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Omega-3 fatty acids have been suggested as a complement in cancer treatment, but doses are not established. We
performed a dose-finding study in 33 children in remission from cancer. Participants were allocated to a body
surface area (BSA) adjusted dose (mg/m2) of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(40:60), ranging 233–3448 mg/m2 daily for 90 days. Fatty acid concentration in plasma phospholipids and red
blood cells were determined by GC. Supplementation was well tolerated and correlated strongly with blood ω3fatty acid concentrations and EPA showed the highest increase. Using the ω3-index disregards docosapentaenoic
∑
acid (DPA), which increased 30–43% in our study motivating an EDD-index ( EPA,DPA,DHA). The ratio be
tween arachidonic acid and EPA or DHA showed negative exponential trends. Dose per BSA enabled an indi
vidualized omega-3 supplementation decreasing the variation referred to interindividual differences. Based on
our results, we suggest a dose of 1500 mg/m2 BSA for further studies.

1. Introduction
Inflammation is of great importance for malignancy and a persistent
inflammatory response can drive tumor growth [1,2]. Childhood cancer
is the second most common cause of death among children in
high-income countries and the most prevalent diagnoses are leukemia,
lymphoma, neuroblastoma, Wilms tumor, rhabdomyosarcoma, bone
and brain tumors. In the latest decades survival has dramatically
improved using a multimodal approach including chemotherapy, radi
ation and surgery, but recently the survival seems to have reached a
plateau. Additionally, cancer survivors have an increased risk of
long-term side effects such as secondary malignancies, neurocognitive
deficits and chronic impaired health conditions [3,4]. New strategies
complementing conventional treatment are needed to reduce sequelae,
improve survival, and quality of life.
A natural mechanism to protect from harm i.e. from pathogens or

injury, is inflammation but when dysregulated it can contribute to the
pathogenesis of cancer [5]. Therapeutic options to decrease inflamma
tion include long-chained polyunsaturated omega-3 fatty acids
(ω3-LCPUFA); docosahexaenoic acid (DHA), docosapentaenoic acid
(DPA) and, eicosapentaenoic acid (EPA) [6]. The pro-inflammatory lipid
mediator prostaglandin-E2 (PGE2), derived from the ω6 arachidonic acid
(AA, 20:4ω6), is found in several cancers being important for tumor
progression acting on immunosuppression [7,8]. Reducing PGE2, levels
led to reduced tumor growth in vitro and in vivo [7, 9]. Many functions
regarding the resolution of inflammation are orchestrated by specialized
pro-resolving lipid mediators (SPM) from EPA, DPA and DHA, balancing
pro-inflammatory mediators [10,11]. Antiproliferative properties of
ω3-LCPUFA affect survival and death signals in cancer cells and induce
apoptosis without toxicity to normal cells [12,13]. We have previously
shown that neuroblastoma cells convert DHA to the toxic metabolites
17-HpDHA and 17-HDHA, contributing to antiproliferative mechanisms
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of DHA-induced cell death [14]. Long-chain ω3-fatty acids, as adjuvant
treatment, increase the sensitivity for and enhance the effect of cyto
static drugs in vitro and in vivo [15,16]. They also demonstrate pro
tective abilities against toxicity from chemotherapy and irradiation [17,
18] and reduce cancer cachexia in pediatric and adult patients [19,20].
Further, DHA has been shown to hamper cancer growth [21,22] and to
prevent metastases [23,24]. Also of interest, beneficial effects on
cognitive function and socioemotional parameters have been found in
response to increased ω3 consumption [25]. This is of particular interest
for childhood cancer survivors as neurocognitive deficits are frequently
observed.
The aim of this dose-finding study is to find a dose that increases the
ω3 proportions without significantly changing the balance to other
important fatty acids or affecting safety and tolerability. We later plan to
study the impact of ω3 fatty acid supplementation in childhood cancer
during and/or after conventional treatment, but doses have not been
established. Results from supplementation of EPA and DHA are often
inconsistent, likely related to diversity in study design, dosing and lab
oratory measurements. We approached children in cancer remission for
supplementation with increasing doses of EPA and DHA, adjusted to
body surface area (BSA m2). Future clinical trials are planned to evaluate
if ω3-fatty acid supplementation is a beneficial strategy to reduce
sequelae and improve survival and quality of life after childhood cancer.

