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Abstract
Several studies have investigated the effects of fish oil (FO) on infant growth, but little is known about the effects of FO and sex on insulin-like
growth factor-1 (IGF-1), the main regulator of growth in childhood. We explored whether FO v. sunflower oil (SO) supplementation from 9 to
18 months of age affected IGF-1 and its binding protein-3 (IGFBP-3) and whether the potential effects were sex specific. Danish infants (n 115)
were randomly allocated to 5 ml/d FO (1·2 g/d n-3 long-chain PUFA (n-3 LCPUFA)) or SO. We measured growth, IGF-1, IGFBP-3 and
erythrocyte EPA, a biomarker of n-3 LCPUFA intake and status, at 9 and 18 months. Erythrocyte EPA increased strongly with FO compared
with SO (P< 0·001). There were no effects of FO compared with SO on IGF-1 in the total population, but a sex× group interaction (P= 0·02).
Baseline-adjusted IGF-1 at 18 months was 11·1 µg/l (95 % CI 0·4, 21·8; P= 0·04) higher after FO compared with SO supplementation among
boys only. The sex× group interaction was borderline significant in the model of IGFBP-3 (P= 0·09), with lower IGFBP-3 with FO compared
with SO among girls only (P= 0·03). The results were supported by sex-specific dose–response associations between changes in erythrocyte
EPA and changes in IGF-1 and IGFBP-3 (both P< 0·03). Moreover, IGF-1 was sex specifically associated with BMI and length. In conclusion,
FO compared with SO resulted in higher IGF-1 among boys and lower IGFBP-3 among girls. The potential long-term implications for growth
and body composition should be investigated further.
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Insulin-like growth factor-1 (IGF-1) is the main predictor of
height velocity in childhood(1). During early infancy, IGF-I
formation is mainly regulated by nutrition, but a gradual
transition to regulation of IGF-I by growth hormone occurs
around the ages of 6–12 months(2). More than 90 % of the
IGF-1 in plasma is bound to IGF-1 and its binding protein-3
(IGFBP-3)(3), and the IGF-1:IGFBP-3 ratio is thought to reflect
the concentration of free, biologically active IGF-1(4). IGF-1
mediates the effects of growth hormone on bone mineralisa-
tion, linear growth and muscle mass accretion in childhood by
endocrine, paracrine and autocrine signalling(4). IGF-1 signals
through binding to the IGF-1 receptor, and it can also bind
to insulin receptors, although with lower affinity(4), thereby
sharing some of insulin’s anabolic effects. Plasma IGF-1 has
been shown to be higher in girls than in boys(5) and to be
modulated by protein and fat in the diet(6). IGF-1 has also
been associated with obesity in early life, but the relation is
complex and differs with age(6).

Animal studies and randomised trials mainly in post-
menopausal women indicate that n-3 long-chain PUFA
(n-3 LCPUFA) from fatty fish and fish oils (FO) can increase
markers of bone formation and reduce bone loss(7–9). We
recently showed that FO compared with sunflower oil
(SO) feeding increased bone mineral content evaluated by
dual-energy X-ray absorptiometry (DXA) in growing piglets(10).
In addition, there is some evidence that n-3 LCPUFA supple-
mentation can modulate IGF-1(11,12), as well as IGF-binding
proteins and receptors, in young animals(11). We recently found
no effects of FO supplementation on bone mass or on serum
IGF-1, IGFBP-3 or osteocalcin in Danish teenage boys(13).
However, in that study, changes in plasma IGF-1 during the
intervention were positively associated with changes in the
content of n-3 LCPUFA in erythrocytes, a biomarker of the n-3
LCPUFA intake during the supplementation.

Most n-3 LCPUFA studies have been conducted in males or
without specific attention to sex, but recent work indicate that
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some effects of n-3 LCPUFA in children may be sex
specific(14,15). Maternal n-3 LCPUFA supplementation in rats has
been shown to affect bone marrow microenvironment and
osteoblast and osteoclast formation among male offspring
only(16). The effect was seen at 3 weeks of age but not at later
ages. In a Danish cohort of breast-fed infants, DHA (22 : 6n-3) in
maternal breast milk was inversely associated with BMI accre-
tion from 2 to 7 years of age and associated with higher age at
adiposity rebound in girls, but not in boys(17). However, the
potential sex-specific effects of n-3 LCPUFA on IGF-1 and its
binding proteins have, to our knowledge, not been investigated
in children or adults. We previously found no effects of FO
supplementation from 9 to 18 months of age on growth in
Danish children; however, at that time we did not look at
potential sex-specific effects or effects on the IGF axis(18).
The aim of this paper was to explore whether supple-

mentation with FO v. SO from 9 to 18 months of age affected
IGF-1 and IGFBP-3 in Danish infants and to assess whether
potential effects were different in boys and girls.

