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Abstract

Convergent evidence from neuronal biology and hominin brain hypertrophy suggests that omega-3 fatty acids
are a limiting resource for neural and cognitive development in Homo sapiens, and therefore that children from
populations with higher omega-3 availability should display superior cognitive performance. Using multiple
regression, we tested this prediction in a sample of 28 countries, with Programme for International Student
Assessment (PISA) math scores in 2009 as an index of cognitive performance, and country-specific breast milk
levels of omega-3 docosahexaenoic acid (DHA) as an index of omega-3 availability. Breast milk DHA makes a
highly significant contribution to math scores (b = 0.462, P = 0.006), greater in magnitude than the control
variables of per capita Gross Domestic Product (PCGDP) and educational expenditures per pupil. Together,
dietary fish (positively) and total fat (negatively) explain 61% of the variance in maternal milk DHA in a larger
sample of 39 countries.
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Introduction

One the most derived features of Homo sapiens is our
allometrically large brain (Jerison 1973). While many
nutrients are important to brain growth and function,
essential dietary omega-3 fatty acids – especially
docosahexaenoic acid (DHA) – are particularly
important and are relatively scarce in terrestrial envi-
ronments. DHA comprises roughly 10% of the dry
weight of the human brain (Makrides et al. 1994) and
is critical to all aspects of neurodevelopment and
brain function, including neurogenesis, neurite prolif-
eration and growth, nerve impulse transmission via
the sodium–potassium pump, neuronal integrity and
vitality, blood glucose transport and gene expression
in the brain (Ryan et al. 2010; Bradbury 2011;

Simopoulos 2011; de Souza et al. 2011; Harbeby et al.
2012; Lassek & Gaulin 2012). Consistent with these
roles, animal studies have shown that DHA availabil-
ity is strongly related to cognitive development and
learning ability; and dietary DHA insufficiency may
also compromise neurodevelopment in infants and
children (Cohen et al. 2005; Oken et al. 2008; Ryan
et al. 2010; de Souza et al. 2011; Lassek & Gaulin
2011).

Because there is strong metabolic competition
between omega-3 and omega-6 fats in the diet
(Mohrhauer & Holman 1963; Boudreau et al. 1991;
Friesen & Innis 2010; Bradbury 2011), maternal milk
DHA is an especially valuable indicator, given that it
represents the DHA that survives this competition
and is available to the mother and her offspring. Oils
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from seeds and grains including maize, soybean, sun-
flower, and safflower oils are especially high in the
omega-6 fats that compete with omega-3 (Godley
et al. 1996; Astorg et al. 2008). The DHA in fish is
unavailable when cooked with such vegetable oils
(Elmadfa et al. 2006; Chung et al. 2008). The meat,
milk and eggs of animals consuming these grains are
also higher in omega-6 and lower in omega-3 than for
animals fed grass (Wood et al. 2004; McAfee et al.
2011; Lassek & Gaulin 2012; Martin et al. 2012).

While many measures of cognitive performance
have moderate to high heritabilities within popula-
tions (Plomin et al. 2008), between-population dif-
ferences may be less heritable and are known to
have environmental correlates. For example, across
nations, cognitive performance is positively related
to measures of economic well-being such as the per

capita gross domestic product (GDP/PC) (Lynn &
Vanhanen 2002, 2012; Chiu 2007). Controlling for
such environmental factors, previous work has shown
that individual American children who consumed
more dietary omega-3 and less omega-6 performed
significantly better on four cognitive tests, including a
mathematics achievement test (Lassek & Gaulin
2011).

Such findings raise the question of whether there is
an ecological cross-national relationship between
dietary omega-3 and cognitive performance. Country-
specific dietary omega-3 levels can be estimated by
using maternal breast milk DHA values as in Hibbeln
(2002), and cognitive performance can be assessed by
standardised international tests administered to
school children. We predict that children in countries
with higher levels of maternal milk DHA will have
better test performance. We also predict that milk
DHA levels in different countries will be positively
related to dietary fish and seafood and negatively

related to vegetable fats and oils, which are generally
higher in omega-6 and lower in omega-3 fats.

Materials and methods

Variable selection

To measure cognitive performance, we selected the
recently published 2009 mathematics test scores from
the Programme for International Student Assessment
(PISA) of the Organization for Economic Coopera-
tion and Development (OECD) because it is a single
test that is administered in a consistent way to
15-year-old students in 59 countries (OECD 2011).

