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Abstract
An adequate intake of PUFA plays a vital role in human health. Therefore, it is important to assess PUFA intakes in different populations and
validate them with biomarkers, but only a few small studies are in paediatric populations. We calculated the dietary intake of PUFA and their
main food sources in children and assessed associations between PUFA intakes and plasma proportions. Dietary intakes of 7-year-old children
(n 8242) enrolled in the Avon Longitudinal Study of Parents and Children were calculated from the parental-completed FFQ. Plasma PUFAwere
measured in 5571 children 8months later, and 4380 children had complete dietary and plasma data. The association between dietary and plasma
PUFA proportions was estimated using Spearman’s correlation coefficients, quintile cross-classification and Cohen’s κ coefficients. Mean total
PUFA intake was 13·2 g/d (sD 4·2), contributing 6·5 % of total energy intake; n-6 PUFA contributed 5·2 % and n-3 PUFA 0·7 %. The n-6:n-3 ratio
was 7·9:1. Mean intakes of EPA and DHA were 35·7 mg/d and 49·7 mg/d, respectively. Most n-3 and n-6 PUFA intakes were weakly correlated
with their respective plasma lipids (0·07≤ r≤ 0·16, P< 0·001). The correlation between dietary and plasma DHAwas stronger though (r= 0·34,
P< 0·001), supported by amodest level of agreement between quintiles (k= 0·32). The results indicate that the FFQwas able to reasonably rank
the long-chain (LC) PUFA, DHA, in this paediatric population. Public health initiatives need to address the suboptimal ratio of n-6:n-3 PUFA and
very low n-3 LC-PUFA intakes in school-age children in the UK.
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PUFA are essential for human growth and development, forming
a crucial part inmembrane structures and brain and retinal devel-
opment during infancy(1). They may also play an important role
in modulating the risk of CVD, inflammatory and neurodegener-
ative diseases(2,3,4). PUFA consist of two distinct families: n-3 and
n-6. The medium-chain parent fatty acids (FA), n-3 α-linolenic
acid (ALA) and n-6 linoleic acid (LA) are termed essential
because they cannot be synthesised endogenously and so need
to be provided by diet. In contrast, the n-3 and n-6 long-chain
(LC) PUFA can be derived either from the diet or endogenously
synthesised from the parent PUFA. The n-3 and n-6 PUFA have
distinct physiological functions(1,4,5). A low ratio of n-6:n-3 PUFA
in the diet is important for health, since high ratios favour a pro-
inflammatory state(3,4). Modern Western diets are generally low

in n-3 PUFA, particularly in the marine LC-PUFA (EPA and DHA)
while high in n-6 PUFA, resulting in an n-6:n-3 ratio often reach-
ing up to 15–16:1(6). Therefore, lowering the current ratio is rec-
ommended, since an n-6:n-3 ratio of 2–3:1 is associated with
reduced risk of many chronic inflammatory-related diseases(4).
A high ratio of n-6:n-3 PUFA and/or inadequate EPA and
DHA early in life may also be a potential risk factor for a range
of neurodevelopmental cognitive disorders in childhood(7).

Many countries, including the UK, have made public health
recommendations to replace the consumption of SFA with
PUFA(8,9,10,11). The UK Scientific Advisory Committee on
Nutrition recommends that 6·5 % of total energy (TE) intake
should be from PUFA(10). The European Food Safety Authority
recommends an intake of 250 mg/d of EPA and DHA(12).
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However, many Western populations fall well below this
intake(13,14,15,16,17,18). Data from the nationally representative
UK National Diet and Nutrition Survey (NDNS) showed that
while total and n-6 PUFA intakes were in line with dietary guide-
lines, most children failed to meet recommended minimum
weekly fish intakes(19). However, direct measures of EPA and
DHA were not available. It is particularly relevant to assess
adequacy of PUFA intakes in paediatric populations as subopti-
mal PUFA intakes early in life may modulate disease risk
throughout the life course(7,20). It is also essential to validate
the tools used to assess dietary PUFA intakes, which is generally
done by studying PUFA concentrations in blood and tissue(21).
Numerous biomarker validation studies in adults have compared
PUFA intakes estimated using dietary questionnaires, records or
recalls with tissue biomarkers, including FA in plasma, phospho-
lipids, erythrocyte membranes and platelets or in adipose
tissue(22,23,24,25,26). However, validation studies conducted in chil-
dren are limited and mostly based on small sample sizes (n 35–
404)(27,28,29,30). Estimating dietary intake is particularly challeng-
ing in children, and reporting error (notably under-reporting)
can vary by age group(31,32).

Therefore, the objectives of this study were to (1) assess the
dietary intake and food sources of n-3 and n-6 PUFA within a
paediatric population from the UK (n 8242) and (2) measure
the correlations between PUFA intakes estimated through
FFQ and PUFA concentrations in plasma (n 4380) in children
from the Avon Longitudinal Study of Parents and Children
(ALSPAC).

Methods

Study cohort and participants

The study participants were the core index children (first gener-
ation = G1) from ALSPAC, a transgenerational prospective birth
cohort established to investigate the determinants of health and
disease across the life course, including childhood development
and growth. Full details of the cohort and study design have been
described previously(33,34,35) and are also available on the
ALSPAC website (www.alspac.bris.ac.uk). In addition, the study
website contains details of all the data that is available through a
fully searchable data dictionary and variable search tool (http://
www.bristol.ac.uk/alspac/researchers/our-data/). In 1991–
1992, 14 541 eligible pregnant women from the Southwest of
Englandwere enrolled into the study, resulting in 13 988 children
alive at 1 year and followed since birth. During follow-up, exten-
sive data have been regularly collected on the parents and their
children, primarily using questionnaires, medical records, bio-
logical samples and clinical visits. The current study uses data
from the child cohort when aged 6·8 (SD 0·1) years whose parents
completed a child-based FFQ in 1997–1999 (n 8482) and from
the children who took part in a research clinic at age 7·5
(SD 0·2) years and had blood samples collected and analysed
(n 4380 children had blood samples and FFQ data), see Fig. 1
for study flow diagram. Ethics approval for the study was
obtained from the ALSPAC Ethics and Law Committee and the
Local Research Ethics Committee (http://www.bristol.ac.uk/
alspac/researchers/research-ethics/) and conformed to the

Declaration of Helsinki. Consent for biological samples was col-
lected in accordance with the Human Tissue Act.

Dietary data

The parental-completed FFQ was adapted from the original FFQ
used to assess maternal diet in ALSPAC at 32 weeks of preg-
nancy(36), with full details published previously(37). In summary,
the questionnaire contained a series of questions enquiring
about the frequency of the child’s habitual consumption of
eighty different food and drinks and included questions about
school meals and food items often consumed by children. The
frequency ranges used were ‘never or rarely’, ‘once every 2
weeks’, ‘1–3 times a week’, ‘4–7 times a week’ and ‘more than
once a day’. There were five questions directly relating to fish
and seafood intake. These foods are high in n-3 LC-PUFA and
thus allowed an estimate of n-3 LC-PUFA intakes particularly
from fish sources. Foods normally consumed every day and in
a variety of forms, such as bread, milk and fat spreads, were
questioned in more detail. Standard portion sizes(38) for children
in this age group were used in combination with the reported
frequency of consumption of each food/drink to calculate
dietary intakes. Energy and nutrients intakes were estimated
using the nutrient content of foods based on 5th edition of
McCance and Widdowson’s (M&W) food tables(39). The food
items and portion sizes assessed for the school meal section
of the FFQ were informed by school menus collected at the time
from local schools.

