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Abstract
Marine n-3 fatty acids (n-3LCPUFA) have shown neurocognitive benefits in children with attention-deficit/hyperactivity disorder (ADHD), but
few trials have examined effects in adults with autism spectrum disorder (ASD). We explored, if n-3LCPUFA affect cognitive functions in adults
with ASD, and if effects aremodified by comorbid ADHD. In a 2 × 4week crossover study, twenty-six participants were randomised to sequence
of supplementation with fish oil (FO, 5·2 g/d n-3PUFA) and safflower oil (SO). At baseline and after each period, we measured primary out-
comes: attention (d2-test) and spatial working memory (Corsi test) and secondary outcomes: flexibility (Stroop word-colour test), ADHD symp-
toms (Conners scales), executive functions (Behavioural Inventory of Executive Function) and social behaviour (Social Responsiveness Scale).
The dropout rate was 15 %. Compliance was 94 % and correlated with whole-blood n-3LCPUFA. Corsi scores improved by ∼0·3 × SD (P= 0·032)
after FO v. SO, and the odds for d2 errors were 30 % lower (P= 0·016), which was supported by improved Conners scores of attention
(P= 0·023). Improvement in Conners ADHD symptom score was limited to participants with ADHD (–3·5(–6·0; –1·0), n 10 v.
−0·2(–2·5;2·2), n 11 without ADHD, Pinteraction= 0·096), who also improved their behavioural regulation index by 0·3 × SD after FO
(Pinteraction= 0·016). Participants without ADHD gained most in d2 test performance (OR= 0·4(0·2;0·7) v. 0·9(0·6;1·3) in those with ADHD,
Pinteraction= 0·002), but their executive function score was exacerbated after FO (5·9(0·0,11·8), Pinteraction= 0·039). Our results did not show
any effects on ASD symptoms, but suggest that FO may improve attention and working memory in adults with ASD and ameliorate ADHD
symptoms in those with comorbid ADHD.
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The prevalence of autism spectrum disorder (ASD) is rising and
was estimated to be around 1·5 % in developed countries in
2016(1). ASD is characterised by impairments in social interaction
and repetitive behaviour and is associated with executive dys-
function such as impaired working memory, inhibition and flex-
ibility(2). Furthermore, ASD is often associated with multiple
comorbidities such as attention-deficit/hyperactivity disorder
(ADHD) and depression(3). The condition prevails into adult-
hood, and current treatment options are scarce and come with
significant side effects(3). Safe alternatives are therefore needed,
e.g. essential fatty acids, which over the past decades have
attracted attention in the management of neurodevelopmental
disorders.

Long-chain n-3 PUFA (n-3 LCPUFA), specifically DHA (22:6
n-3), accumulate in the central nervous system and are essential

for optimal brain development. Deficiency in n-3 fatty acids is
associated with impaired cognitive function in rodents andmon-
keys, among other stereotypic behaviour, hyperactivity, inatten-
tion and loss of memory as well as deficits in executive functions
and changes in monoaminergic neurotransmitters(4,5). Blood
indices of high n-3 LCPUFA status have been associated with
improved function in a wide array of neurocognitive and
psychological measures in children and adolescents(6–9).
Studies in schoolchildren have reported potential benefits of
n-3 LCPUFA on neurocognitive functions, e.g. attention, which
appear to be modified by gender(10). The most recent
meta-analysis indicated that n-3 LCPUFA supplementation
improves attention, impulsivity and hyperactivity in children
with ADHD(11), and randomised clinical trials (RCT) indicate
beneficial effects in adults with depression(12).
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A number of studies have observed that children with ASD
have low levels of n-3 LCPUFA in different blood fractions(13),
which have been shown to be associated with impaired cogni-
tive function in children with ASD(14). A number of RCT in chil-
dren with ASD have investigated effects of n-3 LCPUFA, some of
which have shown improvements in selected executive func-
tions, but results from meta-analysis are inconsistent(13,15–17).
Effects of n-3 LCPUFA in adults with ASD have only been inves-
tigated in one small uncontrolled study that examined changes in
the severity of problematic behaviours that had a very high vari-
ability(18). Most of the aforementioned studies in children had a
low number of participants, used n-3 LCPUFA doses< 1·5 g/d
and examined only a few neurocognitive outcomes – mainly
assessed using questionnaires and no objective tests. None of
them have examined whether the effects are influenced by
comorbid ADHD or depression.

The present randomised crossover study aims to explore the
effect of fish oil (FO) on attention and spatial workingmemory as
well as cognitive flexibility, general executive functions and core
symptoms of ASD and ADHD in adults with ASD. In light of the
shared and additive cognitive impairments in individuals with
combined ASD and ADHD, we hypothesise that individuals with
comorbid ADHDwill show themost pronounced effects, but we
will also examine potential interactions with depression and
gender.

Methods

In order to investigate the cognitive effects of n-3 LCPUFA in
adults with ASD, we performed a 2 × 4 week randomised dou-
ble-blind crossover study with FO and safflower oil (SO) supple-
mentation. The study was conducted at the Department of
Nutrition, Exercise, and Sports at University of Copenhagen in
December 2019 – February 2020.

The study was conducted in accordance with the Helsinki
Declaration and registered at ClinicalTrials.org in March 2021
(NCT04779632). According to the Danish National Ethics
Committee, the project is exempt from formal approval, as the
intervention only consisted of dietary supplements and the fin-
ger-prick blood samples were used only as an indicator of com-
pliance. The collection of data was performed in accordance
with the General Data Protection Regulation and the Danish
Act on Processing of Personal Data. Written informed consent
was collected from participants before randomisation.