Methods

Study design and subjects

The EFiON (Essentielle Fedtsyrer i OvergangskosteN) study was a
randomised, controlled trial in which infants were allocated to a
daily oil supplement from 9 to 18 months of age. The study design
and methods were previously described in detail by Andersen
et al.(18), and other results from this study have been published
previously(18–22). The study was designed to investigate the effects
of n-3 LCPUFA on growth and body composition during the
complementary feeding period(18). The study was conducted at
Department of Nutrition, Exercise and Sports, University of
Copenhagen from January 2008 to March 2009, it was approved
by the Scientific Ethics Committees of the Capital Region of
Denmark (no. H-A-2007-0088) and registered at ClinicalTrials.gov
as NCT 00631046. All procedures involving human subjects were
conducted according to the guidelines in the Declaration of
Helsinki. A total of 154 infants were included in the EFiON study,
and 133 infants completed the trial(18). The 115 infants (fifty-nine
boys and fifty-six girls) who were successfully blood sampled at
both 9 and 18 months were included in this study.
In short, families with 8-month-old infants in the Capital

Region of Denmark were invited for participation through the
National Danish Civil Registry and received written information
about the study. Parents who wished to participate were invited
to an individual information meeting and gave written informed
consent for participation. Eligible infants were healthy single-
tons, born >37th week of gestation and with appropriate weight
for gestational age(18). Infants were excluded if they had
previously received FO supplements, had chronic diseases or
had received medication that could influence growth and/or
food intake.

Intervention

The infants were randomised to receive 5 ml/d FO (Möller’s n-3
cod liver oil without vitamins) or 5 ml/d SO (Bressmer’s

sunflower oil), both produced and kindly provided by Axellus
A/S, Lysaker, Norway. Group allocation was performed by
blinded personnel based on a computer-generated block ran-
domisation with varying block sizes of 4, 6, 8 and 10 (www.
randomization.com). The parents were asked to keep the
unopened oil bottles in the freezer and to keep the bottles
refrigerated once opened to minimise fatty acid oxidation and
odours, as the oils were odourless at these temperatures. They
were asked to give the oil on a spoon or add it to the infant’s
porridge/mash instead of the fat normally added before serving
it; however, no specific instructions on avoidance of heating
were given. The oils were provided in ten dark 150-ml bottles of
similar appearance (1·5 litre in total), and the empty bottles
including oil leftovers were returned for assessment of com-
pliance at the 18-month examination. To check the blinding of
parents, the contact parent was asked to guess the child’s
allocated oil type by the end of the study. The supplements
were estimated to provide about 3·5 % of the infants’ mean
energy requirement. The SO intake supplied 2·4 g/d linoleic
acid (LA) (18 : 2n-6), and the added LA accounted for about
2·4 % of the energy intake (E%). The FO supplied 1·2 g/d
or about 1·4 E% n-3 LCPUFA, with approximately equal
contribution of EPA (20 : 5n-3) and DHA(18).

Measurements

Detailed questionnaires on socio-demographics and other
characteristics were completed before the examinations at
9 and 18 months. Information on the daily food intake of the
infants was obtained by validated pre-coded food diaries filled
in by the parents during 7 consecutive days before the two
examinations(23).

Anthropometric measurements were performed by trained
investigators, as described previously(18). Recumbent length
was measured to the nearest millimetre on a wooden measuring
board (FORCE Technology). A total of three measurements
were conducted, and the mean value of the measurements was
used. Weight was measured on a paediatric infant scale
(Sartorius IP65; Bie & Berntsen AS). If the infant weighed
≥12 kg, the infant was weighed with a parent on an adult
scale (Lindeltronic 8000; Samhall Lavi AB) with subsequent
subtraction of parent weight. Triceps and subscapular skinfold
thicknesses were measured to the nearest 0·1mm (Harpenden
skinfold caliper; CMS Weighing Equipment Ltd). The inter-
observer variability for triceps skinfolds measurements
was <0·5mm(18).

