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Abstract

Background: Marine resources including fatty fish are important sources of n-3 long chain polyunsaturated fatty
acids (n-3 LC-PUFAs), which are important for brain development. To our knowledge, this is the first randomized
controlled trial (RCT) investigating the impact of fatty fish on cognition in preschool children. The purpose of the
trial was to investigate whether an increased intake of fatty fish compared to meat improves cognitive function in
children 4-6 years old.

Methods: The children (n = 232) in this two-armed RCT, Fish Intervention Studies-KIDS (FINS-KIDS) were recruited
from 13 kindergartens in Bergen, Norway. They were randomly assigned to lunch meals with fatty fish (herring/
mackerel) or meat (chicken/lamb/beef) three times a week for 16 weeks. The fish and meat were weighed before
and after the meals to record the exact consumption (dietary compliance). The primary outcome was cognitive
function measured by the Wechsler Preschool and Primary Scale of Intelligence, 3rd edition (WPPSI-IIl) and
fine-motor coordination measured by the 9-Hole Peg Test (9-HPT) at pre- and post-intervention. Biological samples
(blood, urine, hair), and questionnaires to the caregivers were included at both time points. Linear mixed effect
models with a random intercept for kindergarten were used to analyze changes from pre- to post-intervention in
the primary outcome variables.

Results: There were 218 children included in the trial (105 in the fish, and 113 in the meat group). The children
consumed a mean (standard deviation) of 2070 (978) g fish or 2675 (850) g meat from the study meals (p < 0.0001).
The fish group had a significant increase of red blood cell n-3 LC-PUFAs. The intervention had no effect on the
WPPSI-III scores (mean change total raw score; fish group 17.7, 95% confidence interval (Cl) 14.8-20.7 vs meat
group 17.8, 95% ClI 15.0-20.6, p = 0.97) in the main analyses. In the sub-analyses, adjusting for dietary compliance,
the fish group showed a higher improvement on total raw score (204, 95% Cl 17.5-23.3) compared to the meat
group (15.2, 95% Cl 12.4-18.0, p = 0.0060); docosahexaenoic acid mediated this effect.

Conclusions: There was no beneficial effect of fatty fish compared to meat on cognitive functioning in the preschool
children. When considering dietary compliance, we found a beneficial effect of fatty fish on cognitive scores.

Trial registration: ClinicalTrials.gov, NCT02331667 December 17, 2014.
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Background

Fish are important sources of n-3 long chain polyunsat-
urated fatty acids (n-3 LC-PUFAs). Eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) play a crit-
ical role in optimizing brain development [1, 2] and may
therefore be important for cognitive functioning from
childhood throughout the lifespan [3, 4].

Intervention studies examining the effect of n-3 LC-
PUFA supplementation on cognitive function in children
have shown both positive [5-8] and null results [6, 9,
10]. A meta-analysis of randomized controlled interven-
tion trials (RCTs) concluded that there is a beneficial ef-
fect of n-3 LC-PUFA supplementation on cognitive
development in infants, but that there is no consistent
evidence for a similar effect in later childhood [11]. Due
to the high concentration of n-3 LC-PUFA in fatty fish,
an effect of fatty fish consumption on cognitive function
seems plausible. In addition to n-3 LC-PUFAs, fish con-
tains micronutrients such as vitamin D and iodine that
may have positive influences on cognition in infants and
children [12-15], and the differences in bioavailability of
n-3 LC-PUFAs between fish meals and supplements may
give superiority effects for fish intake [16]. Observational
studies have shown a positive relation between fish con-
sumption and cognitive function in adolescents and
adults [17-19], with findings suggesting that higher in-
takes of seafood are associated with higher performance
on cognitive tests [20]. To our knowledge, there are no
RCTs examining fatty fish consumption and cognitive
function in children.

The purpose of this RCT was to investigate if in-
creased intake of EPA- and DHA-rich herring and mack-
erel improve cognitive functions, compared to meat, in
terms of both general intellectual abilities and intellec-
tual functioning in the verbal and performance domains
and processing speed in 4- to 6-year-old preschool
children.

Methods
Trial design and oversight
In the two-armed Fish Intervention Studies-KIDS (FINS-
KIDS), conducted in Bergen, Norway, preschool children
were individually randomized to receive three hot lunch
meals per week containing fatty fish or meat for 16 weeks.
The trial has approval from the Regional Committees
for Medical and Health Research Ethics North (2014/
1396). Written informed consent was obtained from the
participants’ caregivers. Participants could withdraw
from the study at any time without giving any reason.

Enrollment and randomization

Seventeen out of the total 250 kindergartens in Bergen
municipality were invited, and 13 agreed to participate.
Invitations were sent out to kindergartens in different
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districts to ensure participants with different socioeco-
nomic status. Children 4-6 years old, with sufficient
understanding of the Norwegian language to undergo
cognitive testing, and whose caregivers had sufficient
language skills to answer online questionnaires in
Norwegian, were included. Exclusion criteria were any
known food allergies. Children were randomly assigned
in a 1:1 ratio to receive lunch meals with either fatty fish
or meat, stratified on gender. A blinded researcher
generated independent allocation sequences and the
randomization lists for each kindergarten, using Microsoft
Excel. Another researcher controlled the randomization
procedure.

Procedure

The trial took place between January and June 2015. The
inclusion and pre-intervention tests were done during a
6-week period. The intervention started within 1 week
after the pre-intervention data were collected, and the
post-intervention testing started within 1 week after the
last study meal was consumed. Pre- and post-intervention
testing included cognitive tests, blood, urine, and hair
sampling, and online questionnaires to the caregivers. A
catering company (Sett+Salt A/S, Bergen) prepared and
delivered the study meals to each kindergarten. Each meal
contained 50-80 g fatty fish (herring/mackerel) or meat
(chicken/lamb/beef). Meat was chosen as the comparison
to the intervention (fatty fish) to enable control of the in-
take in the comparison group and to ensure that the sup-
ply of nutrient was different between the two groups. A
variety of identical side dishes was provided for both inter-
vention groups. Results from the analyses of energy, nutri-
ents, and undesirable substances in the meat and fish
from the study meals are presented in Additional file 1:
Table S1.