Participants

Participants were recruited from the vicinity of Copenhagen
through advertisements on autism-related institutions and
Facebook, as well as via personal networking. The inclusion cri-
teria were 18–40 years of age and a self-reported clinical diagno-
sis of ASD, either Asperger’s syndrome, autism disorder or
pervasive developmental disorder – not otherwise specified.
Subjects were excluded, if they reported substance abuse, major
psychopharmacological adjustments or n-3 LCPUFA supple-
mentation during≤ 28 d before the beginning of the study.

Intervention and randomisation

The intervention composed of two 1-month periods of supple-
mentation with FO and SO, respectively, without a washout
period. The participants were randomised to intervention sequen-
ces: FO → SO or SO → FO, using an online-available, random
number generator (http://www.randomization.com) with a
blocks size of six. A person, whowas not involved in the data col-
lection, generated the randomisation list and labelled the oil cap-
sule containers with ID and period. Participants were allotted ID
numbers based on date and time of their first visit and supplied
with the relevant capsule container in the beginning of each
period. The participants were instructed to take four capsules
two times per day until the next scheduled visit – corresponding
to approximately 5·2 g/d ofn-3 PUFA (hereof 2·4 g EPA (20:5 n-3)
and 1·6 gDHA) from the FOor 2·8 g/d of linoleic acid from the SO.
The FO and SO capsules were donated in kind by two different
companies, 1 ml capsules of Eskimo-3 High 65 % from Midsona
(Malmö, Sweden) and 0·75 m capsules of SO from Natur-
Drogeriet A/S (Hørning, Denmark), and they differed in colour
as well as in smell and taste. Both types of capsules were supplied
in white containers of similar appearance and in the same known
excess amount of what was required for four weeks. The inves-
tigator tried to prevent unblinding due to differences in rattling
sound and weight of the containers by use of noise cancelling
in ear headphones and by asking colleagues and participants to
handle the containers. Formal unblinding did not occur before
the primary statistical analysis was completed.

Outcome assessment

Participants were tested at baseline and at the end of each inter-
vention period, and the three visits were scheduled four weeks
apart (±2 d). The test visits took place at the department or in the
participant’s home based on personal preferences of the partic-
ipants. All three test visits took place at the same time of the day
and in the same location, except for two of the participants. The
same investigator collected all data, and the order of the individ-
ual elements was kept constant across all visits. The participants
were instructed to eat one to four hours before the visit.

Background information about diagnoses and medication, as
well as living conditions and lifestyle, was collected in an inter-
view at the baseline visit. At the follow-up visits after the two
periods, they were asked about potential events that could affect
the outcomes (e.g. changes in medication) in the preceding
intervention period. We also asked about possible sources of
performance-interfering variables (e.g. lack of sleep or food,
etc.) in the last two days before the visit.

The primary outcomes were short-term spatial working
memory assessed by the Corsi block-tapping test and sustained
attention by the d2-test of attention. We performed a Stroop col-
our and word test and asked the participants to complete three
neurocognitive questionnaires as additional secondary out-
comes. The selection of the d2 attention and Corsi memory
scores as the primary outcomes was based on the assumption
that these tests would be more sensitive than the scores from
the questionnaires. We did not make any sample size calculation
because recruitment was limited by a lack of funding and time.
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Neurocognitive tests

The d2-test of attention(19) is a paper and pencil test that consists
of fourteen lines with the characters ‘d’ and ‘p’ that have one to
four dashes above and/or below the character. Participants were
given 20 s per line tomark all d’s with two dashes (d2’s) and none
of the distracting characters. Omission errors, i.e. missed d2’s,
were used as a measure of inattention and the number of com-
mission errors, i.e. marked distractors, as an indicator of lack of
inhibition. Total errors were expressed as percent of all proc-
essed characters to avoid the influence of processing speed.
We calculated processing variability as the difference between
the maximum and minimum number of processed characters
per line as an indicator of persistence control(20).

The Stroop test(21) tests the ability to process two conflicting
stimuli simultaneously and is used to assess inhibition and cog-
nitive flexibility. We used the colour and word version, which
consists of a word card, a colour card and a word-colour card.
The last card presents a conflict, as the words are written in a col-
our that differs from the colour that the word spells. The partic-
ipants were asked to read the cards aloud and correct, i.e. correct
mistakes before moving on, and to state the colour of the letters
and ignore the meaning of the word on the word-colour card.
The reading speed of word and colour cards were used as mea-
sures of processing speed, whereas the time for the word-colour
card was used as an indicator of the ability to inhibit reactions to
distractors. The measure of cognitive flexibility, i.e. the relative
Stroop effect, was calculated as time used for the word-colour
card relative to the average time for the two simple cards.

The Corsi block-tapping test of short-term visuo-spatial
working memory(22) (downloaded in a trial version from
millisecond.com) consists of ten yellow blocks that are scattered
in an undiscernible pattern on a blue screen on a 15·4” laptop. In
the beginning of each run, a number (two at level 1 and nine at
level 8) of the yellow blocks flash in a sequence that the test
subject has to memorise and subsequently repeat by mouse
clicks on the squares in the correct order (with the possibility
to correct accidental clicks). Each level consists of two rounds
or more until the test subject manages to perform two sequential
correct test runs and thus moves to the next level. The test ends
when the test subject makes three consecutive incorrect runs.
The block span score indicates the last correctly completed level,
and the total score is based on the total number of blocks in
correct runs.