Estimation of PUFA intake

A food composition database was created in order to calculate
the children’s intake of total, n-3 and n-6 PUFA and individual
PUFA (LA, ALA, arachidonic acid (AA), EPA and DHA). The
PUFA composition of food items covered in the 7-year FFQ
was primarily determined using the electronic version of
M&W food composition tables (6th edition, 2002)(40). When nec-
essary, this was supplemented with the M&W Fatty Acids
Supplement (Ministry of Agriculture Fisheries and Food
(MAFF), 1998) and data from the NDNS database(41). A manual

Fig. 1. Study flow diagram for participant data from the Avon Longitudinal Study
of Parents and Children (ALSPAC).
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matching process was employed to combine ALSPAC food
codeswith appropriate M&Wcode. If no exactmatchwas found,
a similar food item close to the original was used, resulting in all
foods in the FFQ with any fat content (332 food items) being
covered in the food composition database.

Plasma fatty acids

Plasma obtained from the non-fasting blood samples was stored
at –70°C, thawed once to obtain a 100 μl aliquot that was refrozen
and shipped by airfreight to Rockville, MD, USA, and then
thawed for final analyses(42). Plasma FA were extracted using
transmethylation of lipids with acetyl chloride and metha-
nol(43,44). Chromatographic separation of the FA methyl esters
was achieved via a fast gas chromatography 6890 Plus LAN sys-
tem (Agilent Technologies) coupled with a fused-silica, narrow
bored DB-FFAP capillary column (Agilent 127–32H2, 15m × 0·1
mm I.D.× 0·1mm film thickness). Assayswere carried out during
2009–2010 with the measurement of twenty-two FA, eleven of
which were PUFA.

Statistical analysis

Analyses were performed using SPSS (version 19) and STATA 15
(Statacorp.). A total of 240 (2·8 %) of the original 8482 partici-
pants with FFQ data were excluded from the statistical analysis
due to implausible dietary data, using cut-offs <15 000 and
>140 000 kJ/week, based on inspecting the histogram of weekly
energy intake. This gave a final study sample of 8242 participants
with valid FFQ data and 4380 participants with both valid FFQ
and blood plasma FA data. The analyses were carried in all par-
ticipants and stratified by sex. The dietary and plasma PUFA data
were assessed for normality, and since the majority of the data
was not normally distributed, non-parametric tests were used
(the data were not transformed). The children’s daily PUFA
intake was summarised as medians and interquartile ranges,
and as a percentage of TE intake. Plasma PUFA concentrations
were presented as percentage of total FA. The contribution of
dietary n-3 and n-6 PUFA from eleven food groups was calcu-
lated and expressed as median daily intake and percentages
of total PUFA intake (calculated at an individual level). These
food groups encompassed all the individual food items (except
soft drinks) covered in the FFQ and consisted of (1) vegetables,
pulses and potatoes; (2) bread, cereals and bakery products; (3)
meat and meat products; (4) fish and fish products; (5) milk and
milk products; (6) fat spreads and cooking fat; (7) crisps and
savoury snacks; (8) nuts and seeds; (9) egg and egg dishes;
(10) fruit and (11) sugar, preserves and confectionary. The con-
tribution of dietary DHA and EPA (mg/d) from different catego-
ries of fish and seafood was also calculated.

The correlation between crude and energy-adjusted dietary
PUFA intakes and plasma PUFA proportions was assessed by
Spearman’s correlation coefficients (r). PUFA intakes were not
log-transformed but were energy adjusted using the energy den-
sity method, by dividing each individual’s PUFA intake by their
TE intake and then multiplying by 7000 (approximately the
median energy intake in kJ/d)(45). Cross-classification analysis
was used to evaluate the agreement between the two PUFAmea-
sures. Energy-adjusted dietary PUFA intakes were classified into

quintiles and then cross-tabulatedwith quintiles of the respective
PUFA plasma proportion. Discordance and agreement in quin-
tile rankings were evaluated by calculating the percentage of
participants classified in the same quintile, same or adjacent
quintile and opposite quintile. In addition, Cohen’s weighted
kappa statistics (κw) and 95 % CI were calculated for quintiles
of energy-adjusted PUFA intakes and plasma PUFA proportions,
since they consider agreements that were due to chance. The
strength of the correlations (r) and agreements (κw) was evalu-
ated as poor (<0·2), moderate (0·2–0·59) or good (>0·6)(46).

Results

The characteristics of the 8242, seven-year-old childrenwith FFQ
data and 4380 children with both FFQ and plasma FA data are
outlined in Table 1. In the sample of 8242 children, there was
a mean energy intake of 7687 (SD 1859) kJ/d. Fat intake (75·7
g/d) contributed 37·1 % to TE intake, of which 14·7 % of energy
was from SFA, 11·8 % from MUFA and 6·5 % from PUFA (13·2 g/
d). The sub-sample with both dietary and plasma FA data had a
lower daily energy intake, mothers with a higher education, a
higher family social class and were less overweight/obese com-
pared with the sample with only FFQ data.

Dietary and plasma PUFA

The reported intake of dietary FA and proportions of plasma FA
(calculated as percentage of total FA) is shown in Table 2, along
with data on the PUFA subtypes. Themajority of PUFAwere con-
sumed in the form ofn-6 PUFA; 80·3 % of total PUFA and 5·2 % of
TE. This was mainly due to intake of LA, which contributed to a
mean of 5·1 % of TE. n-3 PUFA accounted for 10·6 % of the total
PUFA (0·7 % of TE), with the majority in the form of ALA. The
daily intake of theDHAwas 49·7mg/dwith 10 % of children hav-
ing <15 mg/d. The LC n-3 PUFA (DHA and EPA) average intake
was 85·4 mg/d. The n-6:n-3 ratio in the diet was 7·9:1.

The median concentration of total FA in plasma was 2·26 mg/
ml (1·9–2·6mg/ml for 25th and 75th percentile range). The PUFA
plasma proportions were dominated by n-6 PUFA, particularly
LA (30·6 % of total plasma FA). AA (a LC n-6 PUFA) contributed
6·4 %of total plasma FA,whereasn-3 PUFA (ALA,DHA and EPA)
contributed only 3·2 % of total FA and the contribution of DHA
wasmore than twice that of either ALA or EPA. The PUFA intakes
and PUFA plasma proportions are presented separately for
females and males in Supplementary Tables 1 and 2, respec-
tively. Statistical comparison of PUFA intakes and plasma pro-
portions by sex indicated differences unlikely to be explained
by chance; however, in absolute terms, the differences were
minimal.