Research assistants, not otherwise involved in the
study, served the meals and weighed the fish and meat
with identical digital weights (Digital Glass Kitchen
Scale, Soehnle, Nassau, Germany) before and after the
lunch. The exact consumption of each meal in grams
was summed up to a total amount, constituting dietary
compliance for each child. The research assistants re-
corded when children were absent and when they were
present during the meals to secure that the children ate
from their own meal only.

Outcome measures

Cognitive tests

The primary outcome was cognitive function measured
by the general intellectual ability test Wechsler Pre-
school and Primary Scale of Intelligence, 3rd edition
(WPPSI-III) [21] and the 9-Hole Peg Test (9-HPT) [22].
WPPSI-III is a widely used test to measure general intel-
lectual abilities [23] which has been translated and
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standardized to a Norwegian population and has Norwe-
gian norms [24]. The evaluation of the Norwegian ver-
sion demonstrates good psychometric properties,
showing that this tool is a reliable and valid measure of
intellectual abilities in the Norwegian population. We
used eight sub-tests (Information, Vocabulary, Word
Reasoning, Block Design, Matrix Reasoning, Picture
Concepts, Coding, and Symbol Search) to generate a
Full-Scale IQ (FIQ), Verbal IQ (VIQ), Performance IQ
(PIQ), and a Processing Speed Quotient (PSQ). Both
age-corrected raw scores and scaled scores were used in
the analyses. The 9-HPT is a validated test of dexterity
and fine-motor coordination in children where the time
required for task completion is recorded for both the
dominant and non-dominant hand [22, 25].

Nine test administrators (students in medicine and nu-
trition) were trained for 30 h on administering the
WPPSI-III and 9-HPT prior to the first test phase. A
clinical child psychologist (IK) was responsible for the
training and supervision. Ten percent of the tests were
scored by two administrators, and the inter-class corre-
lations ranged from 0.98 to 1.00, indicating high inter-
rater agreement. Tests were administered in separate
rooms in the kindergartens, with noise kept to a mini-
mum. Each session lasted for 60—90 min including a
small break. The testers were blinded to the treatment
conditions.

All WPPSI-III forms were cross-checked and then
scored by test administrators using the Pearson WPPSI-
III Scoring Assistant® software. Following validation, two
data entry operators entered the data separately.

Questionnaires

A revised version of a validated food frequency question-
naire (FFQ) [26-28] was filled in online by the care-
givers pre- and post-intervention to assess the food
intake during the last 3 months. The caregivers were
instructed not to include intervention meals. The ques-
tionnaire also included questions regarding demograph-
ics (children’s weight/height, parental education, family
income, physical activity). We do not have information
on whether mothers, fathers, or other caregivers filled in
the questionnaires for the children.

An index calculation was carried out based on the de-
velopment and validation of a seafood index by Markhus
et al. [27]. These calculations converted ordinal fre-
quency data in the FFQ to numerical scale data. The
food items other than seafood were converted in a simi-
lar manner.

In addition, a diet score, as previously described by
Handeland et al. [28], to assess the children’s adherence
to Norwegian dietary recommendations [29] was deter-
mined from the FFQ results. The recommendations used
included the following: eat at least three portions of
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vegetables and two portions of fruit every day, eat at
least four whole-grain products every day, eat fish corre-
sponding to two to three dinner servings a week, limit
the intake of red meat products, choose low-fat dairy
products, limit the intake of added sugar, choose water
as the recommended beverage, and do some form of
physical activity at least 30 min every day. The diet score
ranged from O to 8, with 8 as the best adherence to the
dietary recommendations. The diet score was divided
into the three categories “low” (0—3 points), “moderate”
(4-5 points), and “high” (6—8 points).

Biochemical analyses

Two biomedical scientists blinded to treatment condi-
tions performed the blood sampling in each kindergar-
ten. Venous blood was collected in BD Vacutainer® K2E
7.2-mg vials for preparation of red blood cells (RBC)
and BD Vacutainer® SST™ II Advance for preparation of
serum and centrifuged (10 min/1000 g/20 °C) within 30
min of sampling, transferred to Cryotubes (Nunc/Ros-
kilde/Denmark), and transported on dry ice to storage at
-80 °C until analysis. Mixed pre- and post-intervention
samples were analyzed after the intervention.

Fatty acid composition of total RBC was determined
by standardized procedures at the Institute of Marine
Research (IMR) [30], using ultrafast gas chromatography
(UFGC) (Thermo Electron Corporation, Massachusetts,
USA).

The s-25-hydroxyvitamin D3 (25(0OH)D); concentrations
were determined by standardized procedures at IMR [31],
using a liquid chromatographic-tandem mass spectrometric
(LC-MS/MS) assay adding acetonitrile and an internal stand-
ard (*H 250H vitamin D) to the samples.

s-ferritin was analyzed at Haraldsplass Diakonale Hospital,
Bergen, by an automated electrochemiluminescence im-
munoassay (ECLIA) on Cobas e601 (Roche).

Urinary iodine concentration (UIC) was determined
in spot samples by inductive coupled plasma mass
spectrometry (ICP-MS) by standardized procedures at
IMR [32].

Total hair mercury concentration (THHg) was ob-
tained by cutting a bundle of hairs approximately 3 mm
in diameter as close to the scalp as possible from the
occipital area. Samples were analyzed using a Direct
Mercury Analyzer (DMA-80, Milestone) [33]. Human
hair ITAEA-086 was used as standard reference material
(powder, International Atomic Energy Agency (IAEA),
Vienna, Austria).

Sample size calculations

The mean general ability score of the WPPSI-III is 100
with a standard deviation (SD) of 15 [24]. An effect size
of 0.37 (corresponding to approximately 5 WPPSI-III
points) can be detected with a power of 80% and a
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significance level of alpha = 0.05 by studying 116 sub-
jects per group. Estimating 20% dropout, a total of 290
children ought to be invited.

Statistical analyses

Continuous variables are expressed as mean and SD, and
categorical variables as numbers and percentages. For
the WPPSI-III, we use scaled scores to describe the sam-
ple (Table 1) and raw scores in the regression models
and for the mediation analyses. We chose raw scores for
the statistical analyses to ensure that the scores had suf-
ficient range and variance to identify the possible impact
of fatty fish on cognition [34].