The investigator ensured optimal lighting and lack of sensory
disturbances during the testing.

Neurocognitive questionnaires

The participants were provided with three questionnaires:
Conners Adult ADHD Rating Scale (CAARS short version), the
adult version of the Behavioural Rating Inventory of Executive
Function (BRIEF-A) and the Social Responsiveness Scale (SRS-
2 s edition of the self-reported adult version), which they had
to answer in the given order. High scores indicate dysfunction
in all of the questionnaires scales.

The Conners scale (23) measures ADHD-related symptoms
based on thirty questions each with four choices (never – often),

which generate four scores: a total symptom score (range 0–54)
with subscores for inattention and hyperactivity and impulsivity
(nine questions each) and an ADHD index score (range 0–36)
based on the last twelve questions, which assess key items that
differ between subjects with and without ADHD. The ADHD
symptom score was converted to T-scores based on age- and
gender-specific norms.

BRIEF-A is designed for use in a wide variety of psychiatric
disorders, including ADHD, ASD, and depression(23). It contains
seventy-five itemswith three options (never – always a problem)
that sums up in an overall global executive function composite
(GEC) score (range 75–225), which has two broad subscales: the
behavioural regulation index (BRI) (range 30–90) and the meta-
cognition index (MI) (range 45–135). The BRI score includes
impulse inhibition, flexibility, emotional control and self-moni-
toring scales, and the MI score includes subscales for cognitive
initiation, working memory, planning, organisation of materials
and task monitoring. The BRI sub-score for impulse inhibition
and MI sub-score for working memory can be used to differen-
tiate between the hyperactive-impulsive ADHD subtypes and
the predominantly inattentive subtype(24).

SRS-2 assesses core ASD symptoms, i.e. social communica-
tion and interaction, and repetitive behaviours and restricted
interests(25). The questionnaire has sixty-five questions with four
answer categories (not true – usually true) that sum up to a total
SRS score (range 0–195) with age and T-scores were generated
based on gender-specific norms. There are two sub-scores, the
repetitive behaviours and restricted interests score (range 0–36)
and the social communication and interaction score (range
0–159), and the latter is subdivided into four sub-scores: aware-
ness, cognition, communication and motivation.

Compliance assessment

Compliance was assessed in three ways: (1) participant reported
compliance as a crude estimate of percentage of the targeted
number of capsules they had taken, (2) counting of returned
unused capsules and (3) analysis of EPAþDHA in whole-blood
samples.

Blood was collected from the tip of the fourth finger and
applied on approximately 2·5 cm2 of antioxidant-prepared chro-
matography paper (Grade 3MM, Whatman Ltd; supplied by
Frederiksen Scientific A/S), which was prepared within 6 h
before the visit. Samples were dried at room temperature and
stored in regular postal envelopes at −25°C for a maximum of
3 months before they were shipped to Department of
Kinesiology, University of Waterloo, Canada. Fatty acid compo-
sition was determined by fast gas chromatography as previously
described(26). In brief, trans-methylated fatty acids were sepa-
rated on a Varian 3900 gas chromatograph equipped with a
DB-FFA 15 m × 0·10 mm capillary column coated with 0·10 μm
nitroterephthalic-acid-modified polyethylene glycol (J & W
Scientific; Agilent Technologies). Peaks were identified by reten-
tion time comparisons with an external standard (GLC-246; Nu
Chek Prep Inc.), and fatty acids were expressed as a percentage
of all fatty acids (FA%). All samples, except two baseline sam-
ples, were successfully analysed.
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Statistical analysis

The assumption of normality was verified by inspection of histo-
grams and Shapiro–Wilk’s test. Variables in the continuous scale
are presented as mean ± SD, count variables as median (25th;
75th percentile) and categorical variables as n (%). Statistical sig-
nificance was established at P< 0·05, and trends at P< 0·10.

Baseline characteristics in subgroupswere compared by t test
for continuous variables with equal and unequal variance as
determined by Barlett’s test. Count variables were compared
by Mann–Whitney U-test, and Barnard’s CSM test was used for
comparisons of categorical variables. Correlations between the
three measures of compliance (reported, capsule counts and
whole-blood DHAþ EPA) were examined by linear regressions.

Treatment effects of the oil intervention were analysed as
complete-case, excluding participants with missing data at base-
line or one of the follow-up visits. The primary analysis of
differences between the oils in variables on the ordinal and con-
tinuous scale was performed by linear mixed models with par-
ticipant ID as random effect and treatment, baseline, sequence
and period as fixed effects. Potential differences in count varia-
bles were analysed by generalised linear mixedmodels (Poisson
or binomial) with participant ID as random effects and the same
fixed effect variables as in the models for the continuous varia-
bles. Models were verified by inspection of normal residual and
Q-Q plots. Estimated differences between the oil supplements
are presented as mean (95 % CI) for continuous variables and
incidence ratio or odds ratio for the count variables. Due to
the presence of some extreme outliers, sensitivity analysis was
performed in two steps by removal of the most extreme outliers
based on the calculation of Cook’s D, excluding the most influ-
ential outlier in the secondary analysis and the two most influen-
tial in the tertiary analysis. Both levels of sensitivity analysis were
performed exactly as the primary analysis. Potential carryover
effects were examined in linear mixed models with the inclusion
of a period × sequence–interaction term in addition to the fixed
and random effects. Potential differences in the oil treatment
effects in subgroups (ADHD diagnosis yes/no, depression
yes/no, and man/woman) were examined by stratified analyses
similar to the primary analysis and by analysis in the combined
group with the inclusion of a subgroup × treatment interac-
tion term.