Dietary sources of PUFA intake

The mean daily intakes and percentage contribution to n-6 and
n-3 PUFA and DHA intakes according to food groups are shown
in Table 3 (online Supplementary Table 3 for sex-specific
intakes). The highest intake of n-6 PUFA was from cereal-based
products and from fat spreads and cooking fat, together contrib-
uting to almost half of n-6 PUFA intake. Further important
sources were fats used in vegetable and potato dishes and in
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meat and meat products. The main source of n-3 PUFA was veg-
etable fat used in vegetable and potato dishes (28·5 %), followed
by cereal products, meat and meat products and milk and milk

products. The major dietary source of DHA and EPA was fish
(contributing to 59·2 % of DHA and 45·9 % of EPA intake).
Other dietary sources of the LC-PUFA in these children were

Table 1. Characteristics and daily nutrient intakes of the 8242, seven-year-old children fromAvon Longitudinal Study of Parents andChildren (ALSPAC) with
dietary data compared with the 4380 with both plasma and dietary data
(Numbers and percentages; mean values and standard deviation)

Characteristics

Sample with FFQ data
(n 8242)

Sample with FFQ and
plasma fatty acid data

(n 4380)

P-value*n % n %

Sex, male 4225 51·0 2266 52·0 0·360
BMI, overweight/obese (kg/m2) 1035 16·1 650 14·9 <0·001
Maternal educational status
Low status (none, CSE, vocational) 1902 23·7 851 19·7
Medium status (O-Level) 2841 35·4 1531 35·2
High status (A-level and degree) 3277 40·9 1941 45·0 <0·001

Highest household social class
Grade I and II (highest) 2203 28·9 1262 30·40
Grade III (manual and non-manual) 4126 54·0 2215 53·4
Grade IV and V (lowest) 1307 17·1 675 16·3 0·002
Total energy, kJ/d
Mean 7687 7627 0·002
SD 1859 1763

Carbohydrate intake
g/d
Mean 238·9 237·1 0·003
SD 59·8 56·5

% energy
Mean 51·9 52·0 0·487
SD 3·8 3·8

Protein intake
g/d
Mean 65·1 64·8 0·053
SD 16·4 15·8

% energy
Mean 14·2 14·2 0·163
SD 1·8 1·8

Total fat intake
g/d
Mean 75·7 75·1 0·001
SD 20·3 19·4

% energy
Mean 37·1 37·0 0·234
SD 3·5 3·5

SFA
g/d
Mean 30·1 29·8 0·002
SD 9·2 8·8

% energy
Mean 14·7 14·7 0·307
SD 2·5 2·4

MUFA
g/d
Mean 24·2 23·9 <0·001
SD 6·5 6·2

% energy
Mean 11·8 11·8 0·008
SD 1·2 1·2

PUFA
g/d
Mean 13·2 13·1 0·148
SD 4·2 4·0

% energy
Mean 6·5 6·5 0·195
SD 1·4 1·4

CSE, certificate of secondary education.
* P-value comparing difference between sample with both FFQ and plasma FA data and sample with only FFQ data (χ2 for categorical variables and t-test for continuous variables).
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meat and meat products, eggs (for DHA), and fats and spreads
and milk and milk products (for EPA). Most other food groups
provided no DHA or EPA. In terms of the different types of fish
and seafood, coated fish contributed most to the children’s DHA
and EPA intake, providing a mean of 7·9 mg/d and 6·8 mg/d,
respectively (Table 4). Another major source of LC-PUFA was
from oily fish and tuna (canned or fresh). School meals contrib-
uted to 10·5 % and 9·5 % of DHA and EPA from fish, respectively.
Out of the cohort of 8242 children, 568 (6·9 %) did not consume
any fish or seafood.

Validation analyses

The correlation between energy-adjusted dietary PUFA intakes
and PUFA plasma proportions is presented in Table 5 (there
were minimal differences in the correlations using crude and
energy-adjusted PUFA intakes, so only energy-adjusted results
are presented). Overall, the dietary intakes of the parent n-6
and n-3 FA (LA and ALA) were weakly correlated with their
respective plasma lipid concentrations (r= 0·16, P< 0·001 and
r= 0·14, P< 0·001, respectively). There were also weak correla-
tions between dietary and plasma AA and between dietary and
plasma EPA (r= 0·08, P< 0·001 and r= 0·10, P< 0·001, respec-
tively). The strongest correlation in our study was between
dietary and plasma DHA (r= 0·34, P< 0·001), explaining about
8 % of the variance. The correlations were similar when female
and male participants were analysed separately (online
Supplementary Tables 5 and 6, respectively). With regard to cor-
relations between different types of PUFA, the precursor of the

n-6 series, dietary LA, was not correlated with plasma AA but it
was weakly negatively correlated with plasma concentrations of
EPA. For the n-3 PUFA, there were significant but weak positive
correlations between dietary ALA, the precursor of then-3 series,
and EPA and DHA, and between dietary EPA and plasma DHA
and vice versa.

Cross-classification of quintiles of dietary and plasma PUFA
subtypes showed that 54–79 % of children were classified into
the same or adjacent quintile, with the highest agreement for
DHA (Table 6). In contrast, 3–7 % of children were misclassified
into the opposite quintile. Kappa statistics (Table 6) showed that
for the majority of n-6 and n-3 PUFA, there was poor agreement
between their respective dietary and plasma measures (κ< 0·2).
There was a moderate level of agreement between dietary and
plasma DHA though (κ= 0·34, P< 0·001).

Discussion

Dietary intakes of the n-6 and n-3 series of PUFA were assessed
by FFQ in 7-year-old children living in South-West England in
1999–2000 and agreement with plasma PUFA measured 8
months later were assessed. On average, PUFA made up 6·5 %
of TE intake, with the greatest proportion from n-6 PUFA
(5·2 %) and only 0·7 % of energy from n-3 PUFA. This resulted
in a n-6:n-3 ratio of 7·9:1. The majority of dietary n-6 PUFA were
from fat spreads and cooking fat and from cereals and cereal-
based products, whereas fish was the main source of LC-
PUFA. In general, there were weak correlations between dietary
PUFA and their corresponding plasma concentrations in blood.

Table 2. Daily dietary intakes of fatty acids estimated from a FFQ and plasma fatty acid proportions in 7-year old children from Avon Longitudinal Study of
Parents and Children (ALSPAC)
(Mean values and standard deviation; median and interquartile range)

Fatty acids (total and subtypes) Mean SD Median IQR Mean (% of energy) SD

Dietary intake (n 8242)
Total fatty acids, g/d 75·7 20·3 73·9 62·2–87·4 37·1 3·5
SFA, g/d 30·1 9·2 29·0 23·8–35·3 14·7 2·5
MUFA, g/d 24·2 6·5 23·5 19·7–27·9 11·8 1·2
PUFA, g/d 13·2 4·2 12·8 10·3–15·8 6·5 1·4

n-6 PUFA, g/d 10·6 3·5 10·3 8·2–12·8 5·2 1·2
18 : 2n-6 (LA), g/d 10·30 3·4 10·0 7·9–12·4 5·1 1·2
20 : 4n-6 (AA), g/d 0·05 0·02 0·05 0·04–0·06 0·02 0·02

n-3 PUFA, g/d 1·4 0·4 1·3 1·1–1·7 0·7 0·1
18 : 3n-3 (ALA), g/d 1·3 0·4 1·2 1·0–1·5 0·6 0·1
22 : 6n-3 (DHA – total), mg/d 49·7 44·8 38·1 23·0–60·9 0·025 0·02
22 : 6n-3 (DHA – from fish only), mg/d 35·0 42·2 20·5 11·9–43·1 0·017 0·02
20 : 5n-3 (EPA – total), mg/d 35·7 26·6 29·2 20·6–42·5 0·018 0·01
20 : 5n-3 (EPA – from fish only), mg/d 19·5 24·5 12·2 6·5–24·4 0·010 0·01
LC n-3 PUFA (EPAþDHA), mg/d 85·4 70·4 66·5 45·2–102·7 0·042 0·03