A paired samples ¢ test was used to compare variables
within the intervention groups, and an independent
samples ¢ test was used for comparisons between the
intervention groups. The correlation between diet score
and parental education was assessed by using Pearson
product moment correlation. In the main analyses, the
paired samples ¢ test was used to compare differences
between pre- and post-intervention values in the pri-
mary outcome variables within each intervention group.
Linear mixed effect models with a random intercept for
kindergarten were used to analyze changes from pre- to
post-intervention in the primary outcome variables. The
models were adjusted for age, which is appropriate when
using raw scores, and the pre-intervention score. Un-
adjusted analyses were also performed but did not differ
from the adjusted analyses (data not shown).

In sub-analyses, we first included dietary compliance,
and secondly the interaction between the intervention
group and dietary compliance. To illustrate the possible
interaction between intervention and dietary compliance
on WPPSI-III total and sub-scale raw scores, we used
scatter plots with estimated regression lines from the
model. A likelihood ratio test was applied to compare
models. The models were also adjusted for parental
education, family income, gender, FFQ-reported fish in-
take (background diet), and THHg, but these adjust-
ments did not alter the estimates for any of the models
substantially (data not shown).

The potential mediation effect of biochemical parame-
ters (change in pre- to post-intervention of RBC linoleic
acid, arachidonic acid, EPA, docosapentaenoic acid,
DHA, s-25(OH)D, s-ferritin, and UIC) and reported
dietary intake (FFQ data) on the significant association
between intervention and WPPSI-III and 9-HPT was
assessed by standard methods [35]. The mediator vari-
ables were assessed one at a time and adjusted for pre-
intervention score, age, and dietary compliance.

Two-tailed p < 0.05 was considered statistically signifi-
cant. Analyses were performed using data analysis and
statistical software (Stata IC 14.2) and Statistical Package
for the Social Sciences (SPSS® Statistics Version 24).
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Results

Study population

In total, 314 children were eligible and invited to partici-
pate. The families of 232 children (73.9%) were enrolled
and allocated for randomization between December 19,
2014 and February 9, 2015. The intervention was com-
pleted on June 12, 2015. Of the 232 children, 114
(49.1%) were randomized to fish and 118 (50.9%) to
meat meals. Ten children did not complete the interven-
tion period, and four were excluded from the analyses
due to invalid cognitive tests (two due to vision prob-
lems and two because of incomplete tests due to dis-
tractibility). Thus, the final sample included 218 (93.7%)
children, 105 (92.1%) and 113 (95.8%) in the fish and
meat groups, respectively (Fig. 1).

The mean (SD) age of the children was 5.2 (0.6) years,
and 112 (51.4%) were girls (Table 1). There were no dif-
ferences between the participants in the fish and meat
group, or completers and non-completers on baseline
characteristics.

Background diet
The background diet as reported by meals per week and as
a diet score (Additional file 2: Figures S1 and S2) from the
FFQ was similar in the intervention groups at baseline
(Table 1 and Additional file 2: Table S2). No significant dif-
ferences within or between the groups, except for a little
lower intake of red meat in the fish group, were observed
from pre- to post-intervention (Additional file 2: Table S2).

The results from the diet score at baseline as pre-
sented in Additional file 2: Figure S1 show the adherence
to the recommendations given as percentage of children
(n = 197). Only 3% of the children adhere to the recom-
mendations for fruit and vegetables, whereas 49% and
50% adhered to the recommendations for fish and added
sugar, respectively. The highest compliance scores were
found for whole grains, red meat, dairy products, and
water, with 84%, 85%, 90%, and 96%, respectively.

Additional file 2: Figure S2 shows the percentage of
children (n = 197) attaining a diet sum score between 0
and 8 points; 11% had a low diet score (0-3 points), 54%
had a moderate diet score (4—5 points), and 35% had a
high diet score (6—8 points).

A small positive correlation between diet score and
parental education was observed (r = 0.29, p < 0.0001).

Intervention

A mean (SD) number of 44.0 (4.0) study meals were
served to each child during the intervention. The
meals had a mean (SD) concentration of 0.21 (0.15)
mg/g EPA + DHA in the meat group and 15.2 (14.2)
mg/g EPA + DHA in the fish group. Each meal had a
mean weight of 71.1 (10.4) g. The children in the
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+ Excluded from analysis
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Fig. 1 Flowchart showing the study population

Analysed (n = 113)
+ Excluded from analysis
(invalid cognitive test) (n = 3)

meat group had a higher mean (SD) total intake of
meat (2675 (850) g) than the children in the fish
group had of fish (2070 (978) g) (p < 0.0001). The
food safety aspects of the intervention were evaluated
(Additional file 1: Methods), and none of the partici-
pants exceeded 20% of the tolerable weekly intake
(TWI) for dioxin and dioxin-like polychlorinated bi-
phenyls (PCBs) from the study meals.

Changes in biochemical parameters from pre- to
post-intervention are shown in Table 2. Children in the
fish group had higher increased levels of EPA and DHA
(milligrams/gram and percentage) from pre- to post-
intervention compared to the meat group (Table 2).
There were no differences in change of s-25(OH)D3
and UIC between the intervention groups, while there
was a difference in s-ferritin, with a decrease in the fish
group and no change in the meat group.

The children in the fish group increased their
mean (SD) body weight from 20.0 (3.3) kg to 20.8
(3.9) kg and the children in the meat group from
20.2 (3.0) kg to 21.0 (2.9) kg from pre- to post-
intervention (p = 0.66).

Main analyses

In the main analyses, there were no differences in change
in WPPSI-III raw scores from pre- to post-intervention
between the intervention groups for the total scale, the

sub-scales, or on the sub-test level (Table 3). For the 9-
HPT, the children in the fish group had a slightly better
improvement for the non-dominant hand than the meat
group (-4.5 s, 95% confidence interval (CI) 5.3, -3.2 vs
-2.7 s, 95% CI -3.8, -1.7, p = 0.0470). No effect was ob-
served for the dominant hand (Table 4).