Dose–response relationships between whole-blood
DHAþ EPA at follow-up andmeans of effects on outcomeswere
examined by linear mixed models with participant ID as random
effect and baseline, sequence and period as fixed effects, and the
results are given as r2.

Results

We recruited twenty-six participants with an even distribution of
men and women (Table 1). Most of the participants had 3 years
of education after primary school, ten were still in education, but
for those, who had finished their education, the ratio between
employed/unemployed was almost 50:50. Their smoking and
alcohol habits were very moderate (i.e. only three non-heavy
smokers and alcohol mainly at parties), but the habitual intake

of fish and the level of physical activitywere low. Theywere gen-
erally unmarried and living alone, hereof∼50 % in housing facili-
ties for people with autism. The mean total SRS-2 T-score was
63 ± 11, and the most common ASD diagnosis was Asperger’s
syndrome. The frequency of comorbidities was high, primarily
ADHD and affective disorders, and they typically received more
than one type of medication, psychostimulants against ADHD
and various types of drugs for depression and anxiety (anti-
depressants and anticonvulsants) or sleep problems (hypnotics
and antipsychotics).

Four participants (two from each allocation group) dropped
out between baseline and the first follow-up visit, three due to
depression and one due to disc herniation (Fig. 1). Dropouts
were characterised bymore psychiatric diagnoses, more psycho-
pharmacological treatments, reduced executive function scores
and higher scores on Conners ADHD rating scale comparedwith
the completers (online Supplemental Table 1). One of the com-
pleting participants did not want to answer the questionnaires at
the last visit, leaving twenty-one participants for analysis of
effects on the questionnaire scores, twenty-two for the tests,
and twenty for dose–response analysis due to two missing base-
line values for EPAþDHA.

Seventeen participants (77 %) guessed correctly about the
allocated oil sequence, and the investigator guessed 68 % cor-
rect. The participants reported that they had taken 96 % (range
41–105 %) of the requested capsules with no difference between
the two oils, and this was supported by counts of returned cap-
sules (94 %) (r2= 0·49, n 22, P= 0·011). Furthermore, the cap-
sule counts correlated with whole-blood EPAþDHA after the
FO period (r2= 0·50, n 22, P< 0·001). The difference in
EPAþDHA after the oil interventions was 2·7 ± 0·3 FA%, mainly
caused by an increase in EPA after FO (Table 2 and the full fatty
acid composition in online Supplemental Table 2). The FO-
induced increase in n-3 LCPUFA replaced a similar decrease
in linoleic acid, thus, no difference in total PUFA, but a 50 %
lower n-6 to n-3 fatty acid ratio after FO compared with SO.
The total whole-blood content of SFA was higher, and MUFA
was lower after FO compared with SO.

FO supplementation gave rise to a 30 % decrease in the like-
lihood of errors in the d2 test mainly due to a reduction in omis-
sion errors (Table 3). The processing speed in the d2 test showed
no difference, but the reading speed for both the word card and
the conflictingword-colour cardwas faster with no change in the
relative Stroop effect. In addition, we observed improved perfor-
mance in the Corsi test, both block span and total score, after FO
compared with SO. No carryover effects (i.e. main effects of
sequence) were observed for any of the outcomes (online
Supplemental Table 3). All these differences persisted after
exclusion of the one or two most influential outliers (online
Supplemental Table 4). Furthermore, the effects on the Stroop
cards and Corsi test scores were supported by dose–response
analysis with whole-blood EPAþDHA (with r2 in the range
0·15–0·20, n 20, and P-values of 0·029–0·040, data not shown).

The only significant and sensitivity analysis persistent differ-
ence between the treatments in the questionnaires (Table 4 and
Supplemental Table 5) was in the Conners score for inattention,
which like the effect on d2 errors, improved by around 0·3 × SD
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after FO supplementation. This was supported by a near-signifi-
cant correlation with the increase in whole-blood EPAþDHA
(r2= 0·15, n 20, P= 0·073). The decrease in the inattention score
was reflected in a tendency for improvement in the combined
score for ADHD symptoms, which became significant after
exclusion of outliers (online Supplemental Table 5).

As expected, participants with ADHD had higher inattention
and total ADHD symptom scores than participants, who did not
have an ADHD diagnosis (online Supplemental Table 6), and
this translated into a difference in the ADHD symptom T-score
of 60 ± 12 v. 47 ± 10 (P= 0·014). They did not differ in BRIEF
scores or test performance (online Supplementary Table 6),
but responded differently to the FO intervention. Participants
without ADHD exhibited the most pronounced benefits on per-
formance in the neurocognitive tests (Table 5). Their odds for d2
errors after FO were 0·4 (0·2; 0·6) of that after SO (P= 0·004),
while the change in those with the diagnosis was negligible

(0·9 (0·6; 1·3), Pinteraction= 0·002). Furthermore, the relative
Stroop effect was only improved among participants without
ADHD (Pinteraction = 0·058) due to a specific improvement in
word-colour card speed, whereas participants with ADHD
appeared to get ∼2 s faster on all cards, although only significant
for the word card (Table 5).