Södertälje, Sweden). Complete blood count, plasma concentrations of
low-density lipoprotein, high-density lipoprotein, total cholesterol, tri
glycerides and high-sensitivity CRP (hs-CRP) were measured. Platelet
function was assessed with Multiple Electrode Aggregometry technology
(Multiplate analyzerⓇ, Roche), a platelet aggregation assay including
AA induced aggregation (ASPI), adenosine diphosphate (ADP),
thrombin receptor activating peptide-6 (TRAP), collagen (COL) and
ristocetine (RISTO) tests. All analyses were performed at the accredited
Karolinska University Hospital Laboratory. F2-isoprostanes were used as
markers of oxidative stress and measured in urine with radioimmuno
assay (Pro-Ox AB, Sweden).
2.4. Anthropometry
Anthropometric measures including weight and height were made
with standard equipment (stadiometer) at all visits. Body mass index
(BMI kg/m2) standard deviation score was calculated [27].
2.5. Fatty acid analysis

The ω3-fatty acids were given in a 200 mL fruit juice emulsion
(Smartfish AS, Oslo, Norway) (Supplemental Table S2). The juice
packages contained either 400, 1200 or 3000 mg of DHA and EPA
(60:40), prepared under a strictly patented non-oxidative procedure,
including natural antioxidants. Eight individuals were allocated to each
dose group, aiming at 400, 800, 1600, 2400, and 3000 mg/m2 BSA,
respectively, according to a dose algorithm and stratified for age.
(Supplemental Fig. S1a and Table S3). The ω3 dose was adjusted to BSA,
calculated according to Mosteller [26]. After starting with the lowest
dose group, safety was ensured by following three participants to day 45
before starting the next dose group. This strategy created a continuous
increase of doses (Supplemental Fig. S1b). The supplementation was
administered once a day, suggested intake at breakfast.

The blood samples were centrifuged at 4500 rpm (1000 g) for 5 min
and a plasma aliquot of 1–1.5 ml was transferred to a new tube. The
sediment was washed with 2 ml saline, and the wash repeated twice
after centrifugation. One ml of the sediment, RBC were extracted ac
cording to a modification of the method by Mraz and Pickova [28]. 10
ml hexane:isopropanol (3:2 v/v) was added to the RBC pellet, vortexed
for 2 min, and after addition of 3.6 ml 6.67% Na2SO4 to remove
non-lipids, vortexed for another 20 s. After centrifugation at 3000 rpm
for 5 min the upper layer was collected and the solvent evaporated under
nitrogen. To separate phospholipids, the method of Wang et al. [29].
was applied with minor modifications; 500 mg NH2 columns were
saturated with 4 ml hexane and the sample, dissolved in 1 ml chloro
form, was added drop wise and samples collected continuously after
further addition of 4 ml chloroform:methanol (60:40, v/v), followed by
2 ml methanol, all eluted to the same tube.
For preparation of fatty acids methyl esters (FAME), 5 - methyl
heptadecanoate (Larodan, Malmö, Sweden) was added as internal
standard. To each 2 ml sample 0.01 M NaOH in dry methanol was added
[30]. The samples were shaken and heated for 10 min on a heating block
at 60 ◦ C and after addition of 3 ml bortrifluoride–methanol complex
(BF3 reagent 20%), the samples were reheated for 10 min. After cooling,
2 ml 20% NaCl and 2 ml hexane were added. The test tubes were shaken
vigorously and then centrifuged for 5 min at 2500 rpm (440 g). The
FAME were evaporated under nitrogen. The dried samples were dis
solved in hexane and stored at − 80 ◦ C until analyzed on gas chro
matograph CP3800 (Varian AB, Stockholm, Sweden) equipped with
flame ionization detector and fitted with a fused silica capillary column
BPX 70 (SGE, Austin, Tex.), length 50 m, inner diameter 0.22 mm, and
0.25 µm film thickness. The samples (1 µl) were injected by a CP8400
autosampler (Varian AB, Stockholm, Sweden) in split mode (ratio 1:10).
Column temperature was programmed starting at 158 ◦ C for 5 min,
increased 2 ◦ C /min to 220 ◦ C for 8 min. Injector and detector temper
ature were 230 and 250 ◦ C, respectively. Fatty acids were identified by
comparison with the standard mixture GLC-68 A (Nu-check Prep, Inc,
Elysian, Minnesota, USA) and retention times. Peak areas were inte
grated using a Star chromatography workstation software version 5.5
(Varian AB, Stockholm, Sweden). The carrier gas was helium (22 cm3/s,
flow rate 0.8 ml/min). Make up gas was nitrogen. Fatty acids are
expressed as molar%, Table S4 includes all identified fatty acids.