Sub-analyses

In the sub-analyses, after adjusting for dietary compliance,
the mean WPPSI-III total raw score improved more in the
fish (20.4, 95% CI 17.5-23.3) compared to the meat group
(15.2, 95% CI 12.4-18.0, p = 0.0060) (Table 3). No signifi-
cant findings were revealed for the three sub-scales, but
effects were evident in three of the sub-tests, where fatty
fish was associated with improved performance on the
Vocabulary, Block Design, and Symbol Search sub-tests of
the WPPSI-III (Table 3). In the sub-analyses the improve-
ment in the 9-HPT non-dominant hand remained stron-
ger in the fish compared to the meat group, but still no
effect was found for the dominant hand (Table 4).

There was an interaction between intervention group
and dietary compliance, reflecting that the WPPSI-III total
raw score increased by 1.2 points more per 100 g eaten
foods in the fish compared to the meat group (p < 0.0001)
(Table 3). A similar interaction effect was also evident re-
garding processing speed, where the Processing speed raw
score increased 0.8 point more per 100 g eaten foods in
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Table 1 Baseline characteristics, by intervention group
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Number, N Fish group (n = 105) Meat group (n = 113)
Demographics
Age, years 218 52 (0.6) 52 (0.6)
Body weight, kg 178 200 (33) 202 (3.0)
Body height, cm 178 1136 (5.9) 113.6 (6.5)
Boys, n (%) 106 52 (49.5%) 54 (47.8%)
Girls, n (%) 112 53 (50.5%) 59 (52.2%)
Right handedness 200 95 (90.5%) 105 (92.9%)
Left handedness 18 10 (9.5%) 8 (7.1%)
Family income in NOK®
< 200,000-749,999 51 24 (27.0%) 27 (25.7%)
750,000-1,249,999 m 47 (52.8%) 64 (61.0%)
1,250,000~ > 2,000,000 32 18 (20.2%) 14 (13.3%)
Education parents, years 195 154 (1.7) 154 (1.6)
WPPSI-III, scaled scores
FIQ 218 100.2 (12.0) 98.1 (10.8)
VIQ 218 99.5 (13.5) 985 (123)
PIQ 218 100.2 (12.5) 96.9 (12.0)
PSQ 218 1045 (12.7) 104.0 (12.0)
9-HPT, seconds
Dominant hand 218 306 (7.8) 305 (7.6)
Non-dominant hand 218 37.0(103) 36.6 (8.9)
Dietary intake from FFQ, meals/week
Seafood as dinner 197 1.8 (0.9) 1.6 (0.9)
Mackerel as dinner 197 0.1 (0.3) 0.1 (0.3)
Herring as dinner 197 0.0 (0.1) 0.0 (0.0)
Red meat as dinner 197 2.6 (0.8) 24 (0.9)
Chicken as dinner 197 14 (09) 1.2 (09
Fish as bread spread 197 14 (1.5) 12 (14)
n-3 LC-PUFA supplements 74 35 (38.5%) 39 (36.8%)
No n-3 LC-PUFA supplements 123 56 (61.5%) 67 (63.2%)

Values indicate mean (SD) or n (%). No significant differences were observed between the intervention groups
Abbreviations: FFQ food frequency questionnaire, FIQ Full-Scale 1Q, 9-HPT 9-Hole Peg Test, n-3 LC-PUFA n-3 long chain omega-3 fatty acids, PIQ Performance 1Q,

PSQ Processing Speed Quotient,

VIQ Verbal 1Q, WPPSI-IIl Wechsler Preschool and Primary Scale of Intelligence, 3rd edition

2100 NOK = approximately 10€ or 11$

the fish compared to the meat group (p < 0.0001). This
interaction was present in both Processing speed sub-
tests, Coding and Symbol Search. The results were similar
in the 9-HPT non-dominant hand, where the score
decreased 0.19 s more per 100 g eaten foods in the fish
compared to the meat group (p < 0.0027). There were no
interaction effects for the Verbal and Performance sub-
scales, or the 9-HPT dominant hand. The associations
between WPPSI-III scores, intervention group, and dietary
compliance are illustrated in Fig. 2a—d.

DHA (milligrams/gram) in RBC was found to be a
mediation factor for WPPSI-III total raw score,

explaining 19.2% of the difference in change of the
total raw score between the two intervention groups.
No mediation effects were observed for the 9-HPT,
other biochemical parameters, or FFQ data (data not
shown).

Discussion

In this RCT, cognitive function in preschool children
after intake of fatty fish or meat was examined. The
main analyses revealed no differences in general cogni-
tive function measured by WPPSI-III between the fish
and meat groups. For the 9-HPT measure of fine-motor



Page 7 of 15

@yen et al. BMC Medicine (2018) 16:41

s||92 poojq pal ul painseaw ale spioe Aey ||y “spide A1ej [e101 Jo abejuadiad se passaldxa YHQ Pue Yd3 JO 1Ua1uod ayl,
1591 J sajdwes Juapuadapul ‘sdnoib uonudAIBIUI BY) USIMIS] UOsLedWOD 1o} d

1591 7 sojdwes paired ‘sdnosb uonuaAzIul 3Y) UIYUM Uosedwod Joj d,
£Q ulwelAAxoIpAY-Sz EG(HO)SZ ‘UoieIURdUOD duIpol Aleuln Jj) ‘UONBIASP piepuels (s ‘spide Alle) paleinles y/4s ‘spioe
Aney pajeiniesunAjod v4nd ‘spioe A11e) paieiniesunouow 4N ‘pioe disjoul| 7 ‘spide A11e) /4 ‘pide dlouseiuadesodis d3 ‘Ploe diouariuadesodop dg ‘Ploe JI0ULeXayesod0p YHQJ ‘PIoe JIUOPIYdeIR iy [SUoleIARIgaY