National averages of maternal milk DHA content
from published reports provided our measure
of DHA availability to children. We searched
MEDLINE combining MESH search terms ‘milk’
and ‘fatty acids’ and thereby identified 128 studies
providing maternal milk DHA values as percentages
of total fatty acids in 50 countries (see Supporting
Information Appendix S1). Percentages of arachi-
donic acid, the omega-6 fatty acid active in the brain,
were also obtained. Although somewhat different
methods may be used for extracting and analysing
milk fatty acids in different studies, these percentages
are less sensitive to such differences.

To account for socio-economic influences on cog-
nitive performance, we used two control variables:
GDP/PC and educational expenditures per pupil.
Recent data for GDP/PC were obtained from United
Nations sources (United Nations Statistics Division
2011) and for public educational expenditures per
pupil from the OECD (2012).

To control for the possible effect of dietary macro-
nutrients on maternal milk DHA levels, we included
2005 estimates of daily per capita calories, fat, protein

Key messages

• Maternal breast milk DHA levels explain more that 20% of the variance in performance on an international
cognitive test.

• The variance explained by breast milk DHA is unique in that it is not explained by measured socio-economic
variables.

• The best positive dietary predictors of breast milk DHA levels were various measures of fish consumption;
dietary levels of total fat, vegetable oils, beef and milk are all significant negative predictors of breast milk DHA.
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and carbohydrates for each country in the analysis.
These are available from Food Balance Sheets
compiled by the United Nations Food and Agricul-
tural Organization (UN FAO 2012) and are fre-
quently used for cross-national comparisons (Sasaki
& Kesteloot 1992).

If breast milk DHA levels explain significant vari-
ance in national cognitive performance, it would be of
interest to discover the dietary correlates of breast
milk composition.To explore these relationships, data
for food disappearance were used in a larger sample
of 39 countries as math scores were not needed for
this analysis. Food items included fish and seafood,
known to be high in DHA, as well as eggs, milk,
poultry and red meats, which may also contain DHA,
depending on animal feeds. Because of the possible
competition between omega-6 fats and omega-3 fats,
we also included total, animal and vegetable fat, and
vegetable oils.

Analytical methods

Linear bivariate regression was used to measure the
independent influence of DHA, GDP/PC, per-pupil
school expenditures and macronutrients on math
scores; multiple regression was used to measure the
joint effects of DHA together with each of these eco-
nomic control variables and the macronutrients. In a
larger sample of 39 countries, including some which
lacked PISA math scores, bivariate correlation and
multiple regression were used to determine the rela-
tionship between dietary items and maternal milk
DHA. SPSS-20 was used throughout (SPSS Inc.,
Chicago, IL, USA).

Results

There were 28 countries with all data elements. For
these countries, there were 114 separate population
samples with breast milk data, with a mean of
4.2 � 4.3 samples per country. Five countries had a
single sample, four countries had two samples and the
rest had three or more samples. Most of these samples
date from 1995 to 2012. There were 39 countries that
had both dietary and breast milk data; 11 of these
lacked PISA scores (for details, see Supporting Infor-
mation Appendix S1).

Maternal milk DHA and PISA math test scores

Maternal milk DHA, GDP/PC and expenditures per
pupil were all significant independent predictors of
math scores, whereas none of the macronutrients
were. Table 1 shows the results of three bivariate and
two multivariate regressions. The predictive value of
milk DHA is highly significant and only slightly
attenuated when either of the two socio-economic
variables is added in multiple regression format.
Milk DHA consistently accounts for more variance
than either economic factor. When added to the
regression, milk arachidonic is negatively related to
math scores, but not significantly and hence is not
shown in Table 1. Likewise, none of the macronutri-
ent variables were significant as bivariate predictors
of test scores, nor when added to the regressions. To
illustrate the observed relationship, Fig. 1 shows a
scatterplot of milk DHA percentages and PISA
math scores for the 28 countries in the complete
data set.

Table 1. Standardised regression coefficients and r2 for significant predictors of 2009 PISA math scores in 28 countries

b coefficients Adjusted r2

Maternal milk DHA Per capita GDP Per pupil expenditure

b P b P b P r2 P
0.487 0.009 0.208 0.009

0.444 0.015 0.167 0.015
0.413 0.028 0.171 0.028

0.472 0.006 0.396 0.018 0.393 0.002
0.462 0.006 0.431 0.009 0.376 0.001

DHA, docosahexaenoic acid; GDP, gross domestic product; PISA, Programme for International Student Assessment.
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Dietary correlates of maternal milk DHA

Table 2 shows the significant bivariate correlations of
maternal milk DHA with grams per capita per day of
food items listed on national Food Balance Sheets.
Not surprisingly, maternal DHA is very strongly posi-

tively related to dietary fish and seafood, the richest
sources of DHA. By contrast, total dietary fat, veg-
etable oils, beef and milk – items that are rich in
omega-6 fatty acids (especially when derived from
grain-fed animals) – are all negatively related to
maternal milk DHA.