Total n-6/Total n-3 7·9 2·3 7·4 6·3–9·0 7·9 2·3
Plasma proportion, % of total fatty acids (n 4380)
SFA 29·3 3·2 29·6 27·4–31·5 –
MUFA 26·9 3·2 26·7 24·8–28·8 –
n-6 PUFA 39·8 3·9 39·9 37·3–42·4 –
n-3 PUFA 3·9 0·8 3·8 3·4–4·3 –
18 : 2n-6 (LA) 30·6 3·2 30·7 28·6–32·7 –
20 : 4n-6 (AA) 6·4 1·3 6·4 5·5–7·3 –
18 : 3n-3 (ALA) 0·7 0·3 0·7 0·5–0·8 –
22 : 6n-3 (DHA) 1·9 0·5 1·8 1·5–2·3 –
20 : 5n-3 (EPA) 0·6 0·2 0·6 0·5–0·7 –

QR, quartile range (25th percentile–75th percentile); AA, arachidonic acid; ALA, α-linolenic acid; LC, long-chain.
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However, dietary DHA and plasma DHA concentrations had a
moderate correlation and a reasonable level of agreement.

In this study, the intakes of n-6 and n-3 PUFA, as well as total
fat, MUFA and SFA, were very similar to NDNS (1997) intake data
on 4–10-year-old children(19). The amount in g/d or percentage
of energy frommain PUFA subtypes (n-3,n-6, LA, AA, ALA, DHA
and EPA) were also comparable with those reported in other
studies of PUFA intakes in paediatric populations in
Westernised countries(13,14,15). However, the n-6:n-3 ratio
(7·9:1) was generally lower than reported in these studies which
could be due to the higher estimated n-3 PUFA intakes we
observed (1·4 g/d compared with 0·88–1·3 g/d(14,15,19)). The
low intakes of DHA and EPA observed in our study are also con-
sistent with research in paediatric populations from other
countries(13,14,15,18).

The main food groups contributing to n-3 and n-6 PUFA
intakes were very similar between the current study and the
NDNS study of 4–10-year-olds(19). However, we found that fat
spreads and cooking oils, and cereal products contributed most
to n-6 PUFA intake, while in the NDNS study, fats used in veg-
etable and potato dishes were the main source. As expected, fish
and seafood dishes were the most important sources of LC-
PUFA, contributing to 59 % of total DHA intake, which was com-
parable with previous findings(13,14). According to the NDNS
2008–2012 rolling programme, white fish (including coated
white fish) is the most common type of fish consumed in UK
6–11-year-olds (average intake is four times that of oily fish)(17).
Therefore, although white fish have much lower concentrations
of EPA and DHA than oily fish because of its more frequent con-
sumption, it formed the major source of LC-PUFA in these chil-
dren (contributing to 51·9 % of EPA and 40·6 % DHA from total
fish intake). Oily/fatty fish were an important source of dietary
LC-PUFA though, consistent with findings from other studies
in children(13,16).

The mean daily intake of dietary PUFA in these 7-year-old
children was in line with the Scientific Advisory Committee on
Nutrition UK recommendation of 6·5 % of TE(10,47). LA, the prin-
cipal source of n-6, provided 5·1 % of TE in this cohort, also
within the guidelines of ≥4 % of TE set by European Food
Safety Authority(12). In terms of n-3 PUFA dietary recommenda-
tions, the UK advocates that it forms a minimum of 0·2 % of food
energy, while the FAO/WHO set an acceptable distribution
range of 0·5–2·0 % of TE(18). European Food Safety Authority rec-
ommends that ≥0·5 % of TE should come from the n-3 PUFA
ALA. Therefore, the mean intakes of total n-3 PUFA (0·7 % of
TE) and ALA (0·6 % of TE) in our study were within these dietary
recommendations. However, the dietary intakes of the LC-PUFA
in our study (85·4mg/d) fell far below recommendations of 200–
250 mg/d set by internationally recognised organisations(12,18,47).
In fact, none of the children in our cohort reached this level of
intake andmost children consumed less than half. This is not sur-
prising considering the recent findings from the NDNS, which
reported that only 4·7 % of UK childrenmet theminimum recom-
mendations for fish intake and only 4·5 % met minimum recom-
mendations for oily fish(17). Encouragingly, previous studies in
children have shown that even eating a small amount of fish
can significantly improve LC-PUFA levels compared with non-
consumers(48).T
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The ratio of n-6:n-3 PUFA in our study (7·9:1) is higher than
what is considered for optimal growth and long-term health(1),
particularly cardiovascular health(3,4,49). This ratio is a reflection
of the abundance of food sources of LA in modern Western
diets(13,14), with regular use of fat spreads (margarines) and veg-
etable oils rich in LA (i.e. sunflower andmaize oil) and their wide
use in processed cereal-based products (baked goods and
savoury and sweet snacks). In contrast, there are relatively fewer
food sources high in n-3 PUFA. To improve the PUFA balance, a
change in dietary habits is necessary, by increasing consumption

of n-3 PUFA and/or decreasing consumption of n-6 PUFA. The
advantage of decreasing n-6 PUFA intakes is that it potentiates
the use of essential n-3 PUFA, since LA and AA compete for
the same elongase and desaturase enzymes(50). A higher intake
ofn-3 and LC-PUFA can be achieved by increasing the consump-
tion of foods containing DHA and EPA (mainly fish and seafood)
and/or foods containing their precursor, ALA. Although findings
from the NDNS rolling programme comparing intake data from
1997 to 2008–2009 in 4–10-year-olds indicate that there was an
overall shift towards recommended dietary guidelines for fat

Table 4. Contribution of different types of fish to DHA intake estimated from a parental-completed FFQ when the child was aged 7 years (n 8242)

DHA EPA

mg/day % from fish mg/day % from fish

Type of fish consumed Mean sd Mean sd Mean sd Mean sd

Shellfish 0·27 0·9 1·0 4·9 0·40 1·4 2·1 7·5
Coated fish 7·85 5·9 40·6 34·2 6·80 1·5 51·9 33·7
White fish 5·24 10·0 12·4 20.1 2·65 5·0 11·6 18·8
Tuna (tinned and fresh) 8·31 12·3 22·4 27·6 1·43 2·1 10·7 18·1
Oily/fatty fish 11·32 31·1 13·1 26·1 7·30 20·2 14·2 28·0
School meal fish 2·87 4·4 10·5 20·1 1·00 1·5 9·5 18·9
Total FA from fish 35·00 42·2 100 19·50 24·5 100

Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.