€70 L¥00'0 (§56) G2~ 679) 9¢€tt (1'56) L'LSL 0l 900 08 TLL- (r69) Sevl 96) £091 9% /621N
£1000 90 /1) ST (€00) 80¢ (L9l) €8¢ 6 #2000 (T8l) 79— (LT1) 89¢ @10 o¢¢ 8 /61 une-s
6€0  10000> (gol) 8§ (851) 859 8€l) 009 €0l 10000 > ©5) v (081) 869 €rl) %29 6 VIoWu “g(HO)ST-S
10000 > 850 (LT1) £00 (€v'L) veL (€€ LTy €0l 10000> (0€'1) 660 691) L€ (95'1) 8¢/ 56 xapul g-ebawQ
10000 > 890 (So'l) 200 @'y 1v9 L) 6€9 €0l 10000 > (€0'1) 690 s s (0z'1) 9r'9 6 % '€-U9TC 'YHA
10000 > /50 (S€0) 200 (€¥0) 060 (9€0) 880 €0l 10000> (0¥'0) 620 (150) ¢C'L (or0) €60 56 % '€-US:0Z 'vdi
8£00°0 510 (€00) 000 (€00) ¥1'0 (€00) ¥ €0l 10000 > (€00) 200 (¥00) 9 (€00) ¥ 56 B/6w ‘€-ugizz 'YHA
€90 zLo (10'0) 000 (100) ¥00 (100) Y00 €0l 90 (100) 000 (100) ¥00 (L00) ¥00 6 B/bw ‘€-ugiz 'vda
10000 > 8€0 (100) 000 (100) 200 (100) 200 €0l 10000> (100) L (100) €00 (L00) 200 56 B6/6w ‘€-ugi0 ‘vd3
L1000 LS00 (S00) L (¥0'0) 0£0 (S00) 620 €0l 06200 (S00) 100~ (¥0'0) 820 (¥0'0) 620 56 B/6w ‘9-upi0z vV
€€0 650 (¢00) 000 (¥0'0) S0 (L00) ST0 €0l 6€0 (£0'0) 100 (900) 920 (¥00) 520 56 6/6w ‘9-uz:gl v
780 Lz (¥10) €00 (010) 580 (T10) €80 ol L0 (SL'0) 100 (¢10) 580 (010) ¥80 56 6/6w 'v4nd wns
550 060 (60'0) 000 (£00) ¥¥0 (600) ¥#0 €0l €50 (¥1'0) LOO— (900) ¥0 (€10) 70 56 B/6u ‘y4nIN wns
S10 S100 (01'0) 200 (01'0) 980 (80°0) ¥80 €0l €60 (¥1'0) 000 (60°0) 580 (01'0) 580 56 B/6u y4S wng
6€0 €0 (920) ¥00 (2o vee (¥20) 0CC €0l 0Lo0 (0r'0) 000 (tzo) tee (0£0) zee 6 B/6w 'v4 wng

d d (as) uesy abueyd (@s) ues 1s0d (as) uealy 21d u "ON 4 (QS) uespy abueyd (@s) ues 1504 (as) uesy 21d u "oN si12Weled |edjbojolg

(€11 = u) dnoib 1eay

(SoL = u) dnoib ysi4

abueyd UeaW pue uonuaARluL-Isod pue -aid 1e painsesw sia1aweled [ed1Hojolg g dqeL



Page 8 of 15

@yen et al. BMC Medicine (2018) 16:41

S0 710 M [9POW
91 01/0) 'L (§10190) L'l (@1 01/0) 'L 10000 > (r'e) §s¢ (Le) eve 1B
(€covl)el 69¢00 (czorgl) gl 8900 (lzorgl) 2L 10000 > (¥re) 7ot ©9¢) 9¥¢ ysi4

ubisa@ »oo|g
€Lo 81000 SV 19POW
9901 ¢¥) 'S (F90107%) TS (89 01 ¥¥) 9§ 10000 > (Lol ¢ss (rol) cev 1eay
(62 01%5) 99 91’0 (10175 9 590 (€201 /%) 09 10000 > (601) €45 (Lol) £1s ysi4

91015 MBI 3DURUIIONDJ
9¢00 L0000 oM [PPOW
Qrocgcl)el Fzorll) gl (Lzoryl) LT 10000 > (1) 091 67) 6€L 1es\
(8co1¢l) e 50 (Lz01¥1)0C 050 (Fcoyl'l) gl 10000 > (§9) ¥9l (€9 8l ysi4

Buluoseay pIop
9¢’0 10000 > oM} [PPOW
(7L 0 1'0-) L0 (€101107)9 (6L 0ry0) L'L 9000 (69 s61 (19) ¥'8L 1e3N
(Szorol) 2L 89100 (Fz0160) L1 660 (61 01€0) L'L SL00 (69 6l (59) 08l ysi4

AiejngedoA
S6°0 £900 oV [9POW
(F'1 010 0L (7’1 01/0) 0L (S10180) L'l 10000 > (0¢) LvT (ce) gec 1eay
(F'101/0) L'L 060 (7L 01/0) L'l €90 (7’1 ©190) 0L 10000 > 0¢) 8¥%C (ce) gee ysi4

uolnewloju|
¢L00 10000 > 19000 oM [SPOW
(8% 0197 /€ (S 01 ¥7) '€ (FS0o11e) €r 10000 > (SCl) T09 (£T1) 665 1esy
(1'9018€) 6% Lo (85019¢) /¥ 650 (050197 8¢ 10000 > (Crl) ¥ 09 (F'el) 999 CRE!

°2J02S Mel |eqlaA
10000 > 10000 > oM [OPOW
(861 0r/ VL) TLL (gL 01 vCl) TSL (90 01 061) 8/L 10000 > (L'eg) 8651 (S€) L1l 1esy
(Svcorv6l) 6'1C 09000 (€€C01G/1) ¥ 0T 60 (Lozorgyl) L4L 10000 > (C9g) L2791 (0G¢) €L ysi4

2J0DS Mel [e10]

[I-ISddM

d (ID %56) ueap abueyd d (ID %56) ueap abueyd d (ID %56) ueapy abueyd od (@S) ues|y 150 (@s) ues 2ud uonRuUSAIRI|