Blood sampling and analysis

Venous blood was sampled from the infant’s forearm. Parents
were instructed to apply local anaesthetic patches (EMLA;
AstraZeneca AB) before blood sampling and were instructed to
keep their child from eating at least 2 h before blood sampling.
Parent-reported mean fasting time was approximately 157
(SD 47) and 150 (SD 33) min at 9 and 18 months, with the
exception of three infants who had fasted 14–16 h before
the 18-month examination.
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Erythrocytes were isolated from heparinised blood samples,
washed with saline and kept at −80°C for later GC analysis, as
previously described by Lauritzen et al.(24). The contents of
specific fatty acids were calculated as area% of the specific fatty
acid relative to the total identified chromatogram area (FA%).
Plasma IGF-1 and IGFBP-3 were determined in heparinised
plasma by automated assays on an Immulite 1000 (Siemens
Healthcare Diagnostics). Plasma IGF-1 concentrations below
the detection limit (<25 ng/ml) were defined as 12·5 ng/ml
(n 10). To estimate the IGF-1:IGFBP-3 molar ratio, the following
conversion equivalents were used: 1 µg/l IGF-1= 0·133 nM
IGF-1 and 1mg/l IGFBP-3= 33 nM IGFBP-3.

Statistical analysis

Data are presented as mean values and standard deviations or
medians and interquartile ranges as appropriate. Only partici-
pants with available outcome data from both examinations
were included in the analyses (complete case analysis). Out-
come differences between intervention groups were evaluated
in ANCOVA. Stepwise backward model reduction was used to
remove interaction terms and covariates from a fully adjusted
model to a final model, for each outcome. Covariates that were
likely to affect the outcome (P< 0·10) were kept in the model.
For all outcomes, the full model initially included the following:
baseline outcome values, oil compliance (ml/d), breast-feeding
during the intervention (yes/no) and a sex (girl/boy)× group
(FO/SO) interaction term. Baseline outcome values and oil
compliance were kept as covariates in all final models. Simple
group comparisons were performed using unpaired t test
and Mann–Whitney U test for normally and non-normally
distributed variables, respectively. Bivariate correlations and
dose–response analyses were performed using Pearson’s
Product Moment correlation. Data were analysed using SPSS
(version 22; IBM Corporation), and significance was established
at P< 0·05; however, the sex× group interaction was explored
further at P< 0·10 (borderline significant). Because the EFiON
study was the first of its kind, we were unable to make proper
estimates of the predicted effect size on the anthropometric end
points. However, with 130 infants completing the trial, we
would be able to detect group differences of about 0·5 SD, with a
power of 0·80 and α= 0·05(18).

Results

Baseline characteristics

Of the 154 children originally included in the EFION study, 115
children had blood analyses available from both 9 and
18 months and were included in the present study. Included
and non-included children did not differ with regard to age,
length or BMI at baseline (P> 0·17, unpaired t tests). Table 1
shows the characteristics of the included infants at birth and at
baseline, where about half of the children were still partially
breast-fed and most children had started eating small amounts
of fish. The full erythrocyte fatty acid composition of the infants
was published previously(18).

Girls had higher IGF-1:IGFBP-3 (P= 0·02) than boys at
baseline and also tended to have 15 % higher IGF-1 (54·9
(SD 18·7) v. 47·9 (SD 20·4) µg/l; P= 0·06). There were no sex
differences in the major PUFA, EPA or DHA in erythrocytes at
baseline (P> 0·23). In addition, neither erythrocyte EPA nor
DHA were cross-sectionally associated with IGF-1, IGFBP-3 or
their molar ratio at baseline in the total population or in the
sexes separately (data not shown). Fasting time before blood
sampling was not associated with any of the IGF axis measures,
either at baseline or at 18 months (data not shown).

Compliance and parent blinding

The median intakes of FO and SO were 3·7 (IQR 3·0–4·2)
and 3·8 (IQR 3·3–4·2) ml/d, corresponding to 74 and 76 %
compliance in the FO and SO groups, respectively, and did not
differ between the groups (P= 0·31, Mann–Whitney U test). In
addition, oil intake did not differ between boys and girls either
in the total population or within each intervention group
(P> 0·17, Mann–Whitney U tests). As previously shown, the
erythrocyte content of EPA and DHA increased in the FO group
during the intervention by 5·5 (IQR 4·1–7·4) and 4·8
(SD 0·3) FA%, respectively, both P< 0·001 compared with SO(18).
Additional analyses showed that the change in erythrocyte EPA
during the intervention was 0·78 (95 % CI 0·02, 1·53) FA% larger
in girls compared with boys in the overall population (P= 0·04
by ANOVA), but this difference did not depend on the inter-
vention group (Psex× group= 0·70). No sex differences or sex×
group interactions were seen for changes in erythrocyte DHA,
LA or arachidonic acid during the intervention (P> 0·21).