Contrary to the effects of FO on test performance, the
improvements in ADHD symptom ratings after FO were con-
fined to participants with ADHD, who tended to report reduc-
tions in both the inattention and hyperactivity and impulsivity
scales (Fig. 2). This summed up to a 3·5 point reduction in the
total ADHD symptom score after FO compared with SO, which
is equivalent to approximately 40 % of the score difference
between participants with and without ADHD at baseline
(Pinteraction= 0·096). This was supported by an improved BRI
score (mainly impulse inhibition and self-monitoring).
Interestingly, FO appeared to have the opposite effect in those

Table 1. Baseline characteristics in all participants and stratified by gender and comorbidities

Total
(n 26)

Women
(n 13)

Men
(n 13)

ADHD
(n 14)

Depression
(n 13)

Gender (Women:Men) (n) 13:13 6:8 5:8
Age (years)
Mean 28 27 28 28 28
SD 7 6 8 7 7

Height (m)
Mean 176 169 183 177 177
SD 10 9 5*** 9 10

Weight (kg)
Mean 84 76 91 91 93
SD 24 20 26 26 25*

Education (years)
Mean 14 14 15 14 15
SD 4 3 6 5 5

Employment (Full:Partly:None:Student) (n) 3:5:8:10 1:4:4:4 2:1:4:6 2:3:5:4 1:3:5:4
Residence (Institution:Family:Alone) (n) 11:5:10 4:1:8 7:4:2 7:1:6 8:2:3
Civil status (Married:Unmarried) (n) 2:24 1:12 1:12 2:12 1:3
Dietary fatty fish (portions/month)
Mean 2·9 2·0 3·8 2·6 3·0
SD 2·6 1·8 3·0 1·8 1·6

Exercise (h/week)
Median 0 0 0 0 0
25th; 75th percentile 0; 2·1 0; 1·5 0; 2·3 0; 1·7 0; 0

Number of psychiatric diagnoses
Mean 3·5 3·5 3·5 4·3 4·9
SD 1·8 2·0 1·6 1·4* 1·2***
ASD (Asperger’s:other) (n) 19:7 8:5 11:2 9:5 9:4
ADHD (HI-C:PI) (n) 8:6 4:2 4:4 8:6 6:3
Anxiety (Generel:Panic:Social) (n) 6:4:3 3:3:2 3:1:1 2:2:1 4:4:2
Depression (MDD:other) (n) 12:1 5:0 7:1 9:0 12:1
Personality disorders (n) 2 1 1 1 1
Stress disorders (mainly post-traumatic) (n) 3 1 2 2 1

Number of psychiatric medications
Mean 1·4 1·7 1·1 1·6 1·9
SD 1·1 1·2 1·0 1·0 1·1*
Antidepressants 8 5 3 4 7*
Anticonvulsants 4 3 1 1 2
Psychostimulants 8 5 3 8*** 5
Antipsychotics 4 3 1 1 2
Hypnotics 5 3 2 2 4
Miscellaneous 2 1 1 2 1

Data are given as mean ± SD, median (25th; 75th percentile) or n. Differences from the remaining participants are marked by *P< 0·05; **P< 0·01 and ***P< 0·001.
ADHD, attention-deficit/hyperactivity disorder including the predominantly inattentive (PI) and predominantly hyperactive-impulsive and combined (HI-C) subtypes; MDD, major
depression disorder (most with additional seasonal depression); employment (full time: part time or flex job: unemployed: student).
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FO ��SO

Fig. 1. Flow diagram of the crossover trial with fish oil (FO) v. safflower oil (SO).

Table 2. Effect of the oil intervention on whole-blood fatty acid composition

Baseline Fish oil Safflower oil Estimated difference P

Mean SD Mean SD Mean SD Estimated mean 95% CI

SFA 42·6 1·9 42·6 2·7 40·9 2·5 1·5 0·5, 2·5 0·008
MUFA 27·8 2·1 23·9 2·0 25·0 2·0 –1·1 –1·9, −0·2 0·025
PUFA 26·4 2·6 29·8 3·5 30·5 3·1 –0·5 –1·8, 0·8 0·46

Linoleic acid 17·3 2·4 16·1 2·6 18·9 2·2 –2·7 –3·7, −1·8 < 0·001
Arachidonic acid 5·0 1·0 5·9 1·2 6·0 1·6 0·0 –0·5, 0·4 0·88

Total n-6 fatty acids 24·2 2·0 23·8 2·9 27·2 2·0 –3·3 –4·4, −2·2 < 0·001
EPA 0·4 0·1 2·5 0·9 0·5 0·3 2·0 1·7, 2·3 < 0·001
DHA 1·1 0·2 2·3 0·6 1·7 0·8 0·6 0·4, 0·8 < 0·001

Total n-3 fatty acids 2·3 0·4 6·1 1·6 3·4 1·5 2·8 2·2, 3·3 < 0·001
EPAþDHA 1·4 0·3 4·8 1·4 2·2 1·1 2·7 2·2, 3·1 < 0·001
n-6/n-3 fatty acids 10·9 1·7 4·3 1·4 9·5 4·0 –5·2 –5·9, −4·4 < 0·001
n-3 HUFA% 23·1 4·6 42·5 8·7 26·8 6·8 16 12, 20 < 0·001