ECaltJ[(e[WIenMITENVE Vel RITS V]
‘3ouel|dwod ‘abe ‘21035-31d

,9oueljdwod ‘abe ‘21005-ald

Dmmm '21025-3.d

1oy paisnipe s|opoy

sasAjeue-gng

sasAjeue uley

(S = U) 1eawl pue (S| = U) Ysl YIm S[eaud Apnis 1aye saiods Mel (||-ISddM) UonIpa pig ‘@ousbijj@1u] Jo 3jeds Alewlld pue |[0oydsald J9|sydapn Ul abueyd pawipald € ajqel



Page 9 of 15

@yen et al. BMC Medicine (2018) 16:41

sasA|eue [apow Paxiw Jeaul| ||e ul papniaul sem udpefiapuny 1oy 3dadia3ul wopuel
[9pow snoinaid ay1 01 11y JO ssaUPOOH dY) 21edwod 0} 1531 Ol POOYIANIT,
sanjeA uesw ‘adueljdwod pue (dnoib UoRUBAISIUI) JUSWIRII} USBMID] UORDRISIUI PUE ‘3BR ‘9105 UonUBAIRIUI-21d 1oy PaIsnipe [spow 10348 paxiw JeaurT,,
(PaWINSUOD 1e3W /YS! JO Junowe) adueldwod pue ‘abe ‘2103s uoIIUBAIBIUI-aId J0) PaISN[pe [9POW 139 PaXIW Jeaur,
abe pue 21035 uonuaAIRIUL-21d 104 PRISNIPE [3POW 10349 PaXIW Jeaur],
dnouf uonUIAIBIUL YoBS UILYIIM SIN[EA UOIIUSAIRIUISOd pue -aid [enpIAlpul JO uosLiedwod 1oy 153} 1 sajdwies palled,
UOIIRIASP PiepUE)S (S ‘|eAIDIUI 3DUSPHUOD [ SUONRIAIGQY
(ID %S6) UeSW se abueyd “(gS) ueaw se USAIB aJe elep uolUSAIRUI-ISOd pue -aid

£2000 7000 oH [PPOW
(Ge01/1)9C (ceovyl)ee (g0 /1)9C 10000 > (G4 91 (€ 0¢l 1esN
(Irsorge) ¢y €9100 (8% 010€) 6°€ [4%0) Sy 01/7) 9€ 10000 > (69 0°LL (') Sl CRE!

421e3S [0qUIAS
10000 > 10000 > oV I9POW
(8901 8¢) €9 090160 vy (89 019¢) ¢S 10000 > (r'cl) 88¢ ©90l1) 9¢€c 1e9N
(£2019%) 79 170 (02018¢) ¥'S 850 (C90167) S 10000 > (6Tl) 1'8C (0cl) s€c ysi4

buipod
10000 > 10000 > SV 19POW
(001 0109) 08 (88 01 9%) £9 (66 01/G) 8L 10000 > ©O81) ¥y (€91) 99¢ 1ealy
(STL01¥78) SOl 6600 FLLoY 1/ €6 €80 (€0L0169) 18 10000 > (c8l) 06y ((WAbNWVAS ysi4

21025 MeJ paads BuIssad0Id
Sv0 L1000 oM [PPOW
(tT0160) 81 (97 0180) 'L (6T 01 11)0C 10000 > (€9 6€L F9)SLL 1esy
(ceagl) e 9C0 (ceavl)ve 160 (0eor1y)Le G000 (1'9) 9L 09 o€l ysi4

s1deduo) ainld
160 L0 oM} [PPOW
(8corgl)ce (8cosl) ce (lreo9l)ce 10000 > (6¢) 851 (€y) S€L 1e9N
(ceogl)se 870 (ceorgl)se ¢s0 (leorgl)se 10000 > (L¥) G91 (ChRad ysi4

Bujuosesy xiiep

d (1D %56) ueap abueyd d (ID %56) ueap abueyd d (ID %56) ueap abueyd od (@S) uesy 150 (@s) ues 214 uoRUSAIRU|

wucm:QEOU*wcwEHmwb uoinoelaqul

p
'3due||dwod ‘be ‘91035-21d

,ueljdwiod ‘abe ‘3103s-aid

pw@m '21025-21d

10} paisnipe s|opo

sasKjeue-gng

sasAjeue utey

(panunuod)

(ELL = U) 1eawl pue (SO = U) YSl YUm sjeaud Apnis Jaye sa10ds Mel (||-ISddM) Uonipa pig ‘@ousbij|au] Jo ajeds Alewllid pue |[0oydsald 49|SYdapn ul abueyd pawipald € ajqel



Page 10 of 15

@yen et al. BMC Medicine (2018) 16:41

sasAjeue [9pow paxiw Jeau| [[e Ul papn|pul sem ualiebiapuly 1oy 1dad4)ul Wopues

[9pow snoiaaid 3Y1 0 11y Jo SsEUPOOB Sy d1edWod 0) 153) ORI POOYIANIT,

sonjeA ueaw ‘adueljdwod pue (dnoib uonusAISIUI) JUSUIIEI) USBMIS] UOIDRISIUI Pue ‘Bbe ‘D10s uonUBAIRIUI-a.d J0j palsnipe [pou 1235 paxiw JeaurT,
(PaWiNSuU0d 1e3aW/ysly Jo Junowe) asueldwod pue ‘abe ‘2105 uonuaAIRUI-ad J0j PIISNIpe [Spow 1299 paxiw Jeaul,
abe pue 21035 uonUAAIRUI-2I 10} PAISNIPE [SPOUI 15343 PAXIW Jedul,
dnoib uonuaAIRIUL Ydea UIYlIM SaNjeA uonuaAIlul-1sod pue -aid [enpiaipul Jo uosiiedwod 1oy 1591 1 sajdwes paiied,
UONBIASP pJepuels (S ‘[BAISIUI 9DUIPLUOD [) :SUOIRIARIGQY
(1D %S56) ueaw se abueyd ‘(gs) ueaw se USAID ase eyep uonusAIRIUI-Isod pue -aid

