effects of very high DHA and
EPA intake. Notably, infants with insufficient intestinal
length or function to absorb enteral nutrients were fed
parentally on conventional soybean or soybean/safflower
oil emulsions and developed cholestasis. At 14 weeks of
life they were switched to a highly refined fish oil preparation and compared with those who continued to be fed
parenterally on soybean emulsions. The fish oil emulsion
contained DHA (1.4–3.1 g/100 ml), EPA (1.3–2.8), and
AA (0.1–0.4) as the sole source of fat compared to soybean
or soybean/safflower emulsions containing no n–3 LCPUFA. Cholestasis was reversed rapidly (9 vs. 44 weeks),
and fish oil was not associated with negative effects comAnn Nutr Metab 2009;55:97–122
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Arachidonic Acid
Unlike DHA and EPA in marine foods, there is no particularly rich dietary source of AA. A few fish, including
farmed fish fed corn and some tropical fish used for human food [Sinclair et al., 1983], do contain high amounts
of AA [Weaver et al., 2008], but AA is generally not highly concentrated in any one food group. Data on effects of
prenatal AA consumption in humans are scant, and research is mostly limited to several animal studies. A 2008
review [Hadders-Algra, 2008b] suggested that AA consumption in pregnancy should provide a balance between
DHA and AA primarily on the basis of animal studies;
however, this view has been challenged [Hadders-Algra,
2008a; Koletzko, 2008]. Studies in pregnant rats show
poorer auditory and motor development in pups with low
tissue AA as a result of high maternal DHA consumption.
However, these studies employ levels of DHA that are either unlikely to be achieved by diet or unrealistic for humans (35% [Wainwright et al., 1997], 22% menhaden oil
[Saste et al., 1998], 3% of energy as DHA [Haubner et al.,
2002], 10% by weight unspecified fish oil as exclusive
source of fat [Amusquivar et al., 2000]). The studies may
suggest a functional neurological role for AA for which
DHA cannot substitute. However, DHA and EPA in rodent studies are typically added to feed, and the highly
oxidizable nature of DHA and EPA could result in the
generation of small amounts of potently bioactive oxygenated compounds.
There are a very limited number of studies on AA nutrition in adult humans. There are no studies in pregnant
women that specifically show benefit to dietary levels of
114
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AA apart from DHA and EPA. A combination of AA and
DHA action improved mental development in formulafed infants, while there was no change with DHA alone
[Birch et al., 2000]. Numerous studies show that plasma
and RBC AA drop with DHA and EPA supplementation
[e.g. Conquer and Holub, 1996]. Whether these decreases
are of importance has not been established. AA levels are
conserved to a greater degree than DHA levels, thought
to be at least in part due to the 3 enzymatic steps required
for AA synthesis from LA compared to 7 steps in the accepted pathway for DHA from ALA; competition for incorporation into membrane phospholipids is also a factor
that can reduce AA levels. Studies in neonatal baboons
show that AA in formula does not increase brain AA
when DHA is present in comparable amounts, though
DHA does increase with dietary DHA level [SarkadiNagy et al., 2003; Diau et al., 2005], indicating AA levels
are more tightly regulated than DHA. An RCT of healthy
non-pregnant non-lactating reproductive-age women
showed that co-administration of DHA with the AA precursor -linolenic acid raised DHA levels while maintaining AA status [Geppert et al., 2008]. Direct AA supplementation is likely to be effective; however, administration of AA without a balance of EPA and/or DHA
raises concerns because AA is a precursor of eicosanoids
with potent bioactivities.
There is, at present, no basis for an independent requirement for AA in pregnancy and lactation. There is
also no evidence base for an upper nutrient limit in pregnancy or lactation since it has not been studied as a pure
component in pregnancy. A prudent recommendation is
that intakes should not exceed normal dietary levels; that
is, intake of AA through dietary supplements should not
be at pharmacological levels. Table 1 shows that the highest reported AA intake is 282 8 174 mg/day (mean 8
SD) for GDM mothers in London. An upper nutrient limit consisting of this value plus 3 SD (800 mg/day) is a
reasonable compromise as a ‘no observable adverse effect
level’.
LA and ALA
LA exerts its effects as a precursor to AA and may have
other effects as well. In part because of the high intake of
LA worldwide, there are no studies of hypothetical deficiencies of LA in humans. There is no support for an enhanced intake of LA in pregnancy and lactation.
Similar to LA, ALA is thought to exert its metabolic
influence as a precursor to n–3 LCPUFA. ALA intake supports and enhances EPA and DPA statuses, but not DHA
status as measured by blood biomarkers [Brenna et al.,
Brenna /Lapillonne
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pared to the prior period and enhanced growth [Gura et
al., 2008], consistent with a previous case report of 2 similar infants [Gura et al., 2006]. Parenteral nutrition with
fish oil has been ongoing over periods of up to 4 years in
children that are closely monitored on a clinical outpatient basis, and it supports normal growth and cognitive
development [Puder, 2008]. These studies of very high
chronic consumption of refined DHA and EPA, showing
rapid recovery of critically ill infants and sustained normal or even accelerated development, suggest a high degree of safety and efficacy of DHA and EPA themselves.
RCT of levels up to 1 g/day DHA and 2.7 g/day n–3
LCPUFA have shown no significant adverse effects [Koletzko et al., 2007, 2008]. These levels can be taken as the
upper nutrient limits, defined as ‘no observable adverse
effect levels’, with strong evidence that levels many fold
higher are also safe. These refer only to n–3 LCPUFA and
not to n–6 LCPUFA, especially AA.

