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Abstract

Background: Omega-3 long-chain polyunsaturated fatty acids (LC-PUFA), especially DHA (docosahexaenonic acid) are
essential for brain development and physical health. Low blood Omega-3 LC-PUFA have been reported in children with
ADHD and related behavior/learning difficulties, as have benefits from dietary supplementation. Little is known, however,
about blood fatty acid status in the general child population. We therefore investigated this in relation to age-standardized
measures of behavior and cognition in a representative sample of children from mainstream schools.

Participants: 493 schoolchildren aged 7–9 years from mainstream Oxfordshire schools, selected for below average reading
performance in national assessments at age seven.

Method: Whole blood fatty acids were obtained via fingerstick samples. Reading and working memory were assessed using
the British Ability Scales (II). Behaviour (ADHD-type symptoms) was rated using the revised Conners’ rating scales (long
parent and teacher versions). Associations were examined and adjusted for relevant demographic variables.

Results: DHA and eicosapentaenoic acid (EPA), accounted for only 1.9% and 0.55% respectively of total blood fatty acids,
with DHA showing more individual variation. Controlling for sex and socio-economic status, lower DHA concentrations were
associated with poorer reading ability (std. OLS coeff. = 0.09, p = ,.042) and working memory performance (0.14, p = ,.001).
Lower DHA was also associated with higher levels of parent rated oppositional behavior and emotional lability (20.175,
p = ,.0001 and 20.178, p = ,.0001).

Conclusions: In these healthy UK children with below average reading ability, concentrations of DHA and other Omega-3
LC-PUFA were low relative to adult cardiovascular health recommendations, and directly related to measures of cognition
and behavior. These findings require confirmation, but suggest that the benefits from dietary supplementation with
Omega-3 LC-PUFA found for ADHD, Dyspraxia, Dyslexia, and related conditions might extend to the general school
population.
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Introduction

Background and Rationale
Omega-3 long-chain polyunsaturated fatty acids (LC-PUFA)

play key roles in normal brain development and functioning as

well as in cardiovascular and immune system health [1,2]. Omega-

3 are dietary essentials, but average intakes are low in most

modern developed countries relative to Omega-6 LC-PUFA [3].

Increasing evidence indicates that this imbalance may be

contributing to a wide range of physical and mental health

disorders [4]. These include common childhood behavior and

learning difficulties such as ADHD, dyslexia, dyspraxia and related

conditions [5,6].

Low blood Omega-3 LC-PUFA concentrations have been

reported in children with ADHD and related behavior or learning

difficulties [7,8] as have benefits from dietary supplementation [9–

11]. Furthermore, in one study of boys with and without ADHD,

links between low blood Omega-3 status and behavior as well as

general health problems were found to extend across the

combined sample [7], suggesting that a lack of these fatty acids

may also have important consequences in the general population
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[12]. Similarly, low Omega-3 levels were associated with reading

performance in a sample of dyslexic and non-dyslexic adults [13].

Currently, however, little is known about the LC-PUFA status

of UK children – mainly because until recently, this could only be

assessed using venous blood samples. Only one published study

has attempted to explore LC-PUFA status in mainstream UK

school children in relation to cognitive and behavioral measures

[14]. However, the study used a buccal cell method previously

untested in children, rather than well-validated blood measures. In

recent years, methods of assessing blood fatty acid status from a

fingerstick sample of whole blood have been developed and

validated [15,16]. This has made it ethically possible to investigate

blood Omega-3 concentrations in healthy children from the

general UK population.

Objectives
The aims of this study were twofold: First, to address the lack of

evidence regarding the LC-PUFA status of UK children; by way of

examining the distribution of whole blood fatty acid concentra-

tions, in a representative sample of healthy children from

mainstream schools. Second, to expand current knowledge

regarding the relevance of LC-PUFA for cognition and behavior;

by investigating associations between blood Omega-3 and Omega-

6 and children’s reading, working memory and ADHD-type

symptoms.

Our prediction was that lower blood Omega-3 and Omega-6

LC-PUFA would be associated with poorer behavior and cognitive

performance. This follows from:

1) the physiological importance of LC-PUFA to brain function;

2) existing research documenting low LC-PUFA in clinically

defined behavior and learning difficulties;

3) emerging evidence of benefits from supplementation from

LC-PUFA for child behavior and learning (as noted above).