12000 9v000 M [PPOW
(1= 016¢-) 8T~ (1= 015E-) §T — (L1-01g8¢-) LT~ €0000 ') Ove (68) 99¢ BEEDY
(9€— 01 66-) 89— 0LL00 (€= 01 9G-) Sv— 0L¥00 (TE- 01 €5-) Th— 10000 > 90 1t (€oL) 0L€ usty

puey 1ueuilop-UoN
590 610 M [PPON
80— /7)) 8l - (80— 97-) L1 - Ol1—01/7-) 81— £/000 (19) £'8C 91 sog 183N
61— 018€) 67— 600 61— 01 /e-) 8T~ 610 @l-019¢) LT~ L0000 > (19) 622 81) 90¢ ustd

puey jueuiwod

1dH6

d (ID %56) ueayy sbueyd d (ID %56) ueayy sbueyd d (1D %S56) ues abuey) o (Qs) uealy 1sod (@s) ueapy aid UONUIAISI|

_owucm__o_EOU*Eprmwb
uodeIAUI ‘9oueldwod ‘abe 21035-a1d

ueljdwiod ‘abe ‘2103s-a1d

Do@m '21025-21d

104 paisnipe s|Ppo

sasAjeue-gng

sasKjeue ulepy

(SOL = U) YSiy 4O (€11 = U) 18U YUM S[eall APNIS UYL SPU0IS (| dH-6) 1591 Bad 3|0H-6 Ul abueyd pawipaid ¢ ajqel



@yen et al. BMC Medicine (2018) 16:41

Page 11 of 15

a WPPSI-Ill Total raw score

60
L

20 40
L h

Change in total raw score

0
L

-20
L

Amount of fish or meat consumed (kg)

(7]

WPPSI-IIl Performance raw score

40
h

30
L

Change in performance raw score
0 10 20
L L L

-10
L

-20
L

Amount of fish or meat consumed (kg)

Fig. 2 Scatter plots of changes in the Wechsler Preschool and Primary Scale of Intelligence, 3rd edition (WPPSI-IIl) from pre- to post-intervention
vs amount fish (blue)/meat (red) consumed in kilograms (kg) (dietary compliance). The estimated regression line from an adjusted mixed effect model
including the interaction between intervention and compliance, together with regression coefficient (3) and a 95% confidence interval are presented.
Panel a shows WPPSI-IIl Total raw score, b Verbal raw score, ¢ Performance raw score, and d Processing speed raw score

b WPPSI-lIl Verbal raw score
24
=
3
2
S .
3 .
z & ° .
k] .
= .
El
£ o
5 2
2
£
o
S o
2
g
£
o
o
o
&
T
0 1 2 3 4 5 6
Amount of fish or meat consumed (kg)

WPPSI-IIl Processing speed raw score
.

20 30 40
L I

Change in processing speed raw score
10
|

Amount of fish or meat consumed (kg)

coordination, the fish group improved slightly more
compared to the meat group for the non-dominant
hand, but not for the dominant hand. In the sub-
analyses, we found higher improvements in the fish
compared to the meat group, after adjusting for dietary
compliance in the total WPPSI-III raw scores and in
three of the eight sub-tests, as well as in the 9-HPT
non-dominant hand. There were no differences in the
three main WPPSI-III raw-score sub-scales, Verbal,
Performance, and Processing speed or in the 9-HPT
dominant hand. An interaction effect was found between
intervention and dietary compliance on both the total
score and the Processing speed sub-scale score, and in
the sub-tests comprising the Processing speed sub-scale.
A similar effect was observed for 9-HPT non-dominant
hand. This reflects that the scores increased more with
higher dietary compliance in the fish than the meat
group. EPA and DHA showed significant increases in
the fish group compared to the meat group, and DHA
was a significant mediation factor for the WPSSI-III
total scores.

Serving herring and mackerel to preschool children
did not increase cognitive functioning per se in the
present trial. To our knowledge, this is the first RCT in-
volving fatty fish consumption and cognitive function in
preschool children, and other studies are thus not dir-
ectly comparable. It has been suggested that n-3 LC-

PUFA supplementation to healthy children may yield
smaller impacts than in trials including children with
poorer nutritional status [4, 36]. Thus, a possible explan-
ation for the lack of an effect of fatty fish in the main
analyses in the present trial could be that the children
were not deficient in micro- or macronutrients prior to
the intervention, as reflected by the FFQ data and the
diet score. The diet score indicates that the children
consumed little fruit and vegetables, but the score on
the seafood intake, which is the most important factor
for this study, was relatively high, and almost 50% of the
children consumed seafood according to the recommen-
dation of two to three times weekly. In comparison,
about 40% of adolescents adhered to the seafood recom-
mendations in the study by Handeland et al. [28]. In
addition, taken together, the overall diet score and re-
sults from the biological analyses show that the diet as
well as the levels of n-3 LC-PUFA, vitamin D, iodine,
and ferritin status were good in these children. Further-
more, it has been suggested that studies of dietary n-3
LC-PUFA’s effect on cognition should have an interven-
tion period of at least 4 months [4]. Although the
4-month intervention period was sufficient to yield an
increase in the children’s RBC marine fatty acids, it may
take longer until this increase leads to improvements of
complex cognitive abilities [8]. The positive effect of the
intervention in the 9-HPT non-dominant hand should
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be interpreted with care, given that we did not find a
beneficial effect on the dominant hand. The beneficial
effect could be due to an increased potential for im-
provements, as the non-dominant hand is less trained.
However, this effect would be expected to be similar in
both intervention groups.