Implications for Food-Based Dietary Guidelines
The 3 dietary essential fatty acids are LA, ALA, and
DHA. No LCPUFA, including DHA, is produced naturally in terrestrial plants, though they are produced abundantly by single-cell marine organisms.
LA is easily obtained in adequate quantities from almost all vegetable oils. Soybean, safflower, sunflower,
groundnut (peanut), maize (corn), palm, canola, and olive oils from warmer climates are all good sources. Fewer
oils are good sources of ALA, notably flax, perilla, and
canola oils, with normal soybean oil delivering modest
amounts of ALA. Both LA and ALA requirements can be
met by these oils.
DHA is normally obtained in hundreds of milligrams
by consumption of fish, and most bodies recommending
DHA or DHA + EPA consumption recommend consumption of 2 oily fish meals per week, regardless of their
recommendation of mg/day values for these LCPUFA.
Compilations of fish LCPUFA composition often add
DHA and EPA to yield a single category. However, the
proportions of DHA and EPA vary dramatically from
fish to fish and among supplements, with algal supplements containing exclusively DHA, and many fish and
supplement preparations dominated by EPA.
Estimated seafood disappearances in the USA in 2004
were presented in a 2007 report of the Institute of Medicine, and are given in table 5 in order of disappearance in
the USA [Nesheim and Yaktine, 2007]. The amount and
proportion of DHA and EPA varies substantially, with
DHA ranging from 38 to 1,457 and EPA from 4 to 1,010
mg per 100 grams of cooked fish. Similarly, the ratio
DHA/EPA varies from 0.3 to 39 depending on species;
even within a particular type of fish, such as salmon, the
dominant LCPUFA is inconsistent. Content of related
LCPUFA also tend to be ignored. Notably, warm water
fish such as tilapia have substantial amounts of AA,
though consumption of these fish has not caused conFat and Fatty Acid Requirements during
Pregnancy and Lactation

Table 5. Mean amount of DHA and EPA (mg) per 100 g of cooked

fish, in rank order of consumption in the USA [Nesheim and Yaktine, 2007]
Rank1 Fish species

DHA2

EPA

1
2
2
3
3
4
5
6
7
8
9
10

144
223
629
1,457
727
451
128
130
38
154
146
258

171
47
233
690
1,010
91
49
60
124
4
138
243

Shrimp
Canned light tuna4
Canned white tuna4
Atlantic salmon5
Chinook salmon
Pollock
Catfish
Tilapia6
Crab7
Atlantic cod
Clams
Flatfish8

DHA/
EPA
0.8
4.7
2.7
2.1
0.7
5.0
2.6
2.2
0.3
39
1.1
1.1

DHA
%3
46
83
73
68
42
83
72
68
23
97
51
51

1
Rank (highest to lowest) of seafood disappearing from the
American economy, 2004. Tuna and salmon species were unspecified; thus, 2 entries from the USDA nutrient database are provided.
2 www.health.gov/dietaryguidelines/dga2005/report/html/
table_g2_adda2.htm.
3 Of the total of EPA + DHA.
4 Light = mixed species; white = albacore.
5 Farmed.
6
USDA Nutrient Database:
www.ars.usda.gov/Services/docs.htm?docid=5720.
7 Farmed, mixed species.
8 Flounder and sole.

cerns over high AA intake in at least one small short-term
study [Sinclair and Mann, 1996]. Most groups recommending fish consumption suggest at least 2 meals of fatty fish per week, despite several-fold variations in the recommended amount of daily LCPUFA intake. The worldwide harvest of fish to satisfy this need may not be
sufficient unless fish production involving fish husbandry and ocean farming increases supply.
Concern over contamination of seafood continues to
receive attention because of possible influences on the
developing fetus. The main contaminant of concern is
methyl mercury, a neurotoxic compound found in seafood, and particularly in large species occupying high
trophic levels (high on the food chain). Shark, swordfish,
tilefish, and albacore tuna have all been cited as containing levels of methyl mercury that may cause concern,
though no detrimental effects have been detected from
fish consumption per se, apart from frank poisoning
events. Of these, albacore tuna is the most commonly
Ann Nutr Metab 2009;55:97–122
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2009]. The majority of research in humans and animals
indicates that the high LA intake characteristic of modern
dietary fat based on seed oils reduces the conversion of
ALA into LCPUFA and LCPUFA incorporation into
membranes. Studies of enhanced ALA typically show no
increase in DHA, and studies with functional outcomes
have focused on DHA or DHA + EPA supplementation.
There is therefore no evidence for an independent effect
of an increment of ALA in pregnancy and lactation.
No recommendation can be made for an incremental
increase in ALA and LA apart from maintenance of their
dietary levels as a percent of energy.

consumed, and notably, it also has significant quantities
of DHA. Full consideration of the issue surrounding seafood contamination is well beyond the scope of this report, and interested readers are referred to reports and
ongoing evaluation efforts by government and other
agencies [e.g. Nesheim and Yaktine, 2007].
Other animal foods contain LCPUFA and can be enriched with LCPUFA. LCPUFA-enriched eggs can be
produced from chickens fed either ALA or, more efficiently, DHA + EPA. Ruminant meat (beef and mutton)
has some DHA, but resists enrichment because rumen
organisms secrete enzymes that isomerize and saturate
PUFA. However, the feeding regime of cattle makes meat
richer in LCPUFA [Ponnampalam et al., 2006], and small
increases in beef LCPUFA content can add significantly
to dietary DHA intake in developed countries because of
high beef consumption.
Commercial efforts are underway to produce transgenic plants that include LCPUFA. Soybean oil that includes the ALA product SDA (18:4n–3) has been tested in

humans and shown to be a more efficient precursor of
EPA and DPA than ALA. Transgenic plants that yield oils
with LCPUFA are potentially a food-based LCPUFA
source compatible with strict vegan diets, and would represent a sustainable long-term solution to the harvest of
DHA from fish.
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