Data are given as percentage of all fatty acids and presented as mean ± SD (n 24 at baseline and n 20 at the end of the intervention periods). The effect of fish oil is presented as the
estimatedmean (95%CI) differences relative to safflower oil based on linearmixedmodels with participant ID as randomeffect and treatment, baseline, sequence, and period as fixed
effects.
n-3 HUFA%, long-chain n-3 fatty acids (≥ C20 :≥ 3 n-3) of all long-chain PUFA.
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Table 3. Effect of the oil intervention on neurocognitive test performance

Baseline Fish oil Safflower oil Estimated difference P

Mean SD Mean SD Mean SD Estimated mean differences 95% CI

d2 test
Characters processed (n) 482 82 527 82 523 78 3 –8, 14 0·63
Processing variability (n) 12·4 5·4 9·8 4·5 10·5 4·7 –0·7 –2·2, 0·8 0·35

Omission errors (n)
Median 12 5 7 0·7 0·012
25th; 75th percentile 3; 22 2, 12 4, 19 0·5; 0·9

Commission errors (n)
Median 0 1 1 0·7 0·31
25th; 75th percentile 0; 1 0, 2 0, 2 0·4; 1·3

Total errors (%)
Median 2·5 1·0 1·4 0·7 0·016
25th; 75th percentile 1·9; 4·8 0·4, 2·3 1·0, 3·2 0·5; 0·9

Stroop test
Word card (s) 34 8 29 6 30 6 –1·6 –2·7, −0·5 0·010
Colour card (s) 45 9 40 8 41 8 –1·3 –3·7, 1·1 0·31
Word-colour card (s) 72 21 64 21 69 24 –4 –8, −1 0·037
Relative Stroop effect 0·8 0·3 0·8 0·3 0·9 0·5 –0·1 –0·2, 0·1 0·31

Corsi Block test
Block span (n) 6·4 1·2 7·5 1·1 6·8 1·3 0·6 0·1, 1·2 0·030
Total score 62 22 86 24 73 29 14 2, 26 0·032

Data are given asmean ± SD ormedian (25th; 75th percentile) at baseline (n 26) and at the end of each oil intervention period (n 22). Estimatedmean differences (95%CI) between the
oils (fish oil v. safflower oil) are based on linear mixedmodels with participant ID as random effect and treatment, baseline, sequence and period as fixed effects. Count variables were
analysed by generalised linear mixed models (Poisson or binomial) adjusting for the same factors and covariates, and the results are shown as incidence ratio (omission and com-
mission errors) or odds ratio (total error%).

Table 4. Effect of the oil intervention on neurocognitive scale scores

Baseline Fish oil Safflower oil Estimated difference P

Conners scale Mean SD Mean SD Mean SD Estimated mean differences 95% CI

Total ADHD symptoms 18·2 9·9 14·3 7·6 16·1 9·7 –1·8 –3·7, 0·1 0·073
Inattention 10·3 5·8 8·6 5·2 10·1 5·9 –1·6 –2·8, −0·3 0·023
Hyperactivity and impulsivity 7·9 5·0 5·8 3·4 6·0 4·7 –0·2 –1·3, 0·8 0·65

ADHD index 15·0 6·3 12·0 4·7 12·4 5·6 –0·5 –1·9, 0·8 0·45
BRIEF-A
GEC 122 23 114 18 113 21 1·4 –3·0, 5·9 0·53
BRI 49 10 45 8 45 10 –0·6 –2·8, 1·5 0·57

Impulse inhibition 12·1 2·7 10·7 2·1 11·2 3·0 –0·6 –1·2, 0·1 0·12
Flexibility 11·4 3·1 11·0 2·7 10·6 2·7 0·4 –0·5, 1·3 0·39
Emotional control 16·6 4·7 15·0 4·1 14·7 3·6 0·2 –0·8, 1·2 0·70
Self-monitoring 8·9 2·6 8·0 1·9 8·6 2·8 –0·7 –1·4, 0·0 0·081

MI 73 16 70 14 68 14 2·1 –0·8, 5·0 0·17
Cognitive initiation 15·9 3·6 15·1 3·8 14·9 3·5 0·2 –0·7, 1·1 0·64
Working memory 14·1 3·9 13·4 3·1 12·7 3·1 0·6 –0·5, 1·8 0·29
Planning/organisation 18·4 4·5 17·8 3·5 17·1 3·6 0·6 –0·7, 2·0 0·36
Task monitoring 10·2 2·2 9·9 2·3 9·6 2·8 0·3 –0·5, 1·2 0·45
Material organisation 14·7 4·0 13·5 4·3 13·2 4·0 0·2 –0·6, 1·1 0·59

SRS-2
Total score 67 25 59 22 58 21 1·1 –4·4, 6·7 0·70
Communication and interaction 54 20 48 18 47 17 0·8 –4·0, 5·6 0·74

Social awareness 7·1 3·5 6·4 2·9 6·3 2·8 0·1 –0·8, 0·9 0·87
Social cognition 11·8 4·8 10·7 4·7 10·0 4·6 0·7 –0·7, 2·1 0·36
Social communication 20·6 9·8 18·2 8·6 17·6 8·1 0·6 –2·0, 3·1 0·67
Social motivation 14·0 5·5 12·5 5·1 13·0 4·9 –0·5 –1·8, 0·8 0·47

RI&RB 13·6 6·2 11·4 5·2 11·1 5·8 0·3 –1·1, 1·6 0·68

ADHD, attention-deficit/hyperactivity disorder; RI&RB, restricted interests and repetitive behaviour; BRI, behavioural regulatory index; GEC, global executive function composite; MI,
meta-cognition index.
Data are given as mean ± SD (n 26 at baseline and n 21 at the end of the two oil intervention periods). Estimated mean differences (95% CI) between the fish oil and safflower oil
treatments are based on linear mixed models with participant ID as random effect and treatment, baseline, sequence and period as fixed effects.
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without ADHD (Fig. 2), who showed a near-significant exacer-
bation of GEC, while those with the ADHD diagnosis had a non-
significant score reduction (Pinteraction= 0·039). The main con-
tributor to the adverse effect on GEC in participants without
ADHD was MI (P= 0·064) (driven by a decrease in working
memory), but the pattern was similar for most of the individual
BRIEF scores (online Supplemental Table 7).