2.3. Routine evaluation

2.6. Questionnaires

The participants attended the outpatient clinic day 0, 45, and 90.
Blood, urine and body measurements and clinical performance were
assessed by a study nurse and a physician. Blood samples were collected
30 min after application of a local anesthetic (EMLAⓇ, Astra-Zeneca,

A food frequency questionnaire (FFQ), especially focused on the fat
quantity and quality, was completed by caregivers at baseline [31]. The
objective was to get information about ω3-intake to estimate approxi
mate influence on the baseline values of the ω3-fatty acid in the patients.

2. Material and methods
2.1. Study design
A dose-finding study of ω3-supplementation for 90 days was
designed evaluating the correlations between doses adjusted per BSA
and the fatty acid profile in red blood cells (RBC) and plasma phos
pholipids (P-PL). Children and caregivers were blinded for the specific
amount prescribed. Children, ages 2–18 years, who had completed
conventional cancer therapy protocols being in remission within three
years, were invited to participate in the study. Full eligibility criteria are
shown in Supplemental Table S1. The study was conducted between
May 2014-September 2016 at the outpatient clinic of the Pediatric
Oncology Unit, Astrid Lindgren Children’s Hospital, Karolinska Uni
versity Hospital, Stockholm, Sweden. The study was approved by the
Regional Ethics Committee in Stockholm, Sweden (EPN 2014/120–31/
1) and adhered to the Declaration of Helsinki. Written informed consent
was obtained from all caregivers and also from children older than seven
years. The trial was registered in ClinicalTrials.gov, NCT02134600.
2.2. Study supplementation and administration
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To analyze any influence on perception, neuropsychiatric symptoms and
cognition of the supplementation, the questionnaire, “Five to-Fifteen”,
was completed by the caregivers at baseline and end of study [32].
Results will be reported separately.

3. Results
3.1. Study population
Fifty-nine children between 2 and 18 years were invited to partici
pate in the study. Forty patients (21 girls) fulfilling the eligibility criteria
accepted to participate and were included at a median age of 9.5 years
(range 3–16 years). All participants were in clinical remission for 3–36
months after completing cancer therapy according to national and/or
international protocols, and 33 completed the study (CONSORT dia
gram, Fig. 1). Baseline characteristics and previous tumor diagnosis are
shown in Table 1. No differences in baseline characteristics were seen
between groups except for time from remission, which did not influence
the results (Table 1). Thirty-three of the forty participants completed the
study protocol and were included in further analysis. These participants
displayed no change in standard deviation score of BMI (data not
shown). The FFQ questionnaire showed that fish intake was evenly
distributed between different treatment groups (data not shown).