Table 5. Spearman’s correlation coefficients (r) between plasma concentrations and energy-adjusted dietary intakes of n-3 and n-6 PUFA (n 4380)

Dietary PUFA

Plasma PUFA

n-6 FA n-3 FA

18:2 (LA) P-value 20:4 (AA) P-value 18:3 (ALA) P-value 20:5 (EPA) P-value 22:6 (DHA) P-value

Total PUFA 0·163 <0·001 0·013 0·388 0·003 0·830 -0·140 <0·001 0·011 0·488
Total n-6 0·161 <0·001 0·012 0·448 -0·001 0·956 -0·149 <0·001 -0·022 0·145
18 : 2n-6 (LA) 0·162 <0·001 0·011 0·465 -0·004 0·813 -0·151 <0·001 -0·024 0·117
20 : 4n-6 (AA) -0·056 <0·001 0·079 <0·001 0·077 <0·001 0·149 <0·001 0·197 <0·001
Total n-3 0·003 0·862 0·023 0·137 0·138 <0·001 0·114 <0·001 0·170 <0·001
18 : 3n-3 (ALA) 0·010 0·491 0·003 0·843 0·138 <0·001 0·086 <0·001 0·113 <0·001
20 : 5n-3 (EPA) 0·046 0·002 0·031 0·043 0·018 0·223 0·102 <0·001 0·266 <0·001
22 : 6n-3 (DHA) 0·030 0·044 0·057 <0·001 0·052 <0·001 0·123 <0·001 0·341 <0·001

FA, fatty acids; LA, linoleic acid; AA, arachidonic acid; ALA, α-linolenic acid.
Values in bold indicate correlation coefficient between dietary PUFA and corresponding PUFA in plasma.

Table 6. Dietary PUFA intakes classified into quintiles, compared with quintiles of plasma PUFA proportions, with corresponding Cohen’s κ coefficients (n
4380) (Percentages)

Dietary* and plasma PUFA Same quintile (%) Same or adjacent quintiles (%) Opposite quintile (%)

Cohen’s Kappa (κ)

Cohen’s κ† 95% CI P-value

Total n-6 22 56 6 0·122 0·09, 0·14 <0·001
18 : 2n-6 (LA) 24 58 6 0·155 0·13, 0·18 <0·001
20 : 4n-6 (AA) 23 56 7 0·079 0·05, 0·11 <0·001
Total n-3 23 59 5 0·185 0·16, 0·21 <0·001
18 : 3n-3 (ALA) 23 57 6 0·125 0·10, 0·15 <0·001
20 : 5n-3 (EPA) 22 54 6 0·096 0·07, 0·12 <0·001
22 : 6n-3 (DHA) 43 79 3 0·319 0·29, 0·35 <0·001

LA, linoleic acid; AA, arachidonic acid; ALA, α-linolenic acid.
* Dietary PUFA intakes are energy adjusted using the energy density method.
† Cohen’s Kappa analysis using weighted Kappa statistic (κ).
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intakes, including an increase in consumption of n-3 PUFA,
these related to relatively small increases in absolute terms(19).

Our results showed weak-to-moderate correlations between
dietary and plasma PUFA, consistent with results from previous
studies comparing dietary PUFA intakes with tissue biomarkers
in adults(23,24,26,51) and paediatric populations(27,28,29,30,52). A
study of 0–11-year-olds from the USA compared FFQ estimates
with the PUFA content of erythrocyte membranes and reported a
correlation of 0·16 (P< 0·001) for n-6 PUFA, 0·25 (P= 0·001) for
n-3 PUFA and 0·38 (P< 0·001) for total marine PUFA(30), which is
comparable to the correlations of these PUFA subtypes observed
in our study. An Australian study in forty-seven healthy-weight
children found moderate correlations between total dietary
n-3 PUFA (r= 0·22) and EPA (r= 0·24) and their respective con-
centrations in erythrocyte membranes but no correlation with
DHA(27). Two studies in children observed higher correlations
than in this study between dietary and tissue PUFA for total
n-6 and LA (r ranging from 0·3 to 0·4)(27,28). The different corre-
lations reported between studies could be partly due to varia-
tions in the type of biomarker medium, dietary assessment
method, period between obtaining dietary intake and biomarker
tissue, health status of study population and genetic and lifestyle
factors.

The overall weak-to-moderate correlations between dietary
intakes of PUFA and their respective biomarkers observed in
many studies, including ours, could be explained by the fact that
tissue PUFA represent the interplay between dietary intakes,
individual variation in absorption rates and metabolism.
Metabolic processes and the complex interrelationships
between different PUFA along the biosynthetic pathway of elon-
gation and desaturation are a key reason why dietary intakes
may not map directly onto plasma concentrations.

The weak correlations between eighteen-carbon chain PUFA
intakes and plasma levels are in line with research in humans
showing that the eighteen-carbon chain PUFA are largely oxi-
dised(53). An experimental study using tracers in rats supports
this and found that in addition to oxidation, eighteen-chain
PUFAmove out of circulating blood lipids quickly and are stored
in adipose tissue(54). This could explain why blood eighteen-
chain PUFA are not good indicators of dietary intake. In addition,
the association between PUFA intakes and their biomarkers may
differ for shorter- v. longer-chain PUFA. A systematic review of
adult studies comparing FFQ estimated LC n-3 PUFA intake with
plasma concentrations reported correlations in the range of
0·30–0·50 for DHA but only 0–0·28 for ALA(22). Several studies
in children have also found that correlations between PUFA in
erythrocyte membranes, serum or plasma were generally higher
for the marine-origin n-3 PUFA(27,28,29,30). In our study, the corre-
lations between the shorter-chain PUFA (LA and ALA) were gen-
erallyweaker than the LC-PUFA. Shorter-chain PUFAmay be less
correlated with their tissue biomarkers because they are also
converted into longer-chain PUFA, although this may only hap-
pen when concurrent intake of LC-PUFA is low(55). ALA was not
associated with plasma EPA and DHA in our study though,
which is consistent with the poor endogenous conversion rate
of ALA to DHA and EPA (with maximum conversion rates of
4 % and 8 %, respectively)(3). Consequently, tissue and circulat-
ing LC-PUFA are mainly a reflection of their direct consumption

from foods. This could explain why we observed a moderate
correlation and level of agreement (according to Cohen’s κ)
between dietary and plasma DHA. Indeed, in adult populations
with high fish intakes, such as Japan, correlations of up to 0·60–
0·70 for EPA and DHA have been observed(56,57).

Our data showed some, althoughweak, evidence that dietary
intakes of LA were associated with lower plasma concentrations
of EPA. This is in line with the evidence indicating that higher
concentration of LA inhibits the conversion of ALA to EPA.
Inhibition occurs because the metabolic pathway involved in
converting the PUFA precursors ALA and LA to their respective
metabolites uses the same rate-limiting enzyme, delta-6 desatur-
ase(50). Intervention studies have also demonstrated that high
intakes of LA were associated with lower conversion of ALA
to EPA in subjects on diets without fish(58,59).

The strengths and weaknesses of the study should be consid-
ered when interpreting these results. The strengths include the
large number of children with both dietary and biomarker data,
making this one of the largest correlation studies of this type in
children. The majority of studies validating dietary assessment
tools in children in the UK have a sample size of <50(60). The
use of a parental-completed FFQ specially designed for this
age group enabled us to capture habitual dietary intakes, which
is particularly advantageous when collecting information on
foods such as fish and seafood, which are typically eaten less
frequently in this population. We also had a complete database
on quantities of EPA and DHA in the foods consumed, and
data on intakes of these nutrients are limited in paediatric pop-
ulations from the UK. However, we did not calculate intake of
docosapentaenoic acid or its concentration in plasma: recent
findings suggest that docosapentaenoic acid could be just as
important as EPA and DHA in terms of health benefits linked
to LC-PUFA(61). Finally, the FFQ included five specific questions
covering fish and seafood consumption that enabled us to assess
the types of fish contributing to the LC-PUFA intake in these
children.