Methods

Study Design
This is a cross-sectional, observational study, involving children

from mainstream primary schools in Oxfordshire, a large county

in the UK. It formed the screening stage of an intervention study

to determine whether supplementation with the Omega-3 fatty

acid DHA would improve reading, working memory and behavior

(The DOLAB study) [17]. For this reason the sampling was based

on the children’s performance in reading according to local

authority data.

Population
Invitations to participate were issued to 1376 healthy children

from year groups 3, 4 and 5 (mostly aged 7–9 years). Recruitment

of schools took place in collaboration with Oxfordshire local

authority between January 2009 and November 2010 and 74

schools participated. Invitation packs were sent to parents/

guardians of all children who met entry criteria.

Children were eligible if they had no significant learning

difficulty (i.e. they were not statemented as having ‘‘Special

Educational Needs’’ [18]); their first language at home was

English; and their reading ability was below average according to

national assessments at age 7 years [19] and/or their teachers’

current judgment. Children were not excluded if they had

previously been diagnosed with ADHD and/or dyslexia.

In order to minimize potential sources of bias, attempts were

made to involve as wide a range of schools as possible (e.g. in terms

of size and type of location) whilst also ensuring that the overall

percentage of children from low-income groups was similar to the

national average. Details of participation were recorded at school,

parent and child level to ensure that potential sampling bias could

be taken into account. Further, every effort was made to telephone

all parents to explain the purpose of the study and maximize

recruitment. Well-validated, standardized tests were used to

minimize measurement bias.

Ethics
Written informed consent was gained from parents, and verbal

assent from the children, prior to the initial screening assessments.

Ethical consent was gained from the Milton Keynes NHS

Research Ethics Committee (08/H0603/49). Project approval

was gained from the Oxfordshire local authority to conduct

research in schools.

Variables
Demographics. Information on eligibility for free school

meals (FSM) was obtained from Local Authority data and used as

a proxy for Social Economic Status (SES) [20]. Local Authority

data were also used to report sex and age. Additional information

was gathered from parents on children’s current consumption of

fish, use of medication and use of Omega-3 supplements. (See

Materials S1).

Methods for Capillary Whole Blood Fatty Acid

Analysis. Drops of capillary whole blood were collected onto

filter paper using a lancet device applied to the child’s finger.

Samples were analyzed for the fatty acid composition of total lipids

via gas-liquid chromatography using a well-validated protocol

[15,21]. Individual fatty acids were expressed as a percent of the

total mg of fatty acid (weight percent). (See Materials S2). Data are

reported only for Omega-3 and Omega-6 LC-PUFA as these are

the focus of this study. Furthermore the sum of DHA and EPA is

reported throughout this paper as broadly equating to the

‘‘Omega-3 Index’’ [22,23]. This measure was developed as an

index of cardiovascular risk and is conventionally assessed as

DHA+EPA in red blood cell membranes. The results here are

obtained from whole blood, and therefore should only be

compared cautiously with ‘‘Omega-3 Index’’ as reported else-

where.

Reading. Reading was assessed using the Word Reading

Achievement sub-test of the British Ability Scales 2nd Edition (BAS

II) [24]. This is an age-standardized, single word reading test,

normed on UK children, with a mean of 100 and a standard

deviation of 15.

Working Memory. Working memory was assessed using the

Recall of Digits Forward and Recall of Digits Backward sub-tests

from the BAS II. Again, these measures are age standardized, but

use T-scores, with a mean of 50 and a standard deviation of 10.

Behavior. ADHD-type symptoms were assessed by both

parents and teachers using long versions of the Conners’ Rating

Scales (CPRS-L and CTRS-L) [25]. These are age and gender-

standardized, highly valid and reliable scales measuring child

behavior over several domains and are expressed as T-scores

(mean = 50, sd = 10).

Statistical Methods. For descriptive statistics, means and

standard deviations were calculated for reading, working memory,

behavior (ADHD-type symptoms) and Omega-3 and Omega-6

PUFA fatty acid values from the capillary whole blood analyses.

Comparisons were performed using Mann-Whitney and Kruskal-

Wallis tests accounting for the distributional nature of the data.