In the sub-analyses, the improvements in the total
WPPSI-III score, three of the sub-tests, and the 9-
HPT non-dominant hand could indicate that a certain
amount of fatty fish must be consumed for a benefi-
cial effect to occur. These results are supported by
the significant interaction between the intervention
groups and dietary compliance on both the total
scores and in the Processing speed sub-scale, reflect-
ing that the cognitive scores increase more with
higher fish intake. Our findings are supported by re-
sults from observational studies in Dutch adolescents
where higher fish intake was associated with higher
scores on vocabulary tests and end-term scores [18].
Furthermore, in a large cohort of pregnant women,
findings indicate that the lower the maternal seafood
intake during pregnancy, the higher the risk of sub-
optimum development of their children [20]. In the
latter study, a weekly intake of 340 g seafood is sug-
gested as a cut-off, where an intake of less than this
amount during pregnancy is associated with an in-
creased risk of adverse outcomes in the offspring.
Through our results we cannot suggest a similar ideal
dose of weekly seafood intake in preschoolers, but
our findings indicate a dose-response relationship
between WPPSI-III raw scores and amount of fish
consumed, as shown in Fig. 2. IQ scores are known
to be stable measures that are not easily changed
within an individual [23]. Note, however, that the sig-
nificant findings in the sub-analyses in the current
study were relatively small, and thus the clinical im-
plications of our findings are unknown. Measures on
long-term daily life functioning and academic achieve-
ment could give a broader understanding of the im-
pact of our findings for these children. The lower
consumption in the fish compared to the meat group
could indicate that the children did not consume
enough fish to produce improvements in cognitive
function, and that a longer treatment period could be
needed. Adjusting for parental education and family
income did not alter the estimates or the p values, in-
dicating that the effects, after accounting for the
amount consumed, are independent of the socioeco-
nomic situation for the family. In addition, intake of
fish beyond the meals in the kindergartens (back-
ground diet) and hair mercury levels was also taken
into account with no significance for the results. High
exposure of mercury levels can have a negative effect
on neurodevelopment [37]; however, the concentrations in

Page 12 of 15

the study fish meals were relatively low (Additional file 1:
Table S1).

We did not find a beneficial effect of fatty fish on the
Verbal and Performance sub-scales and in Processing
speed in the sub-analyses considering dietary compli-
ance. There was, however, a small beneficial effect in
three out of eight sub-tests across the three sub-scales.
Since these three sub-tests are from separate domains,
we cannot conclude on any specific effects of the fatty
fish. The interaction effect in the Processing speed sub-
scale and the connected processing speed sub-tests,
Coding and Symbol search, as well as 9-HPT non-
dominant hand should be noted. This effect suggests
that the speed of processing and fine-motor coordin-
ation improve more in the fish compared to the meat
group relative to the amount of fish or meat the children
consumed. The Processing speed sub-scale measures the
ability to quickly and correctly scan and discriminate
simple visual information [21]. DHA is important for
neural communication and may thus affect the speed of
processing [2]. There is some support for the signifi-
cance of n-3 LC-PUFA for processing speed in children
[7]. Tests of processing speed have rarely been included
as an outcome per se, and thus more studies with pure
tests of processing speed would be required to study the
link between n-3 LC-PUFA and speed of processing fur-
ther [4]. Improved fine-motor coordination has also
been observed in children affected by phenylketonuria,
after supplementation with fish oil for a period of 3
months. The children had a low dietary intake of n-3
LC-PUFA prior to the supplementation trial [38].

Our results demonstrate increased EPA and DHA levels
from pre- to post-intervention in the fish compared to the
meat group. In the explorative analyses, we found DHA to
be the only biochemical parameter that mediated the
effect on cognition. This finding is supported by the
plausibility of an impact of n-3 LC-PUFA and especially
DHA on cognition, substantiated by evidence for potential
mechanisms [8]. Our findings are comparable to the find-
ings in a Danish school-based general meal intervention
study, where 3 months of school meals resulted in in-
creased EPA and DHA status. EPA and DHA status was
positively associated with cognitive performance, suggest-
ing that the n-3 LC-PUFA explained approximately 20%
of the intervention effect on the cognitive scores in the 8-
to 11-year-old children [39]. We did not observe any sig-
nificant mediation effects of vitamin D or iodine. The
amount of vitamin D and iodine was relatively low in the
served fish (Additional file 1: Table S1). This may explain
why we observed a relatively small increment in vitamin
D levels, and sun exposure may be an explanation for the
similar increment in both the intervention groups in vita-
min D from pre- to post-intervention (Table 2). In previ-
ous research, positive associations between maternal
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vitamin D status and infants’ cognitive function have been
observed [13, 14]. However, such findings are not sup-
ported in RCTs with vitamin D supplementation in
children [40]. Iodine supplementation has been found to
improve cognitive function in mildly iodine-deficient
children [12]. Other nutrients, such as vitamin B12 [41]
and choline [42], could also be of importance according to
the literature, but they were not taken into account in this
trial.

Although outside the scope of this study, the incre-
ment of the omega-3 index to more than 8% among
children in the fish group may have a positive influ-
ence on other aspects of health such as protection
from coronary heart disease later on in life. In adults,
an omega-3 index >8% shows greatest protection,
and <4% shows least protection from coronary heart
disease [43].

The strengths of this trial include the intervention de-
sign where the testers were blinded to treatment condi-
tion, individual randomization of participants, low
attrition rate, close monitoring and biomarker deter-
mination, detailed information on nutrient content and
amount of fish and meat eaten from the study meals, as
well as the comprehensive measures of cognitive func-
tion. Our WPPSI-III data demonstrate high inter-rater
agreement and scores that are comparable to the Nor-
wegian normative sample, giving support to the validity
and reliability of the collected data. Our sample size
was slightly lower than calculated; still we had 78%
power to detect an effect size of 0.37. Inclusion of spe-
cific neuropsychological measures could have yielded
findings in other cognitive domains that may be under
the influence of the n-3 LC-PUFAs. Furthermore, a lon-
ger intervention period may have been necessary to
demonstrate significant results on cognitive function,
although our results do indicate that 4 months may be
sufficient to demonstrate differences as long as the par-
ticipants consume sufficient amounts of the interven-
tion meals. There is a possibility of training effects due
to the short time lap between the pre- and post-testing;
however, both groups would then be expected to have
similar improvements. Inclusion of a no-intervention
control group would enable the investigation of the
possible effect of having meals served for lunch in the
kindergarten compared to not. Finally, we did not ob-
tain information about who filled out the questionnaire
on behalf of the children, and it is not necessarily the
same caregiver who completed it at pre- and post-
intervention, which may have led to information bias.
Reporting their children’s food intake could also result
in over-reporting of healthy and under-reporting of un-
healthy food groups due to the perceived social desir-
ability of an intake in accordance with the
recommendations.
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Conclusions

In conclusion, no significant effects of serving fatty fish
were found on cognitive functioning measured by WPPSI-
III in the main analyses. In the sub-analyses, taking the
amount of fish or meat the children consumed into
account, a beneficial effect of fatty fish was found on cog-
nition, and DHA explains some of this effect.
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