2.7. Adherence and safety outcomes
All participants/caregivers were instructed to keep a diary to record
daily intake of study supplement, symptoms and use of other therapeutic
products. Adherence was measured by calculating the percentage of
emptied packages (as registered in patient diary and/or together with
returned packages). Adverse events (AE) were registered at day 45 and
90 by study personnel, and any recorded symptoms classified by in
tensity, causality and severity by the responsible physician according to
CTC–NCIC criteria [33].
2.8. Statistical analysis
For comparison of baseline characteristics, Chi-square test was used
concerning sex and Kruskal-Wallis test concerning age, standard deviation
score of BMI and months from remission. The baseline fatty acid proportions
in RBC for two of the 40 participants were excluded due to technical issues,
whereof one was in the cohort (n = 33) finishing the treatment protocol.
The BSA-adjusted dose of DHA and EPA (mg/m2) was correlated to the
proportions of total fatty acids (mol%) in RBC and P-PL at day 90. The
change (day 90–0) of fatty acids (mol%) was correlated to the BSA-adjusted
dose mg/m2. Spearman’s nonparametric correlation test was used due to
small sample size. No data were excluded. Wilcoxon matched-paired rank
test was performed comparing proportions of total fatty acids (mol%) at
baseline and day 90 in tertiles, based on BSA-adjusted dose (mg/m2), and
Kruskal-Wallis test with Dunn´s multiple comparison test was performed
comparing the tertiles, adjusted for baseline values. The change (day 90–0)
in secondary outcomes was calculated individually and correlated with ω3index (mol%) at day 90. The baseline value from each individual was used
as its own control. No power calculation was made since this was a dose
escalating study. The significance level was set at P<0.05 for all results and
analysis was performed per protocol using GraphPad Prism version 8.0.0 for
Mac, GraphPad Software, San Diego, California USA, www.graphpad.com.

3.2. Dose distribution
3.2.1. Dose adjustment to body size
The initial five dose groups presented an overlap in the BSA-adjusted
doses, but when plotted separately a continuous increased of BSAadjusted dose were demonstrated (Supplemental Fig. S1a-b). Fixed
doses of medication in children can cause large variation in blood con
centrations and they are therefore usually prescribed adjusted to the
body size. The BSA in our cohort ranged from 0.69 to 1.93 m2 (mean
1.21 m2) emphasizing the large differences in body size in children.
Consequently, there was a large variation in the blood fatty acid pro
portions (mol%) in our data set when dosage was related to the given
package and not adjusted for body size. As an example, the ω3-index
(ΣEPA,DHA) at day 90 ranged between 7.71 mol% - 20.1 mol% in the
participants receiving 3000 mg/day (Fig. 2f). Although, the ω3-index at
day 90 correlated to the given dose (mg) (rho 0.69, P<0.0001) a
stronger correlation was observed for the BSA-adjusted dose (mg/m2)
(rho 0.80, P<0.0001). This difference is clearly illustrated by Fig. 2e-f.
Hence, the BSA-adjusted dose was used for all further analyses.

Fig. 1. Consort flow diagram.
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Table 1
Baseline characteristics of study population.
Group 1 n = 8,
400 mg/m2

Group 2 n = 8,
800 mg/m2

Group 3 n = 8,
1600 mg/m2

Group 4 n = 8,
2400 mg/m2

Group 5 n = 8,
3000 mg/m2

Mean dose, mg/
m2(range)
Age median, years
(range)
Sex (M/F)
Previous diagnosis

340
(233–500)
11 (6–16)

801
(526–1446)
11 (5–16)

1526
(1017–2055)
9 (4–15)

2013
(1212–2885)
8.5 (6–14)

2533
(1519–3448)
8.5 (3–16)

5/3
Leukemia (5) Lymphoma (2)
Brain tumor (1) Solid tumor
(0)

5/3
Leukemia (2) Lymphoma (3)
Brain tumor (2) Solid tumor
(1)

2/5
Leukemia (4) Lymphoma (1)
Brain tumor (1) Solid tumor
(2)

4/4
Leukemia (4) Lymphoma (0)
Brain tumor (0) Solid tumor
(4)

Months from
remission.
Median(range)
BMI SDS at
inclusion. Mean
(range)

22 (8–33)

15.5 (1–24)

23 (13–36)

19.5 (1–35)

3/5
Leukemia (5)
Lymphoma (0) Brain
tumor (1) Solid tumor
(2)
7.5* (1–14)

0.06
(− 0.79–1.5)

0.32
(− 1.55–1.73)

0.31
(− 1.43–1.44)

0.49
(− 2.75–2.44)

0.65
(− 0.8–1.72)