Correlations were examined using Spearman’s correlation coeffi-

cients. Adjusted coefficients were estimated using ordinary linear
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regressions (OLS). Corrections for multiple comparisons were not

considered appropriate because scores on many of the measures

used are intercorrelated. This is particularly true of the behavior

ratings, as the individual Conners’ scales are derived from different

but overlapping combinations of the items in these inventories.

Raw coefficients are presented alongside coefficients standardized

using the ratio of standard deviations (sdx/sdy). All analyses were

conducted using Stata MP Version 11.2.

Results

Participants
Over five thousand children from a cohort of 38,375 attending

234 Oxfordshire primary schools met inclusion criteria over the 23

months of recruitment into the study. From the 74 volunteering

schools, 1376 children were invited to take part, and 675 children

whose parents/guardians consented were assessed. Five hundred

and ninety-six (88%) of these children agreed to provide a

fingerstick blood sample. Of these 103 (17%) blood samples were

either too small, or contaminated or ‘‘boiled over’’ during the

chemical analysis. Not all children could provide sufficient blood

for reliable analysis. Contamination can arise from the reagents

used to dissolve fatty acids from the filter paper. Occasionally,

samples can be lost through ‘‘boiling over’’ during the heating

process required. (See Materials S1, for details of the analysis

procedure.) - In total 493 samples were available for which fatty

acid data could be analyzed for this paper (see Flowchart, Figure 1).

Descriptive Data
Children who accepted the invitation to take part in the study

(n = 675) did not differ significantly from those who declined

(n = 701) in terms of age (x2 = .181 (df = 2, n = 1376), p,.91), sex

(x2 = 1.58 (df = 1, n = 1376), p,.21) or eligibility for Free School

Figure 1. Flowchart of participants on whom blood data available.
doi:10.1371/journal.pone.0066697.g001

Omega-3, Poor Cognition and Behavior, in UK Pupils

PLOS ONE | www.plosone.org 3 June 2013 | Volume 8 | Issue 6 | e66697



Table 1. Participant characteristics{ and blood data availability.

Blood data available Blood taken Total sample

(n = 493) (n = 596) (n = 675)

Sex, n (%)

Female 221 (44.8%) 256 (43.0%) 299 (44.3%)

Male 272 (55.2%) 340 (57.1%) 376 (55.7%)

Age in years, n (%)

6/7 years 136 (27.6%) 157 (26.3%) 183 (27.1%)

8 years 177 (35.9%) 215 (36.1%) 248 (36.7%)

9/10 years 180 (36.5%) 224 (37.6%) 244 (36.1%)

Free School Meals, n (%)

Not eligible 416 (84.4%) 500 (83.9%) 558 (82.7%)

Eligible 77 (15.6%) 96 (16.1%) 117 (17.3%)

Ethnicity, n (%)

White 453 (91.9%) 543 (91.1%) 615 (91.1%)

Mixed 17 (3.4%) 9 (1.5%) 10 (1.5%)

Asian 7 (1.4%) 3 (0.5%) 4 (0.6%)

Other 5 (1.0%) 22 (3.7%) 23 (3.4%)

Black 1 (0.2%) 8 (1.3%) 9 (1.3%)

Unknown 10 (2.0%) 11 (1.8%) 14 (2.1%)

Dyslexia diagnosis, n (%)

No 443 (89.9%) 532 (89.3%) 603 (89.3%)

Yes 31 (6.3%) 41 (6.9%) 47 (7.0%)

ADHD diagnosis, n (%)

No 451 (91.5%) 547 (91.8%) 621 (92.0%)

Yes 5 (1.0%) 6 (1.0%) 6 (0.9%)

{Demographic data provided by the Oxfordshire Local Authority.
doi:10.1371/journal.pone.0066697.t001

Figure 2. Reading ability in the study sample versus normed sample school children. Note: Normed distribution based on random draws
from a normal distribution (mean = 100, sd = 15).
doi:10.1371/journal.pone.0066697.g002
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Meals (FSM) (x2 = 1.11 (df = 1, n = 1376), p,.29). Data on

ethnicity for children who did not participate were not available.