In terms of study limitations, at birth, these children were rel-
atively representative of the population in the area(33). However,
sample attrition during the 7-year follow-up is likely to have pro-
duced loss to follow-up bias, and it is probable that children with
less healthy dietary patterns were under-represented which may
in turn have influenced average PUFA intakes. However, the
average PUFA intakes (as well as total fat, MUFA, SFA) and their
main food sources reported in our study were very similar to the
NDNS data on nationally representative UK 4–10-year-olds.
Further attrition and subsequent bias occurred when obtaining
a blood sample from these children as only 67·6 % of attendees
at the research clinic agreed to this and these children had a
lower BMI and energy intake and had a higher socio-economic
status. Nevertheless, this should not have affected the correlation
results, as these analyses were within subject. The use of paren-
tal-reported FFQ to assess children’s dietary intake would be
subject to issues of reporting error and bias, as with all dietary
survey methods to different extents(60). To minimise this, the
analysis excluded children with implausible dietary intakes.

A further limitation is that the FFQ, which was designed to
assess habitual dietary intake, was completed approximately 8
months prior to the blood sample being obtained. However,
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plasma FA are an immediate biomarker which reflect intake over
the past few days or meals(62). The choice of medium for FA bio-
marker measurement is relevant because they reflect FA intakes
over different time periods and so should ideally be time inte-
grated with the dietary intake period being measured(21).
Erythrocyte membranes reflect intake aggregated over approx-
imately 4 months. However, two studies in paediatric popula-
tions that compared FFQ-estimated PUFA intakes with PUFA
levels in erythrocyte membranes reported similar ranges of cor-
relation coefficient to our study(27,30). In addition, eating habits
have been shown to be reasonably stable during childhood, with
moderate tracking levels(63). NDNS data on the time trends in n-6
and n-3 FA in UK 7–9-year-old children show that there are min-
imal differences in intakes over this period in childhood(64).

The difference in reference period between the FFQ and bio-
marker assessment could mean that the observed correlations
were an underestimation of the true correlations(26). The storage
time of the samples is also a potential limitation, due to oxidation
of PUFA and deterioration of lipid classes over time(65). In our
study, the samples were stored at −70°C for approximately 10
years before the plasma FA composition was analysed.
However, plasma FA are considered to be relatively stable for
up to 10 years with such ultracold storage(64,65). This also sup-
ports our choice of pool sample (plasma) in place of erythro-
cytes; although erythrocytes are less influenced by recent
dietary intake, the FA composition is not completely stable dur-
ing their 4-month lifespan, since the FA in the membranes can
remodel with recent diet intake and the haem content of eryth-
rocytes can cause PUFA oxidation(65).

A final limitation is the food composition database used to
estimate intakes from the FFQ data. The composition of foods
and types of food available change with time (e.g. n-3-enriched
foods are now more readily available). Food composition data-
bases are limited in both the number of foods they contain and
the frequency that they update food composition data.
However, we supplemented the M&W food composition tables
with up-to-date data from other sources in order to maximise
the completeness of the PUFA composition of the foods
covered in our FFQ.

In conclusion, the weak to moderate correlations between
dietary and plasma LC-PUFA intakes and good level of agree-
ment in cross-classification analysis reflect the ability of the
parental-completed FFQ to relatively rank the LC-PUFA intakes
in this paediatric population, particularly for DHA. Our results
highlight the need for public health initiatives to address the sub-
optimal ratio of n-6:n-3 PUFA and very low n-3 LC-PUFA in
school-age children in the UK. The optimal dietary approach
to increase tissue LC-PUFA and to reach recommended intakes
is to consume them directly in their preformed state, mainly from
sustainably sourced fish (particularly oily fish) and seafood, but
also from lean (red) meat, eggs and products nutritionally
enriched with LC-PUFA. For children unable or reluctant to
eat fish or seafood, then dietary changes that reduce foods high
in LA (i.e. sunflower and maize oil and cereal-based processed
products) while increasing foods rich in ALA (i.e. rapeseed and
flaxseed oil, nuts, green leafy vegetables and whole wheat
bread) can improve their n-3 FA status.

Acknowledgements

We are extremely grateful to all the families who took part in this
study, the midwives for their help in recruiting them, and the
whole ALSPAC team, which includes interviewers, computer
and laboratory technicians, clerical workers, research scientists,
volunteers, managers, receptionists and nurses. We would also
like to thank Dr Colin Steer for this collaboration in this research
project.

The UK Medical Research Council and Wellcome (grant ref:
217065/Z/19/Z) and the University of Bristol provide core sup-
port for ALSPAC. A comprehensive list of grants funding is avail-
able on the ALSPAC website (http://www.bristol.ac.uk/alspac/
external/documents/grant-acknowledgements.pdf). G. B. was
supported by a British Heart Foundation research fellowship
(FS/19/3/34255), C. T. was supported by the Elizabeth
Blackwell Institute for Health Research, University of Bristol,
and the Wellcome Trust Institutional Strategic Support Fund,
and by an MRC Career Development Award (MR/T010010/1),
P. M. E. and C. S. received funding from the European
Community’s 7th Framework Programme (FP7/2008–2013)
under grant agreement nº 212652 (NUTRIMENTHE Project –
The Effect of Diet on the Mental Performance of Children),
S. J. took part in this project as part of her MSc in Nutrition,
Physical Activity and Health (University of Bristol), and L. J.
and P. M. E. supervised the MSc work. The study funders had
no role in the study design, data collection or analysis, or prepa-
ration of the manuscript.

Research questionswere formulated by L. J. and S. J. and P.M.
E. The data collection of the fatty acid composition database was
led by S. J. Data analyses were conducted by S. J. and G. B.,
under the supervision of P. M. E. and L. J. G. B. and S. J. drafted
the manuscript (S. J. the initial draft and G. B. the final draft). All
authors were involved in the different phases of manuscript
preparation. This publication is the work of the authors, and
P. M. E. and G. B. serve as guarantors for the contents of
this paper.

There are no conflicts of interest.

Supplementary material

For supplementary material referred to in this article, please visit
https://doi.org/10.1017/S0007114521002191

References

1. Saini RK & Keum YS (2018) n-3 and n-6 Polyunsaturated fatty
acids: dietary sources, metabolism, and significance – a review.
Life Sci 203, 255–267.

2. Janssen CI &Kiliaan AJ (2014) Long-chain polyunsaturated fatty
acids (LCPUFA) from genesis to senescence: the influence of
LCPUFA on neural development, aging, and neurodegener-
ation. Prog Lipid Res 53, 1–17.

3. Marventano S, Kolacz P, Castellano S, et al. (2015) A review of
recent evidence in human studies of n-3 and n-6 PUFA intake
on cardiovascular disease, cancer, and depressive disorders:
does the ratio really matter? Int J Food Sci Nutr 66, 611–622.