When asked by the end of the intervention, 84 and 88 % of
the parents in the FO and SO group, respectively, were able to
successfully guess their child’s allocated oil type, indicating that
parent blinding was partly unsuccessful.

Effects of the intervention

There were no differences in IGF-1, IGFBP-3 or their molar ratio
between the FO and SO groups in the total study population
(Table 2). However, in the model of IGF-1, there was a sig-
nificant sex× group interaction (P= 0·02), and the interaction
term was borderline significant in the models of IGFBP-3
(P= 0·09) and IGF-1:IGFBP-3 (P= 0·08) (Table 2). Analysing
data for boys and girls separately showed that FO compared
with SO gave 11·1 µg/l (95 % CI 0·4, 21·8; P= 0·04) higher
baseline-adjusted IGF-1 concentrations at 18 months among the
boys only, whereas IGFBP-3 was 0·27 mg/l (95 % CI 0·03, 0·51;
P= 0·03) lower among the girls (Table 2). Accordingly, IGF-1:
IGFBP-3 tended to be higher with FO compared with SO
among boys (P= 0·10), but not among girls (P= 0·63) (Table 2).
Children who were still breast-fed at 9 months tended to have
lower IGF-1 at this age compared with children who were no
longer breast-fed (sex-adjusted mean difference −7·2 µg/l
(95 % CI −14·4, 0·1; P= 0·06). However, breast-feeding during
the intervention did not have any effects on the IGF axis
measures and was therefore not included in the final models.
In addition, there were no differences between the groups
or sex× group interactions in intakes of protein, fat or

784 C. T. Damsgaard et al.

https://doi.org/10.1017/S0007114515004973  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114515004973


carbohydrate at 18 months adjusted for baseline values
(data not shown).
No effects of the intervention or sex× group interactions were

found for length or BMI, although there was a slight tendency for
higher length after the intervention in the FO group compared
with the SO group (estimated difference 0·4 cm (95% CI −0·8,
0·1; P= 0·11), adjusted for sex and baseline length) (Table 2).

Dose–response associations

Changes from 9 to 18 months in erythrocyte EPA showed
stronger correlation with the estimated FO consumption,
compared with changes in erythrocyte DHA (r 0·59, P< 0·01 for
EPA and r 0·09, P= 0·52, n 55 for DHA). Accordingly, the
change in erythrocyte EPA was used as an objective indicator of
oil consumption in the dose–response analyses.

Changes in IGF-1 from 9 to 18 months were positively corre-
lated with changes in erythrocyte EPA in boys, but not in girls
(Fig. 1). Moreover, changes in IGFBP-3 were negatively correlated
with changes in erythrocyte EPA in girls, not in boys (Fig. 2).
Using changes in erythrocyte DHA rather than EPA in the
correlations showed the same overall pattern (data not shown).

Associations between the insulin-like growth factor axis
and growth

Among the boys, IGF-1 (Fig. 3) and IGF-1:IGFBP-3 (r 0·49,
P< 0·001) at 18 months were positively correlated with length at
18 months, but such correlations were not seen among girls
(Fig. 3; and r 0·10, P= 0·45 for IGF-1:IGFBP-3). In addition,
IGF-1 and IGF-1:IGFBP-3 were positively correlated with BMI at
18 months in boys (r 0·33, P= 0·01 and r 0·32, P= 0·02,

Table 1. Baseline characteristics of the study population according to intervention group
(Mean values and standard deviations; medians and interquartile ranges (IQR))

FO (n 56) SO (n 57–59)

Mean SD Mean SD

Birth characteristics and breast-feeding
Sex (M:F) 26:30 33:26
Gestational length (weeks) 40·0 1·5 40·0 1·4
Birth weight (kg) 3·5 0·4 3·6 0·6
Birth length (cm) 52·0 1·9 52·4 2·4
Duration of full breast-feeding (months)
Median 4·0 4·0
IQR 4·0–5·0 3·9–5·0