Body mass index (BMI). Standard deviation score (SDS). * Group 5 differs from group 1 and 3, P = 0.02 and P = 0.01, respectively. Range (min-max).
Fig. 2. Proportion ω3-LCPUFA of total fatty
acids in RBC at day 90. Spearman correlation of
BSA-adjusted dose and the proportion of total
fatty acids (mol%) in RBC a) EPA P<0.0001,
rho 0.82, CI (0.658 – 0.909), b) DPA P<0.0001,
0.77, CI (0.579 – 0.885), c) DHA P = 0.0003,
rho 0.59, CI (0.295 – 0.778), d) EDD index
P<0.0001, rho 0.82, CI (0.655 – 0.909), e) ω3index P<0.0001, rho 0.80, CI (0.620 – 0.898). f)
ω3-index correlated to dose (mg) P<0.0001,
rho 0.69, CI (0.444–0.838). Star (*) indicating
mean proportion of total fatty acids (mol%) at
inclusion. ω3-index (ΣEPA,DHA); EDD-index
(ΣEPA,DPA,DHA).

3.2.2. ω3-LCPUFA proportions (mol%) at day 90 correlated to the BSAadjusted dose
A dose-dependent correlation of the BSA-adjusted dose to all indi
vidual ω3-LCPUFA (mol%) was observed at day 90 in both RBC and PPL; to EPA (rho 0.82, P<0.0001) (Fig. 2a), to DPA, the major

intermediate between EPA and DHA, (rho 0.77, P<0.0001) (Fig. 2b) and
to DHA (rho 0.59, P = 0.0003) (Fig. 2c). The intermediates of DPA and
DHA, tetracosapentaenoic acid (TPA, 24:5ω3) and tetracosahexaenoic
acid (THA, 24:6ω3), were not detected, not even at the highest doses.
Corresponding data for EPA and DHA in P-PL demonstrated a
4
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comparable pattern to RBC, presented in Fig. S2a,c, and DPA correlated
significantly to the BSA-adjusted dose in P-PL, (rho= 0.50, P = 0.0027)
(Fig. S2b) but less pronounced than in RBC. The variation in ω3-LCPU
FAs increased at doses above 1500–2000 mg/m2 BSA, especially for EPA
(Fig. 2a-c).

highest tertiles compared to baseline in both compartments. Multiple
comparison differentiated the low and high tertile in both compartments
(Table 2). Overall, there was no significant difference in the ω3-LCPU
FAs between the middle and the high tertile.
The ratios between the ω3-LCPUFA were examined to reduce the
influence of other fatty acids in the proportional system (Fig. 4a-c). This
demonstrated a decrease in the DHA/EPA ratio in the all tertiles and an
increase in all tertiles in DHA/DPA and EPA/DPA ratios compared to
baseline. Only the EPA/DPA ratio showed a continues increase from
baseline with a higher variability at the highest doses, giving no dif
ference between the middle and the highest tertiles (Fig. 4a-c).

3.2.3. The change in ω3-LCPUFA (day 90–0) correlated to the BSAadjusted dose
The detected fatty acids in RBC and P-PL including baseline pro
portions of total fatty acids of all included patients (n = 40) are pre
sented in Table S4 and baseline value for the patients completing the
study are shown in Table 2. The increase of EPA (day 90–0) was more
pronounced at the higher doses and correlated significantly to the BSAadjusted dose (rho 0.78, P<0.0001) (Fig. 3a) whereas the change in DHA
was less prominent despite being supplemented in a higher amount than
EPA (rho 0.63, P = 0.0001) (Fig. 3c). The change in DPA was also highly
significant (rho 0.51, P = 0.0027) (Fig. 3b).

3.2.5. ω3-LCPUFA assembled into indexes
The well-established ω3-index (ΣEPA,DHA) presented a strong cor
relation to the BSA-adjusted dose (rho 0.80, P<0.0001) (Fig. 2e)
reaching high concentration (in RBC mean 12.8 mol%) already in the
middle tertile (Table 2, Fig 2e). The significant increase of the major
intermediate DPA (up to 43.5% in RBC and 31.5% in P-PL) in the highest
tertiles, motivated its inclusion in an extended ω3-LCPUFA index, enti
tled the EDD-index (ΣEPA,DPA,DHA). The EDD-index correlated
strongly to the BSA adjusted dose (rho 0.82, P<0.0001)(Fig. 2d) and
reached high concentration of 16.5 mol% already in the middle tertile
(Table 2). The proportion of DPA within the ω3-LCPUFAs (EDD-index)
remained stable with increasing doses, but the proportion of EPA
increased and DHA decreased continuously, more pronounced in RBC
than in P-PL (Fig. 4d and Fig S3).