Participants for whom blood fatty acid data were available did

not differ significantly from those without these data in terms of

age (x2 = .568 (df = 2, n = 675), p,.75) or sex (x2 = .209 (df = 1,

n = 675), p,.65); although blood data were available for fewer

children in receipt of free school meals: (x2 = 3.75 (df = 1, n = 675),

p,.053). Comparisons of ethnicity were not meaningful since our

sample was overwhelmingly white.

Information on all participants (n = 675), on the children who

had blood taken (n = 596), and those for whom blood fatty acid

data were available (n = 493) are shown in Table 1.

Outcome Variables
The mean levels of reading ability and working memory

(forward/backward) in the sample were 90.58 (sd = 10.55) and

41.75 (sd = 8.02)/45.15 (sd. = 6.83) respectively, i.e. within the

normal population ranges. Mean behavior scores (ADHD-type

symptoms) were also within the normal population range for all

subscales and global scales (See Table S1).

Comparing BAS II reading ability of the present sample with a

normed distribution for the UK shows that the present sample has

a slightly lower reading ability level (mean = 90.58, sd = 10.55)

whilst maintaining a roughly similar distribution shape (see

Figure 2).

Main Results – Fatty Acid Analysis
Fatty Acids. Associations between blood fatty acid concen-

trations and both demographic characteristics and cognitive

function were examined for all children whose blood data were

available (see Table S2).

Focusing on the Omega-3 LC-PUFA central to cognition and

behavior (DHA and EPA), DHA varied substantially more across

children than EPA (DHA, mean = 1.90% sd = 0.53%; EPA,

mean = 0.55%, sd = 0.26%) (see Figure 3).

The Omega-3 Index, DHA and EPA combined, had a mean of

2.46% (sd = 0.65%) (see Figure 3).

Demographic Information and Fatty Acid Status. Blood

fatty acid concentrations were compared for groups defined by

sex, age and socioeconomic status, and these data are reported in

Table 2. (Significance-test results are reported in Table S3).

Group comparisons by sex revealed significantly higher

concentrations in males than females of two Omega-3 LC-PUFA,

that is DHA (p,0.04) and DPA n-3 (p,0.001), and also

EPA+DHA (‘‘Omega-3 Index’’) (p,0.023). Several Omega-6

fatty acids were also higher in males: DPA n-6 (p,0.03), Adrenic

Acid, AA and DGLA (both p,.001), GLA (p,0.01) and Total

Omega-6 (p,.02).

Children in the lowest age-group (7 years) showed higher

concentrations of DPA (n-3), AA and LA (p,0.01) as well as Total

Omega-6 (p,0.001). Similarly, age measured in months was

significantly and inversely related to these fatty acids. (DPA (n–3)

rho = 20.112 (p,0.013); AA rho = 20.122 (p,0.007); LA

rho = 20.144 (p,0.001); Total Omega-6 rho = - 0.151

(p,0.001). None of the other fatty acids were found to be

significantly related with a child’s age. No significant differences

were found for socio-economic status as measured by eligibility for

free school meals.

Fatty Acid Status and Fish Consumption. Parents reported

that 432/488 (88.2%) children ate fish less than twice a week, and

9% did not eat fish at all.

Table 3 shows blood fatty acid concentrations in relation to

children’s fish consumption. DHA, ALA, Total Omega-3 and the

EPA+DHA (‘‘Omega-3 Index’’) were all significantly higher in

children with higher fish consumption, while the Omega-6 fatty

acids Adrenic, AA, and DGLA, were correspondingly lower.

Main Results – Fatty Acids, Cognition and Behavior
Demographic Information and Psychological

Measures. There were no significant differences in reading

ability, working memory, or parent and teacher rated behavior

between children with blood data available (n = 493) and those

without (n = 182) (Mann-Whitney U tests, see Table S3).

Examination of scores on the psychological measures for

children grouped by age, socioeconomic status or sex did,

however, reveal some significant associations. (For full results see

Table S4). To summarize these:

N Reading ability varied significantly by age-group (p = ,0.001),

with older children having lower reading scores.

Figure 3. Distribution of DHA, EPA, and the ‘‘EPA+DHA (‘‘Omega-3 Index’’)’’ in school children. A: Docosahexaenoic acid (22:6, n-3) B:
Eicosapentaenoic acid(20:5, n-3) C: DHA+EPA% (Omega-3 Index) Data: n = 493.
doi:10.1371/journal.pone.0066697.g003
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N Reading scores also varied by socioeconomic status

(p = ,0.003), with lower scores for children entitled to free

school meals.