PUFA intakes in UK children 1375

https://doi.org/10.1017/S0007114521002191  Published online by Cam
bridge U

niversity Press

http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf
https://doi.org/10.1017/S0007114521002191
https://doi.org/10.1017/S0007114521002191


4. Simopoulos AP (2008) The importance of the n-6/n-3 fatty acid
ratio in cardiovascular disease and other chronic diseases. Exp
Biol Med 233, 674–688.

5. Lunn J & Theobald HE (2006) The health effects of dietary
unsaturated fatty acids. Nutr Bull 31, 178–224.

6. Simopoulos AP (2006) Evolutionary aspects of diet, the n-6/n-3
ratio and genetic variation: nutritional implications for chronic
diseases. Biomed Pharmacother 60, 502–507.

7. Schuchardt JP, Huss M, Stauss-Grabo M, et al. (2010)
Significance of long-chain polyunsaturated fatty acids
(PUFAs) for the development and behaviour of children. Eur
J Pediatr 169, 149–164.

8. Nettleton JA, Lovegrove JA, Mensink RP, et al. (2016) Dietary
fatty acids: is it time to change the recommendations? Ann
Nutr Metab 68, 249–257.

9. Jakobsen MU, O’Reilly EJ, Heitmann BL, et al. (2009) Major
types of dietary fat and risk of coronary heart disease: a pooled
analysis of 11 cohort studies. Am J Clin Nutr 89, 1425–1432.

10. Scientific Advisory Committee on Nutrition (2019) Saturated
fats and health: SACN report. Public Health England
(Epublication ahead of print version 1 August 2019).

11. Tedstone A, Duval D & Peacock E (2020) Dietary health and
CVD: implications for dietary policy in England. Proc Nutr
Soc 79, 95–102.

12. EFSA Panel on Dietetic Products, Nutrition, and Allergies (2010)
Scientific opinion on dietary reference values for fats, including
saturated fatty acids, polyunsaturated fatty acids, monounsatu-
rated fatty acids, trans fatty acids, and cholesterol. EFSAJ 8, 1461.

13. Sioen I, Huybrechts I, Verbeke W, et al. (2007) n-6 and n-3
PUFA intakes of pre-school children in Flanders, Belgium. Br
J Nutr 98, 819–825.

14. Meyer B, Mann N, Lewis J, et al. (2003) Dietary intakes and food
sources of n-6 and n-3 polyunsaturated fatty acids. Lipids 38,
391–398.

15. Madden SM, Garrioch CF & Holub BJ (2009) Direct diet quan-
tification indicates low intakes of (n-3) fatty acids in children 4
to 8 years old. J Nutr 139, 528–532.

16. Kim Y, Kim H & Kwon O (2019) Dietary intake of n-3 and n-6
polyunsaturated fatty acids in Korean toddlers 12–24months of
age with comparison to the dietary recommendations. Nutr Res
Pract 13, 344–351.

17. Kranz S, Jones NRV &Monsivais P (2017) Intake levels of fish in
the UK paediatric population. Nutrients 9, 392–401.

18. Sioen I, van Lieshout L, Eilander A, et al. (2017) Systematic
review on n-3 and n-6 polyunsaturated fatty acid intake in
European countries in light of the current recom_mendations
– focus on specific population groups. Ann Nutr Metab 70,
39–50.

19. Pot GK, Prynne CJ, Roberts C, et al. (2012) National Diet and
Nutrition Survey: fat and fatty acid intake from the first year
of the rolling programme and comparison with previous sur-
veys. Br J Nutr 107, 405–415.

20. Bonafini S, Antoniazzi F, Maffeis C, et al. (2015) Beneficial
effects of n-3 PUFA in children on cardiovascular risk factors
during childhood and adolescence. Prostaglandins Other
Lipid Mediat 120, 72–79.

21. Baylin A &CamposH (2006) The use of fatty acid biomarkers to
reflect intake. Curr Opin Lipidol 17, 22–27.

22. Serra-Majem L, Nissensohn M, Overby NC, et al. (2012) Dietary
methods and biomarkers of n-3 fatty acids: a systematic review.
Br J Nutr 107, Suppl. 2, S64–S76.

23. Garneau V, Rudkowska I, Paradis A, et al. (2012) n-3 fatty acids
status in human subjects estimated using a FFQ and plasma
phospholipid level. Nutr J 11, 6.

24. Madsen MTB, Bjerregaard AA, Furtado JD, et al. (2019)
Comparisons of estimated intakes and plasma concentrations
of selected fatty acids in pregnancy. Nutrients 11, 11.

25. Welch A, Bingham S, Ive J, et al. (2006) Dietary fish intake and
plasma phospholipidn–3 polyunsaturated fatty acid concentra-
tions in men and women in the European Prospective
Investigation into Cancer–Norfolk United Kingdom cohort.
Am J Clin Nutr 84, 1330–1339.

26. Astorg P, Bertrais S, Laporte F, et al. (2008) Plasma n-6 and n-3
polyunsaturated fatty acids as biomarkers of their dietary
intakes: a cross-sectional study within a cohort of middle-aged
French men and women. Eur J Clin Nutr 62, 1155–1161.

27. Burrows T, Berthon B, GargML, et al. (2012) A comparative val-
idation of a child food frequency questionnaire using red blood
cell membrane fatty acids. Eur J Clin Nutr 66, 825–829.

28. Ansari MR, Agustina R, Khusun H, et al. (2016) Development
and evaluation of a semiquantitative food frequency question-
naire for estimating n-3 and n-6 fatty acid intakes in Indonesian
children. Asia Pac J Clin Nutr 25, S20–S29.

29. Uusitalo L, Nevalainen J, Salminen I, et al. (2013) Fatty acids in
serum and diet–a canonical correlation analysis among tod-
dlers. Matern Child Nutr 9, 381–395.

30. Orton HD, Szabo NJ, Clare-Salzler M, et al. (2008) Comparison
between n-3 and n-6 polyunsaturated fatty acid intakes as
assessed by a food frequency questionnaire and erythrocyte
membrane fatty acid composition in young children. Eur J
Clin Nutr 62, 733–738.

31. Burrows T, Goldman S & Rollo M (2019) A systematic review of
the validity of dietary assessment methods in children when
compared with the method of doubly labelled water. Eur J
Clin Nutr 74, 669–681.

32. Livingstone MB, Robson PJ & Wallace JM (2004) Issues in
dietary intake assessment of children and adolescents. Br J
Nutr 92, Suppl. 2, S213–S222.

33. Boyd A, Golding J, Macleod J, et al. (2013) Cohort profile: the
‘children of the 90s’–the index offspring of the Avon longi-
tudinal study of parents and children. Int J Epidemiol 42,
111–127.

34. Golding J, Pembrey M, Jones R, et al. (2001) ALSPAC–the Avon
longitudinal study of parents and children. I. Study methodol-
ogy. Paediatr Perinat Epidemiol 15, 74–87.

35. Fraser A, Macdonald-Wallis C, Tilling K, et al. (2013) Cohort
profile: the Avon longitudinal study of parents and children:
ALSPAC mothers cohort. Int J Epidemiol 42, 97–110.

36. Rogers I & Emmett P (1998) Diet during pregnancy in a popu-
lation of pregnant women in South West England. ALSPAC
Study Team. Avon Longitudinal Study of Pregnancy and
Childhood. Eur J Clin Nutr 52, 426–430.