There was no effect of the intervention on any of the SRS-2
scores regardless of ADHD diagnosis status, and no signs of
effect modification by depression or gender (online
Supplemental Table 8). The scores in neurocognitive tests and
questionnaires did not differ between participants with andwith-
out depression (data not shown).

Discussion

The results showed improvement in both primary outcomes,
attention in the d2 test, and working memory, after FO v. SO,
and this was supported by better Conners scores of inattention
and dose–response relationshipswithwhole-bloodDHAþ EPA.
We observed amelioration of ADHD symptoms among partici-
pants with ADHD, who also reported better BRI and GEC scores.
Those without ADHD appeared to have adverse effects of FO on
BRIEF scores, mainly MI, but they achieved the most pro-
nounced benefit on d2 and faster completion of the Stroop
word-colour card.

The effect of n-3 LCPUFA in adults with ASD has only been
investigated in one small uncontrolled study, which, based on an
assessment with a high variability, suggested a potential
decrease in the severity of problematic behaviour(18). A recent
meta-analysis of nine RCT (n 405 children) did not find strong
evidence for an effect of 0·2–2·2 g/d n-3 LCPUFA on ASD symp-
toms(15). Three meta-analyses from 2017 came to different con-
clusions – two showed benefits on lethargy(16,17) and restricted
stereotyped behaviours(13,16), one found improved social inter-
action(13), but two of the meta-analyses indicated a potential
adverse effect on total SRS score(16,17). A subsequent randomised
controlled trial (RCT) providing 0·7 g/d of DHA to seventy-three
children indicated improved total SRS(27), whereas a crossover
study with sixty-eight children found neither adverse nor benefi-
cial effects of 1 g/d of n-3 LCPUFA on core ASD symptoms(28).
The RCT have varied in duration (6–52 weeks), age (2–17 years),
and exclusion based on medication or comorbidities. None of
the meta-analysis made stratified analysis, but there are no
apparent pattern in effects based on these variables. Overall,
the observed null effect on SRS scales in ourmedicated adult par-
ticipants with comorbidities is in linewith previous results in chil-
dren with ASD.

As for ASD, there are no previous studies on the effect of n-3
LCPUFA on ADHD symptoms in adults, and RCT in children vary
in results and design. The latest meta-analysis of seven RCTs
reported that n-3 LCPUFA supplementation improved clinical
symptoms in children with ADHD(11). An older meta-analysis
based on 10 RCT, of which 50 % included children with other
psychiatric diagnoses, showed a reduction in ADHD symptoms
of around 0·3 × SD(29). Notably, this is similar to the observed
effect size in the recent meta-analysis and the estimatedT
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treatment difference in the present study. Both meta-analysis
indicate dose-dependency andmost pronounced effects in stud-
ies with≥ 0·5 g/d of EPA, but the number of trials and variation in
DHA does not allow for differentiation between the two n-3
LCPUFA. A recent RCT found adverse effects on Conners scores
after an intervention with EPA-rich FO (∼0·6 g/d of EPA) in chil-
dren with ADHD(30). Moreover, two new RCT in children with
ADHD used DHA supplements, one saw no effects of 0·5 g/d
of DHA(31), while the other found a reduction in ADHD symp-
toms (mainly attention) after 1 g/d(32).

Contrary to the effects on clinical outcomes, we found that
participants with ASD without comorbid ADHD exhibited pro-
nounced benefits of FO in the neurocognitive tests, especially
on d2 errors and the conflicting Stroop card. None of the studies
in children with ASD used objective cognitive tests. A meta-
analysis of RCT in children with ADHD reported that n-3
LCPUFA supplements improve performance in attention tests(11),
and this was supported by two(31,33) of four trials that were pub-
lished after the meta-analysis(30,32). Two large meta-analyses of
RCT in both children and adults with ADHD (some RCT also
included subjects with other neurodevelopmental disorders or
typical development) do not provide strong support for cogni-
tive effects of n-3 LCPUFA(34,35). However, both indicated an
effect on working memory mainly in a clinical setting after pro-
vision of an adequate dose(34,35). Studies in schoolchildren have
shown benefits of n-3 LCPUFA supplements on cognitive func-
tions, including attention(10), and we recently found a dose-
dependent improvement of attention, impulsivity, and cognitive
flexibility as well as reduced behavioural problems in children,
who received fatty fish compared with poultry(36).