N Behavior problems (ADHD-type symptoms) were higher for

children entitled to free school meals, according to both parent

and teacher ratings (both p = ,0.001).

N Teacher-rated ADHD symptomatology was higher in girls

than boys (p = ,0.007), although parent ratings did not differ

by sex.

N Teacher ratings also varied slightly with age-group

(p = ,0.04), but without a linear age trend

Fatty Acid Status and Cognitive Performance
Relationships between cognitive variables (age-standardized

scores for reading and working memory) and blood fatty acids

were investigated using non-parametric correlations (Spearman’s

rho). Table 4 shows the results of these analyses.

Reading ability. Reading scores were significantly and

positively associated with the Omega-3 LC-PUFA DHA

(p,0.003), DPA (p,0.04), EPA (p,0.005), and thus the

EPA+DHA (‘‘Omega-3 Index’’) (p,0.001) as well as total

Omega-3 (p,0.004), although a slight negative association was

found with the shorter-chain Omega-3 SDA (p,0.04). Total

Omega-6 fatty acids also showed a positive correlation with

reading (p,0.03).

Working memory. Similarly, scores for Recall of Digits

Forward (tapping auditory-verbal working memory) were signif-

icantly and positively associated with the Omega-3 LC-PUFA

DHA (p,0.003), DPA (p,0.04), EPA (p,0.005), and thus the

EPA+DHA (‘‘Omega-3 Index’’) (p,0.001) as well as total Omega-

3 (p,0.004), although again, a slight negative association was

found with the shorter-chain Omega-3 SDA (p,0.04). Scores for

Table 3. Blood fatty acid levels by fish consumption.

Fish consumption

Not at all
Less than once a
week Once a week

More than
once a week x2 (P-value){

(n = 44) (n = 158) (n = 232) (n = 56)

Omega-3 fatty acids:

ALA (18:3, n–3) 0.50 0.53 0.53 0.66 8.004 (0.046)

SDA (20:3, n–3) 0.06 0.05 0.04 0.05 2.562 (0.464)

EPA (20:5, n–3) 0.51 0.54 0.56 0.64 6.090 (0.107)

DPA (22:5, n–3) 1.00 1.03 1.05 0.95 7.138 (0.068)

DHA (22:6, n–3) 1.64 1.76 2.00 2.09 38.593 (0.000)

EPA+DHA (‘‘Omega-3 Index’’) 2.15 2.30 2.56 2.73 33.003 (0.000)

Total Omega-3 3.70 3.91 4.18 4.39 23.854 (0.000)

Omega-6 fatty acids:

LA (18:2, n–6) 18.36 19.21 19.30 19.32 5.277 (0.153)

GLA (18:3, n–6) 0.30 0.34 0.31 0.26 1.964 (0.580)

DGLA (20:3, n–6) 1.58 1.58 1.56 1.45 8.873 (0.031)

AA (20:4, n–6) 8.32 8.13 8.27 7.71 7.882 (0.049)

Adrenic (22:4, n–6) 1.19 1.13 1.10 1.01 15.578 (0.001)

DPA (22:5, n–6) 0.26 0.26 0.26 0.24 3.755 (0.289)

Total Omega-6 30.28 30.90 31.04 30.30 3.488 (0.322)

{Kruskal-Wallis Test of simultaneous independence of all categories of fish consumption.
doi:10.1371/journal.pone.0066697.t003

Table 4. Fatty acid correlations with reading ability and
working memory.

Reading ability Working memory

(n = 493)
(Digits forward,
n = 493)

Rho{ P-Value Rho{ P-Value

Omega-3 fatty acids:

ALA (18:3, n-3) 0.07 0.147 20.03 0.524

SDA (20:3, n-3) 20.10 0.032 20.10 0.035

EPA (20:5, n-3) 0.06 0.223 0.13 0.004

DPA (22:5, n-3) 0.10 0.032 0.09 0.038

DHA (22:6, n-3) 0.11 0.011 0.14 0.002

EPA+DHA (‘‘Omega-3
Index’’)

0.11 0.02 0.16 0.000

Total Omega-3 0.11 0.014 0.13 0.003

Omega-6 fatty acids:

LA (18:2, n-6) 0.08 0.081 0.02 0.649

GLA (18:3, n-6) 0.05 0.303 20.06 0.224

DGLA (20:3, n-6) 0.04 0.44 0.01 0.815

AA (20:4, n-6) 0.07 0.15 0.04 0.392

Adrenic (22:4, n-6) 0.01 0.912 0.01 0.787

DPA (22:5, n-6) 20.04 0.426 20.03 0.579

Total Omega-6 0.10 0.029 0.01 0.865

{Spearman’s correlations.
doi:10.1371/journal.pone.0066697.t004
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Recall of Digits Backward showed no significant associations with

any fatty acid variables.

Fatty Acid Status and Behavior
Table 5 summarizes the correlations found across all behavior

(ADHD-type symptoms) rating scales (sub and global) for both

parent and teacher ratings.

For 9 out of 15 parent rating scales, DHA, total Omega-3, and

the EPA+DHA (‘‘Omega-3 Index’’) were negatively and signifi-

cantly related with parent-reported behavior problems. By

contrast, prior to the adjusted analyses presented below, teacher

ratings of behavior showed no significant associations with blood

fatty acids. Except for an inverse relationship between anxiety and

both DHA and Total Omega-3.

Main Results – Fatty Acids, Cognition and Behavior
Controlling for Demographics

In line with the study’s protocol, and following the earlier

observation that some psychological variables did vary by

demographics, their relationships with blood fatty acids were re-

analyzed, adjusting for sex and SES (free school meal entitlement).

Cognition. Table 6 reports the regression coefficients for the

relationships between blood fatty acids and cognition. The

coefficients represent the observed change of the outcome

variables for a 1% higher level of the respective fatty acid (or

index).

The results indicate that the association found between reading

ability and DHA is robust. Similarly, the relationships between

working memory (forward) and DHA as well as EPA hold when

controlling for children’s sex and socio-economic status. The

Table 5. Summary of result patterns for the correlation of fatty acids and the Conners’ Rating Scales.

DHA Omega-3 Total EPA+DHA (‘‘Omega-3 Index’’)

Rho{ (p-value) Rho{ (p-value) Rho{ (p-value)

PARENT Ratings:

- Subscales

Oppositional (n = 402) 20.16 (0.001) 20.13 (0.009) 20.15 (0.003)

Cognitive (n = 402) 20.04 (0.404) 20.05 (0.293) 20.03 (0.536)

Hyperactivity (n = 402) 20.12 (0.012) 20.13 (0.007) 20.12 (0.019)

Anxiety (n = 402) 20.12 (0.018) 20.05 (0.332) 20.09 (0.065)

Perfectionism (n = 401) 0.01 (0.847) 20.01 (0.906) 0.00 (0.977)

Social Problems (n = 402) 20.03 (0.616) 20.01 (0.778) 20.03 (0.564)

Psycho Somatic (n = 402) 20.15 (0.002) 20.13 (0.009) 20.14 (0.006)

- Global scales

Conners’ ADHD Index (n = 402) 20.09 (0.078) 20.08 (0.128) 20.06 (0.235)

Global Restless-Impulsive (n = 401) 20.11 (0.032) 20.09 (0.081) 20.08 (0.098)

Global Emotional Lability (n = 401) 20.17 (0.001) 20.12 (0.013) 20.17 (0.001)

Global Total Index (n = 401) 20.14 (0.007) 20.10 (0.037) 20.11 (0.022)

DSM-IV Inattentive (n = 402) 20.03 (0.528) 20.02 (0.639) 20.01 (0.780)

DSM-IV Hyperactivity Impulsive (n = 402) 20.13 (0.007) 20.11 (0.024) 20.11 (0.023)

DSM-IV Total (n = 402) 20.08 (0.096) 20.07 (0.160) 20.06 (0.204)

TEACHER RATINGS:

- Subscales

Oppositional (n = 439) 20.05 (0.288) 20.04 (0.41) 20.04 (0.422)

Cognitive (n = 438) 0.02 (0.711) 0.04 (0.446) 0.03 (0.513)

Hyperactivity (n = 433) 20.01 (0.805) 20.02 (0.727) ,0.01 (0.924)