Still breast-fed at 9 months (% yes) 52 51
Anthropometry at 9 months

Age (months) 9·1 0·3 9·1 0·3
Weight (kg) 9·3 1·0 9·1 1·0
Length (cm) 72·2 2·4 72·1 2·3
BMI (kg/m2) 17·9 1·5 17·5 1·4

Dietary intake at 9 months (not including breast milk)
Energy intake (kJ/d) 3195 1134 3087 800
Protein intake (E%) 12·4 1·9 12·4 1·8
Carbohydrate intake (E%) 50·4 4·7 51·1 5·9
Fat intake (E%) 37·2 4·6 36·5 5·6
SFA (E%) 12·8 3·9 14·2 4·1
MUFA (E%) 12·7 3·0 12·1 2·6
PUFA (E%)
Median 7·4 6·2
IQR 5·0–9·5 5·0–7·5

n-3 PUFA (E%)
Median 0·9 0·9
IQR 0·7–1·2 0·7–1·0

n-6 PUFA (E%)
Median 5·7 4·9
IQR 3·8–7·7 3·7–5·9

n-6:n-3 PUFA
Median 6·0 6·0
IQR 4·4–8·0 4·5–7·3

Fish introduced at 9 months (% yes) 93 77
Fish intake (g/d)
Median 9 5
IQR 1–13 2–9

Erythrocyte fatty acid composition at 9 months
EPA 20 : 5n-3 (FA%)
Median 0·92 0·82
IQR 0·62–1·34 0·63–1·15

DHA 22 : 6n-3 (FA%) 6·64 1·83 6·62 1·56

FO, fish oil; SO, sunflower oil; M, male; F, female; E%, percentage of the energy intake; FA%, percentage of the fatty acids.
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Table 2. Plasma insulin-like growth factor-1 (IGF-1), and its binding protein-3 (IGFBP-3) and selected anthropometric measures before and after the
intervention in the fish oil (FO) and sunflower oil (SO) groups shown separately in boys and girls
(Mean values and standard deviations)

Boys Girls

FO (n 26) SO (n 33) FO (n 30) SO (n 26) Total population

Mean SD Mean SD Pgroup* Mean SD Mean SD Pgroup* Pgroup× sex* Pgroup*

Plasma IGF-1 (µg/l)†
9 months 45·8 22·0 49·5 19·3 47·9 20·3 54·3 16·9
18 months 60·5 32·8 52·7 22·5 0·04 66·4 20·7 74·3 25·5 0·17 0·02 –

Plasma IGFBP-3 (mg/l)
9 months 2·51 0·69 2·50 0·59 2·61 0·62 2·57 0·54
18 months 2·52 0·67 2·47 0·66 0·48 2·61 0·49 2·85 0·56 0·03 0·09 0·21

Plasma IGF-1:IGFBP-3
9 months 0·07 0·02 0·08 0·03 0·09 0·02 0·09 0·02
18 months 0·09 0·03 0·09 0·03 0·10 0·10 0·03 0·11 0·03 0·63 0·08 0·34

Length (cm)
9 months 73·4 2·4 72·8 2·1 71·1 1·8 71·3 2·3
18 months 83·2 3·2 82·3 2·7 – 81·5 2·3 81·3 2·3 – 0·99 0·11

BMI (kg/m2)
9 months 17·9 1·2 17·8 1·5 17·9 1·7 17·1 1·1
18 months 17·1 1·4 17·3 1·4 – 17·0 1·4 16·5 1·1 – 0·69 0·33

* ANCOVA of 18-month values adjusted for 9-month values and intake of intervention oils. When sex×group was borderline significant in the model (P<0·10), group effects were tested
both in the total population and separately in boys and girls.

† Plasma IGF-1 concentrations below the detection limit (<25 µg/l) were defined as 12·5 µg/l (n 10).
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respectively), but not in girls (r 0·21, P= 0·13 and r 0·15,
P= 0·27, respectively). Changes during the intervention in
IGF-1 were not correlated with changes in length in either boys
or girls, but were positively correlated with changes in BMI in
boys (r 0·27, P= 0·04) and even more pronounced in girls
(r 0·46, P< 0·001) (online Supplementary Fig. S1).