The FO-induced amelioration of ADHDsymptoms amongpar-
ticipantswithADHDmight be expected, as theywould havemore
room for improvement. Moreover, the effect seems consistent as

the decrease in the hyperactivity and impulsivity score was
accompanied by better BRI scores, but the alleviation of attention
was not supported by fewer d2 errors. It is also puzzling that par-
ticipants without ADHD showed benefits in d2 and Stroop that
were not supported by the Conners and BRI scores and that they
experienced an adverse effect on MI based on an exacerbation of
working memory, while their Corsi test performance was better
after FO. We expected that the tests would bemore sensitive than
the neurocognitive questionnaires, but we saw some ceiling
effects, e.g. in the d2 test, where ∼15% of the participants proc-
essed characters faster than the allotted time and 10% did not
make any errors. Furthermore, learning effects were indicated
in themeasures fromd2, Stroop, and someof the scales, including
GEC and BRI, and this could blur effects of FO. However, it is
unlikely that learning or test sensitivity could give rise to ADHD
comorbidity-dependent differences in effects of FO.

Our study is strengthened by the crossover design, which is a
specific advantage in trialswith cognitive outcomes and subjective
assessments, and furthermore, accommodates heterogeneity
among the participants. Furthermore, the study excels by the high
dose ofn-3 LCPUFA,which is within safety limits(37), but not easily
achieved by intake of fish. The reported compliance was good
and verified by whole-blood EPAþDHA, although the observed
EPAþDHA levels were lower than expected with 5 g/d(38). This
might be ascribed to the very low baseline and lack of saturation
after 4 wk. Incorporation of n-3 LCPUFA could have been
increased, if the study was extended, but several potential mech-
anisms of action may exert short-term effects, e.g. via signalling
molecules and transcription factors(5). Studies in rodents have
shown that n-3 fatty acid deficiency and supplementation can
affect monoaminergic neurotransmitters(4), which are involved
in regulation of cognitive function and ADHD pathology.
Blinding is an inevitable problem in RCT with FO due to the smell

Fig. 2. Estimated difference in neurocognitive questionnaires scores after fish oil v. safflower oil supplementation in participants with and without attention-deficit/hyper-
activity disorder (ADHD). Estimates are given asmean (95%CI, n 10with ADHDand n 11without ADHD) from stratified linearmixedmodel analysis with participant ID as
random effect and treatment, baseline, sequence and period as fixed effects. Effect modification by ADHD diagnosis was examined by a similar analysis in the combined
group with inclusion of a subgroup × treatment–interaction term. Black asterisks indicate the level of significance within the subgroups, and grey asterisks indicate ADHD
status interaction ((*) P< 0·10 and * P< 0·05).
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and taste and a concern due to the difference in capsule size. The
proportion of correct allocation guesses was 50% higher than
expected by chance. Whole-blood DHAþ EPA did not indicate
that the participants took FO during the SO intervention period,
but we cannot exclude that the participant’s or investigator’s
beliefs about the benefits of FO could affect the results, which
is probably less likely for the neurocognitive tests than for the
self-reported questionnaire answers.

Our primary outcomes were the psychometric measures of
attention and working memory, but we usedmore than one mea-
sure from each test, and these cognitive domains were also tar-
geted by the clinical questionnaires. The large number of
statistical tests increases the risk of type I errors, but a standard
Bonferroni correction would over-adjust due to correlations
between the outcomes. Furthermore, seven significant differences
in themain analysis aremore than expected by chancewith thirty-
four outcomes, and the differences were generally persistent in
sensitivity analysis and supported by dose–response relation-
ships.Unfortunately, the sample sizewas limited by a lackof fund-
ing and time. The small sample sizemay have restricted our ability
to detect differences, most likely in the clinical scales, but power
was increased by the crossover design, and we based our inter-
pretation on consistency in observed effects and tendencies.
Low power is a particular concern for the stratified analyses,
which were limited to subgroups with even representation. We
kept our inclusion criteria to a minimum, in order to achieve a
heterogeneous group of participants in terms of medication and
comorbidities, thereby enabling exploratory analyses of potential
influences of comorbidities, which is clinically relevant and
advantageous for generalisability.

Although we did not find any effects of FO on the core symp-
toms of ASD, the results support a benefit on ADHD and changes
in the BRI scores suggest effects on behavioural regulation prob-
lems. The SRS-2 and ADHD T-scores of the completers were
moderate, but dropouts were more dysfunctional, specifically
with respect to ADHD severity and they could potentially have
benefitted more from the FO supplement. One might also sus-
pect that the effect on ADHD could be larger in people with
comorbid ASD, but the observed effect on ADHD symptoms
was similar to that previously seen in studies in children with
ADHD(11). The observed effect size in the participants with
ADHD is equivalent to ∼0·4 × SD or a 5-point reduction in
T-score, which is considered to be of clinical relevance as it
amounts to 30–50 % of reported effect sizes of commonly pre-
scribed pharmacological ADHDmedications(39). It is noteworthy
that the observed effects occur on top of the effects of pharma-
cological treatments. The employed neuropsychological test
measures are considered relevant in the diagnosis of ADHD in
preschool children(40), and scores from the d2 test have been
shown to correlate with improvements in ADHD symptom after
methylphenidate treatment(41). Furthermore, visuospatial work-
ing memory tests have been shown to predict reading(42) and
mathematical performance in children(43).

Conclusion

Our results did not show any effect of FO on the core symptoms
in adults with ASD, but indicated improvements in attention and

working memory, which appeared most pronounced in subjects
without ADHD. Furthermore, the study supports a benefit of n-3
LCPUFA onADHD symptoms and behavioural regulation in sub-
jects with comorbid ADHD, but the results indicated potential
adverse effects on meta-cognition in subjects without ADHD.
These results warrant further studies of the effects of a high dose
of FO and potential differences in effects in individuals with
ADHD, ASD or both diagnoses.
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