Anxiety (n = 439) 20.10 (0.034) 20.1 (0.028) 20.09 (0.057)

Perfectionism (n = 438) 0.04 (0.417) 0.03 (0.572) 0.04 (0.447)

Social Problems (n = 438) 20.09 (0.053) 20.06 (0.21) 20.09 (0.075)

-Global scales

Conners’ ADHD Index (n = 433) 0.02 (0.621) 0.02 (0.658) 0.04 (0.378)

Global Restless-Impulsive (n = 438) 0.04 (0.428) 0.04 (0.394) 0.06 (0.191)

Global Emotional Lability (n = 439) 20.08 (0.098) 20.03 (0.56) 20.05 (0.297)

Global Total Index (n = 438) 0.01 (0.873) 0.02 (0.619) 0.04 (0.463)

DSM-IV Inattentive (n = 433) 0.02 (0.699) 0.03 (0.495) 0.03 (0.5)

DSM-IV Hyperactivity Impulsive (n = 433) 20.01 (0.796) 20.02 (0.736) ,0.01 (0.996)

DSM-IV Total (n = 433) ,0.01 (0.963) 0.01 (0.767) 0.02 (0.73)

{Spearman’s correlations.
doi:10.1371/journal.pone.0066697.t005
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weakly negative association of SDA and reading ability was also

still significant after the adjustment. No associations were found

between these cognitive variables and any Omega-6 fatty acids.

Behavior. Re-analyzing the parent-rated behavior with

adjustment for sex and SES yielded the following significant

relationships:

N Oppositional sub-scale (DHA: Std. Coeff. 20.175, Raw Coeff.

23.865, p,0.000; EPA+DHA: 20.151, 22.661, p,0.002);

N Global Emotional Lability scale (DHA: 20.178, 23.541,

p,0.000; EPA+DHA 20.168, 22.678, p,0.001)

N Anxiety (DHA 20.123, 22.258, p,0.014)

N Psychosomatic symptoms (DHA 20.116, 22.151, p,0.020)

N Conners’ Global Index (DHA 20.122, 22.388, p,0.013)

All were significantly and inversely related with DHA and/or

EPA+DHA (‘‘Omega-3 Index’’), as indicated above.

Discussion

In this large sample of healthy UK school children thought to be

underperforming in reading, average blood Omega-3 LC-PUFA

concentrations (EPA+DHA) were 2.46%, which is well below the

minimum recommended for good cardiovascular health in adults.

Similar findings appear to be emerging from the first large-scale

studies of blood fatty acid profiles in children from other European

countries, which - like our study - have used capillary whole blood

collected from fingerstick samples [26]. They are also in line with

findings from a venous blood study in German infants [27].

Concentrations below 4% EPA+DHA in red cell membranes

(i.e. the Omega-3 index) are considered to signify high cardiovas-

cular risk, and 8–12% the optimal range [22]. The longer term

implications of the very low values found in these UK

schoolchildren obviously cannot be known, but give cause for

concern.

With respect to mental health and development, blood Omega-

3 LC-PUFA status in these UK children significantly predicted

both their behavior and their cognitive performance. Specifically –

higher levels of Omega-3 LC-PUFA, and DHA in particular, were

associated with better reading and working memory performance,

and fewer ADHD-type symptoms, even when controlling for sex

and socioeconomic status. These results are particularly notewor-

thy given the somewhat restricted range of both reading ability

and blood Omega-3 LC-PUFA in this sample. Unsurprisingly,

lower reported fish intakes in our sample were associated with

lower blood concentrations of Omega-3 LC-PUFA. Parent reports

showed that almost 9 out of 10 children failed to meet current UK

dietary guidelines which recommend 2 portions of fish per week

[28]. The association between fish intake and blood Omega-3 LC-

PUFA is a limitation of the study, i.e. to what extent are other

nutrients found in fish predictors of better reading ability and

cognition. Investigating these potentially confounding relationships

should be considered in future intervention studies.

Generalisability to all children aged 7 to 9 years attending

English primary schools is obviously problematic, as this sample

was selected for presumed underperformance in reading (below

average based on national attainment tests carried out at age 7

years and/or teachers’ judgments). This was necessary in order to

fulfill the screening requirements of a subsequent intervention trial

(The DOLAB study) [17]. Nonetheless, our formal testing showed

that the actual distribution of reading scores in this sample was

within the normal population range. Further studies sampling the

full range of reading ability would be needed to confirm the

associations we have shown here between Omega-3 DHA and

reading, working memory and behavior, but these findings are

Table 6. Adjusted relationship{ between fatty acids, reading, and working memory.