Discussion

This randomised controlled trial showed that although there
were no effects of the intervention on the IGF axis in the
total study population, FO v. SO supplementation from 9 to
18 months of age affected the IGF axis in a sex-specific manner
in Danish infants. Plasma IGF-1 was higher in boys and IGFBP-3
was lower in girls after FO compared with SO supplementation.
The results were supported by dose–response analyses, and
although no effects were seen on growth outcomes IGF-1 was
positively associated with both length and BMI at 18 months in
the boys. To our knowledge, no previous trials have investi-
gated sex-specific effects of n-3 LCPUFA on the IGF axis.
Our findings are in line with the observed association

between IGF-1 and erythrocyte DHA after FO supplementation
in our previous study in teenage boys(13). However, in our
previous infant trial, there was no effect of FO supplementation
from 9 to 12 months of age on IGF-1, and also no interaction
effect between sex and FO on IGF-1 or the anthropometric
outcomes(25). However, that study had a shorter intervention
period than the current study, and no control oil was used.
A randomised controlled trial among men with CVD showed
that a relatively high dose of FO (1·2 g/d n-3 LCPUFA) for
8 weeks increased serum IGF-1 and reduced IGFBP-3, with a
resulting reduction in their molar ratio(26). In growing pigs,
supplementation with DHA compared with soyabean oil (an
n-6 PUFA-rich oil) increased IGF-1 expression in skeletal
muscle, probably indicative of stimulated muscle protein
synthesis, but it did not affect plasma IGF-1 concentrations or
hepatic IGF-1 expression(12). In addition, we have recently
shown that FO compared with SO feeding increased bone
mineral content in growing piglets(10). However, although n-3
LCPUFA supplementation to pre-term infants has been shown

to increase length at 18 months of age(27), a meta-analysis by
Makrides et al.(28) concluded that supplementation of infant
formula with n-3 LCPUFA did not affect growth of term infants
at 4 or 12 months of age. Moreover, the meta-analysis did not
show sex-specific effects of FO on growth. It should be noted,
however, that the included trials administered n-3 LCPUFA in
lower doses (0·1–1·0 % of total fatty acids compared with
1·2 g/d or about 10 % of total fatty acids in the present study)
and at an earlier age than in the present study.

In the present study, children were supplemented with FO or
SO from 9 to 18 months of age, a period during which plasma
IGF-1 and IGFBP-3 concentrations are expected to increase
steadily(6). Circulating IGF-1 is known to stimulate bone growth
and muscle mass accretion, and it shows higher concentrations
in girls than in boys in most cohorts(5,29), despite the slower
linear growth of girls. In line with this, baseline IGF-1 tended to
be higher in girls than in boys in the present study, and this was
probably a biological sex characteristic, rather than being
related to fatty acid status, as no sex differences in PUFA or n-3
LCPUFA status were present at baseline. IGF-1 and IGFBP-3 at
18 months were positively associated with length at 18 months
in boys only, indicating that IGF-1 may affect growth differently
in boys and girls.

As also described for the total study population in our
previous publication(18), FO did not affect linear growth or BMI
of children, which we would expect with the effects on the IGF
axis, at least in boys. The long-term implications of the results
are therefore unknown; however, we cannot exclude the
possibility that the higher IGF-1 concentrations with FO
supplementation may accelerate linear growth or body mass
accretion later in childhood. Although we did observe a larger
increase in erythrocyte EPA during the intervention in girls
compared with boys, this is unlikely to explain the sex-specific
changes in IGF-1 during the intervention, as the sex difference
in the EPA increase did not differ between the FO and SO
groups, and because there were no sex differences in the
amounts of intervention oils consumed. It is possible that the
lack of IGF-1 increase with FO in the girls could be related to
the already high plasma IGF-1 in the girls at baseline, which
may not have been able to increase further. Anyway, we note
that the different effects of FO on the IGF axis in boys and girls
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in the present study seemed to counteract the sex differences
present at baseline. This is in line with the apparent
‘sex-equalising’ effects of FO that we have seen previously in
relation to blood pressure(14) and others have seen in relation
to cognitive outcomes(30).
There is some evidence that higher IGF-1 concentrations and