When added to a regression with either seafood or
total fish, total, vegetable and animal fats were still
significantly negatively related to milk DHA, with b
coefficients ranging from -0.43 to -0.55. The combi-
nation that explains the most variance in maternal
milk DHA is total fish (b = 0.71) and total fat
(b = -0.55), which together explain 61% of the vari-
ance in cross-national maternal milk DHA levels (all
P < 0.0001). Any regression including total fish or
seafood, and vegetable oils, animal fat or milk consist-
ently explains at least half of the variance in milk
DHA, with fish or seafood having positive bs and the
remainder having negative bs.

Fig. 1. Scatterplot of maternal milk docosahexaenoic acid (DHA) content and Programme for International Student Assessment (PISA) math test
scores for 28 nations.

Table 2. Significant bivariate correlations between maternal milk
DHA and dietary items in 39 countries

Food category r P

Pelagic fish 0.61 <0.001
Total fish 0.59 <0.001
Total seafood 0.60 <0.001
Total fat -0.39 0.016
Vegetable oils -0.34 0.034
Beef -0.33 0.043
Milk -0.44 0.006

For list of countries and sources, see Supporting Information
Appendix S1.
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Discussion

This study suggests that a country’s balance of dietary
omega-3 and omega-6 fatty acids – as reflected in
maternal milk DHA – is strongly related to its stu-
dents’ performance on a standardised mathematics
test. The observed relationship between milk DHA
and cognitive performance remains highly significant
even when controlling for national wealth, investment
in education and macronutrient intake. This study is
the first to show that these effects are both significant
and substantial in cross-national comparisons.
Although, as expected, socio-economic factors
explain considerable variance in performance on a
standardised test of mathematical performance, the
availability of DHA from human breast milk explains
a larger and essentially non-overlapping fraction of
the national differences on this cognitive measure.
Maternal milk DHA, in turn, is strongly related to per

capita fish and seafood intake, but negatively related
to the intake of total fat, vegetable fat, vegetable oil
and beef, suggesting competition from fats high in
omega-6.

In addition to the inherent limitations of ecological
studies, this study is limited by the sources of the data
used. Maternal milk DHA values for each country are
based on one or more modest-sized samples that may
not closely reflect the values for the population as a
whole. The methods used for extracting and measur-
ing milk fatty acids may vary in different studies,
although the use of percentages of total fatty acids
may compensate for this to some degree. Math test
results are also subject to sampling errors, although
these derive from samples designed to be representa-
tive of the national population. Per capita consump-
tion of individual foods is also subject to error
because FAO estimates are based on food disappear-
ance rather than foods actually consumed. There may
also be other confounders that affect both milk DHA
and math scores other than those accounted for in the
analysis. The strong correlation of maternal milk
DHA percentages with independently measured
dietary sources of DHA provides some support for
the validity of both sources. Moreover, there is no a

priori reason to assume that any of these potential
sources of error would be biased in a way that would

produce a spurious correlation between breast milk
DHA and PISA math scores.

This study supports the view that omega-3 fatty
acids – and especially DHA – play a critical role in
supporting human neuro-cognitive development, a
view supported by theoretical (Crawford et al. 1999;
Gomez-Pinilla 2008), paleontological (Broadhurst
et al. 2002; Richards et al. 2005; Marean et al. 2007;
Bradbury 2011), correlational (Lassek & Gaulin 2011;
Oken et al. 2008) and experimental studies (Cohen
et al. 2005). Using a similar methodology, breast milk
DHA was shown to be inversely related to rates of
post-partum depression in a previous cross-national
study (Hibbeln 2002). It would be desirable to test this
relationship in other populations and, if possible, with
direct measurement of DHA in the blood.

In their implications for food policy, these findings
pose challenges. The inverse relationship between
maternal milk DHA and dietary fats vividly illus-
trates the metabolic competition between omega-3
and omega-6 fats derived – directly or indirectly
through their use as animal feeds – from seeds and
grains. In countries like the United States where such
crops and oils predominate in processed foods and
animal feeds, dietary ratios of omega-6 to omega-3
are extremely elevated, and levels of DHA in breast
milk are correspondingly depressed (Hibbeln 2002;
Yuhas et al. 2006; Martin et al. 2012). As similar
methods of food production are adopted by other
nations, dietary support for optimal cognitive devel-
opment will require attention both to augmenting
omega-3 supplies and to reducing the oversupply of
omega-6 fats.
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