Reading ability Working memory

(n = 493) (Digits forward; n = 493)

Std. Coeff.{{ Raw Coeff. p-value Std. Coeff.{{ Raw Coeff. p-value

Omega-3 fatty acids:

ALA (18:3, n-3) 0.03 1.37 0.459 20.03 21.01 0.462

SDA (20:3, n-3) 20.10 216.62 0.022 20.07 29.15 0.089

EPA (20:5, n-3) 0.04 1.99 0.398 0.13 5.26 0.240

DPA (22:5, n-3) 0.08 3.10 0.081 0.07 2.09 0.114

DHA (22:6, n-3) 0.09 1.81 0.042 0.14 2.12 0.130

EPA+DHA (‘‘Omega-3 Index’’) 0.09 1.38 0.056 0.15 1.90 0.040

Total Omega-3 0.10 1.22 0.034 0.13 1.25 0.310

Omega-6 fatty acids:

LA (18:2, n-6) 0.06 0.28 0.172 0.02 0.06 0.676

GLA (18:3, n-6) 0.07 2.95 0.148 20.04 21.29 0.393

DGLA (20:3, n-6) 20.50 20.17 0.905 20.02 20.54 0.606

AA (20:4, n-6) 0.05 0.39 0.281 0.02 0.13 0.632

Adrenic (22:4, n-6) 20.02 20.86 0.693 20.02 20.54 0.738

DPA (22:5, n-6) 20.03 22.88 0.551 20.05 24.21 0.239

Total Omega-6 0.06 0.20 0.155 0.01 0.03 0.747

{OLS regression controlling for Gender and SES.
{{Beta-coefficient were standardized using the ratio of standard deviations (sdx/sdy).
doi:10.1371/journal.pone.0066697.t006
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likely to be generalizable to similar healthy, mainstream school-

children.

The percentage of children eligible for free school meals was

slightly lower than national figures (15.6% versus 18.6%); and the

proportion of non-white children was substantially lower (8.1%

versus 22.3%). This difference in ethnicity almost certainly

reflected our inclusion criterion requiring that children use English

as their first language at home. However, it means that

generalizability of these findings to ethnic minority groups cannot

be assumed, particularly given that some important genetic

influences on LC-PUFA metabolism and status are known to

vary with ancestry [29].

The percentage of boys in the present sample (55.2%) contrasts

a little with 51% in the national sample, almost certainly reflecting

the fact that boys in this age group are more likely than girls to be

identified as underperforming in reading. However, our analyses

controlled for any sex differences, and these were not evident in

most of the relationships of interest. The sex ratio in this study was

much closer to national averages than most previous studies of

Omega-3 LC-PUFA in relation to child behavior and learning.

This is because most have involved children with developmental

conditions such as ADHD, which are more commonly diagnosed

in boys.

In this study, low Omega-3 LC-PUFA status was even more

pronounced in girls than boys. Sex differences in fatty acid

metabolism have been well-documented in adults and typically

LC-PUFA status in women is higher [30]. However, these

metabolic differences primarily reflect hormonal influences on

the synthesis of LC-PUFA, hence they are most evident only in

women of child-bearing age. Possible sex differences merit

consideration in future studies.

Major strengths of this study include the large sample size and

the use of objective measures of blood Omega-3 status. Most

previous studies seeking to investigate links with psychological

functioning at the general population level have relied on either

dietary or economic data – both of which are unreliable [23]. A

further strength is the use of well-validated, age-standardized tests

of behavior and cognition which also have real practical relevance.

The finding that low-Omega-3 LC-PUFA, and DHA in

particular, predict behavior and learning problems in this large

sample of healthy, but underperforming children attending

mainstream schools suggests that the benefits from dietary

supplementation found in ADHD and related conditions may

extend to a wider population [10]. This question can only be

addressed by well-powered intervention studies, but meanwhile,

the low blood Omega-3 status found across this sample would

indicate that an increased dietary intake might be beneficial on

general health grounds.
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