faster growth during early infancy are associated with a higher
risk of obesity and cardiometabolic disturbances in later life(6).
Although no effects of the intervention were seen on BMI, IGF-1
at 18 months was positively associated with BMI in boys and with
changes in BMI in both sexes. Unfortunately, we were not able to
assess potential effects on lean body mass. The tendency of
lower baseline IGF-1 in children who were still breast-fed
compared with those who were no longer breast-fed at 9 months
is probably related to the lower protein content of breast milk
compared with formula and cows’ milk, rather than to the high
content of DHA in breast milk. In line with this, the group of
Koletzko has demonstrated that infants randomised to formula
with high protein content had higher IGF-1 than those receiving
formula with a low protein content(31). This is also thought to be
one of the mechanisms behind the observed slightly slower
growth of breast-fed compared with formula-fed infants(31).
Potential mechanisms for the effects of FO on IGF-1 are

speculative, but they may involve the sex hormones and the
transcription factor PPAR-γ, which is activated by n-3 LCPUFA.
Although testosterone and oestradiol levels are very low in
children from about 6 months of age until onset of puberty(32),
these low levels, which may be undetectable by some assays,
may still be important, as sex steroids accelerate growth during
early childhood through stimulation of IGF-1 production, both
directly and through effects on growth hormone secretion(33).
PPAR-γ activation has been shown to inhibit the expression of
aromatase(34), the enzyme that converts testosterone to oestradiol.
In females, most of the oestradiol is formed by the ovaries,
whereas in males most of the oestradiol is produced by
aromatisation of testosterone(35). Reduced aromatase activity
through the action of n-3 LCPUFA on PPAR-γmay therefore affect
IGF-1 production differently in boys and girls. However, these
hypotheses are speculative and need further investigation.
The strengths of the present study include its randomised

controlled design, the long intervention period and the use of
erythrocyte EPA as a biomarker of n-3 LCPUFA intake, which
showed good compliance with the relatively high dose of FO
supplements. Although the study and sample size were not
originally designed to look at sex interactions, and although the
dose–response analyses showed modest correlations with
r values of approximately 0·30, the consistency between the
results of the group comparisons and the dose–response
analyses support their credibility. It would have been desirable
to be able to investigate the potential effects on bone mass and
body composition by use of DXA scans. However, this would
have been costly and time-consuming, and the quality of the
scans would have been questionable, as it requires the child
to lie still without moving for at least 5 min. In addition,
measurement of a larger panel of growth and bone markers in
blood and urine could have added more knowledge to the
observed effects, but this was not obtainable with the available
resources. The intake of n-3 LCPUFA is relatively high in

Denmark, and this may limit the potential impact of supplying
additional n-3 LCPUFA. However, as demonstrated, the study
population had a low intake of fish, and despite the high degree
of breast-feeding, which is an important source of DHA in
infancy(20), their erythrocyte n-3 LCPUFA content was increased
more than 2-fold by the FO supplementation. As risked in most
FO trials in young children, blinding of parents was partly
unsuccessful, probably because of the odours of FO when not
kept at low temperature, and when spilled on the child’s
clothes. We tried to minimise this risk, as well as fatty acid
oxidation, by instructing the parents to keep the unopened oil
bottles in the freezer and in the refrigerator once opened.
Although unblinding may be more of a problem in studies with
adults or older children where the subjects themselves become
aware of their allocation, it is a limitation of the present study
that may have affected the parent’s health behaviour and
thereby potentially the results. Incorporating the oils into foods
could have reduced this problem; however, this could have
given other issues, as it is hard to administer a specific amount
of the same food to an infant every day. Unfortunately, we did
not ask the examiners to guess the children’s group allocations.
SO was chosen as control oil, as it most likely resembles the
plant oil normally used in the infants’ diets, and to avoid
potential effects of an overall low supply of PUFA. EPA was
used as a biomarker of FO intake and compliance, as it showed
better correlation with estimated FO consumption than DHA.
Erythrocytes were chosen because their n-3 LCPUFA content
reflects intakes over the last months(36) – that is, a relatively
large part of the 9-month intervention period.

In conclusion, this study showed no effects of FO on the IGF
axis in the total population of healthy Danish infants. However,
plasma IGF-1 was higher in boys and IGFBP-3 was lower in
girls after FO compared with SO supplementation from 9 to
18 months of age, and the results were supported by dose–
response relationships. However, although IGF-1 and IGFBP-3
were sex specifically and positively associated with length and
BMI at 18 months, no sex-specific or overall effects of FO were
seen on growth. These findings need confirmation in larger
randomised trials, and the potential underlying mechanisms
and long-term implications for growth and body composition
should be investigated further.
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