37. Emmett P (2009) Dietary assessment in the Avon longitudinal
study of parents and children. Eur J Clin Nutr 63, Suppl. 1,
S38–S44.

38. Wrieden WL, Longbottom PJ, Adamson AJ, et al. (2008)
Estimation of typical food portion sizes for children of different
ages in Great Britain. Br J Nutr 99, 1344–1353.

39. Ministry of Agriculture Fisheries and Food (1998) Fatty Acids
Supplement to McCance & Widdowson’s the Composition of
Foods. Cambridge/London: Royal Society of Chemistry.

40. Food Standards Agency Composition of foods integrated data-
set (CoFID). (2015) McCance andWiddowson’s composition of
foods integrated dataset. https://www.gov.uk/government/
publications/composition-of-foods-integrated-dataset-cofid
(accessed March 2021).

41. Office for National Statistics National Diet and Nutrition Survey
(NDNS) database. (2016) https://www.gov.uk/government/

1376 G. Buckland et al.

https://doi.org/10.1017/S0007114521002191  Published online by Cam
bridge U

niversity Press

https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://www.gov.uk/government/publications/composition-of-foods-integrated-dataset-cofid
https://www.gov.uk/government/collections/national-diet-and-nutrition-survey
https://doi.org/10.1017/S0007114521002191


collections/national-diet-and-nutrition-survey (accessedMarch
2021).

42. Steer CD, Hibbeln JR, Golding J, et al. (2012) Polyunsaturated
fatty acid levels in blood during pregnancy, at birth and at 7
years: their associations with two common FADS2 polymor-
phisms. Hum Mol Genet 21, 1504–1512.

43. Lepage G & Roy CC (1986) Direct transesterification of
all classes of lipids in a one-step reaction. J Lipid Res 27,
114–120.

44. Masood MA & Salem N (2008) High-throughput analysis of
plasma fatty acid methyl esters employing robotic transesterifi-
cation and fast gas chromatography. Lipids 43, 171–180.

45. WillettW, HoweG&Kushi L (1997) Adjustment for total energy
intake in epidemiologic studie. Am J Clin Nutr 65, S1220–
S1228.

46. Lombard MJ, Steyn NP, Charlton KE, et al. (2015) Application
and interpretation of multiple statistical tests to evaluate validity
of dietary intake assessment methods. Nutr J 35, 14–22.

47. Nutrition Science Team (2016) Public Health England.
Government Dietary Recommendations: Government
recommendations for energy and nutrients for males and
females aged 1–18 years and 19þ years. https://assets.
publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/618167/government_dietary_
recommendations.pdf (accessed March 2021).

48. Sichert-Hellert W, Wicher M & Kersting M (2009) Age and time
trends in fish consumption pattern of children and adolescents,
and consequences for the intake of long-chain n-3 polyunsatu-
rated fatty acids. Eur J Clin Nutr 63, 1071–1075.

49. Wijendran V & Hayes KC (2004) Dietary n-6 and n-3 fatty acid
balance and cardiovascular health. Annu Rev Nutr 24, 597–615.

50. Cunnane SC (2003) Problems with essential fatty acids: time for
a new paradigm? Progr Lipid Res 42, 544–568.

51. McNaughton SA, HughesMC&Marks GC (2007) Validation of a
FFQ to estimate the intake of PUFA using plasma phospholipid
fatty acids and weighed foods records. Br J Nutr 97, 561–568.

52. Guerra A, Demmelmair Hb, Toschke AM, et al. (2007) Three-
year tracking of fatty acid composition of plasma phospholipids
in healthy children. Ann Nutr Metab 51, 433–438.

53. McCloyU, RyanMA, Pencharz PB, et al. (2004) A comparison of
the metabolism of eighteen-carbon 13C-unsaturated fatty acids
in healthy women. J Lipid Res 45, 474–485.

54. Lin YH& SalemN (2007)Whole body distribution of deuterated
linoleic and α-linolenic acids and their metabolites in the rat. J
Lipid Res 48, 2709–2724.

55. Rosell M, Lloyd-Wright Z, Appleby P, et al. (2005) Long chainn-
3 PUFAS in British meat-eating, vegetarian and vegans in EPIC.
Am J Clin Nutr 82, 327–334.

56. Kuriki K, Nagaya T, Tokudome Y, et al. (2003) Plasma concen-
trations of (n-3) highly unsaturated fatty acids are good bio-
markers of relative dietary fatty acid intakes: a cross-sectional
study. J Nutr 133, 3643–3650.

57. Kobayashi M, Sasaki S, Hamada GS, et al. (2001) Single mea-
surement of serum phospholipid fatty acid as a biomarker of
specific fatty acid intake in middle aged Japanese men. Eur J
Clin Nutr 55, 643–650.

58. Goyens P, Spilker M, Zock P, et al. (2006) Conversion of alpha
linolenic acid in humans is influenced by the absolute amounts
of α linolenic acid and not by their ratio. Am J Clin Nutr 84,
44–53.

59. Liou Y, King D, Zibrik D, et al. Decreasing linoleic acid with
constant a-linolenic acid in dietary fats increases (n-3) eicosa-
pentaenoic acid in plasma phospholipids in healthymen. J Nutr
137, 945–952.

60. Bush LA, Hutchinson J, Hooson J, et al. (2019) Measuring
energy, macro and micronutrient intake in UK children and
adolescents: a comparison of validated dietary assessment
tools. BMC Nutr 5, 53–69.

61. Rimm EB, Appel LJ, Chiuve SE, et al. (2018) Seafood long-chain
n-3 polyunsaturated fatty acids and cardiovascular disease: a
science advisory from the American heart association.
Circulation 138, 35–47.

62. Arab L (2003) Biomarkers of fat and fatty acid intake. J Nutr
133, S925–S932.

63. Madruga SW, Araujo CL, Bertoldi AD, et al. (2012) Tracking of
dietary patterns from childhood to adolescence. Rev Saúde
Pública 46, 376–385.

64. Brenna JT, Plourde M, Stark KD, et al. (2018) Best practices for
the design, laboratory analysis, and reporting of trials involving
fatty acids. Am J Clin Nutr 108, 211–227.

65. Metherel A & Stark K (2016) The stability of blood fatty
acids during storage and potential mechanisms of
degradation: a review. Prostaglandins Leukot Essent Fatty
Acids 104, 33–43.

PUFA intakes in UK children 1377

https://doi.org/10.1017/S0007114521002191  Published online by Cam
bridge U

niversity Press

https://www.gov.uk/government/collections/national-diet-and-nutrition-survey
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/618167/government_dietary_recommendations.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/618167/government_dietary_recommendations.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/618167/government_dietary_recommendations.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/618167/government_dietary_recommendations.pdf
https://doi.org/10.1017/S0007114521002191

	The relationship between dietary intakes and plasma concentrations of PUFA in school-age children from the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort
	Methods
	Study cohort and participants
	Dietary data
	Estimation of PUFA intake
	Plasma fatty acids
	Statistical analysis

	Results
	Dietary and plasma PUFA
	Dietary sources of PUFA intake
	Validation analyses

	Discussion
	Acknowledgements
	Supplementary material
	References