3.2.4. Comparing the ω3-LCPUFAs after supplementation in tertiles based
on their BSA-adjusted dose
For comparison between given dosages, we divided the results in
tertiles based on their BSA-adjusted dose; low (233–755 mg/m2), middle
(889–1714 mg/m2) and high (1887–3448 mg/m2). The proportion (mol
%) of the major fatty acids in RBC and P-PL at baseline and at day 90
based on these tertiles are displayed in Table 2. The ω3-LCPUFA pro
portion in P-PL reflected over all those in RBC, but with a generally
lower molar percentage distribution except for EPA in the highest doses.
The percentage of EPA was higher in all three tertiles compared to
baseline in both compartments. Multiple comparison of the tertiles,
adjusted to baseline, demonstrated differences in RBC between the low
and both the middle and high tertiles, respectively, and in P-PL between
the low and high tertile with increasing variation with higher doses
(Table 2). DHA showed a significant increase in all tertiles compared to
baseline. DPA, with a threefold lower percentage at baseline in P-PL
compared to RBC, was not affected in the lowest tertile, neither in RBC
nor in P-PL, whereas it was significantly higher in the middle and the

3.2.6. The supplementation influenced other unsaturated fatty acids and
converting enzymes
The ω6 fatty acids decreased significantly in all tertiles compared to
baseline, except for linoleic acid (LA, C18:2ω6) which was unaffected
in the lowest tertile. In comparison between the tertiles, inverse results
to the ω3-LCPUFAs were observed also with a leveling between the two
highest tertiles (Table 2). The change in AA concentration from day
90–0 was inversely correlated to the BSA-adjusted dose (rho − 0.66,
P<0.001) (Fig. 5c), further illustrated in the ratios of AA/DHA and

Table 2
Molar percent of major fatty acids in RBC and plasma phospholipids at baseline and at day 90 in tertiles according to BSA-adjusted dose (mg/m2).

Tertile, dose mg/m2
Σ SFA
Σ MUFA
C16:0
C16:1 (ω7)
C18:1 (ω9) OA
C18:2 (ω6) LA
C20:3 (ω6) DGLA
C20:4 (ω6) AA
C18:3 (ω3) ALA
C20:5 (ω3) EPA
C22:5 (ω3) DPA
C22:6 (ω3) DHA
∑
ω6
∑
ω3
ω-index
EDD-index
Δ9 desaturase index18
Δ9 desaturase index16
Δ6 desaturase index
Δ5 desaturase index

RBC mean (mol%) (SEM)
Baseline, day 0
Low, day 90

Middle, day 90

High, day 90

Plasma phospholipids mean (mol%) (SEM)
Baseline, day 0
Low, day 90
Middle, day 90

High, day 90

0
n = 32
38.3 (0.27)
18.2 (0.27)
23.4 (0.22)
0.45 (0.03)
17.4 (0.26)
12.0 (0.24)
1.83 (0.07)
15.5 (0.29)
0.26 (0.02)
1.14 (0.07)
3.24 (0.10)
5.41 (0.18)
32.3 (0.43)
10.0 (0.23)
6.54 (0.22)
9.78 (0.23)
1.31 (0.03)
0.02 (0.00)
0.16 (0.01)
8.79 (0.34)

(889–1714)
n = 11
37.7 (0.53)
18.4 (0.44)
23.7 (0.41)
0.51 (0.05)
* 17.3 (0.44)
* 11.0 (0.37)
* 1.15 (0.12)
* 11.8 (0.43)
0.33 (0.06)
* 4.17 (0.24)
* 3.67 (0.10)
* 8.64 (0.28)
* 25.5 (0.66)
* 16.8 (0.49)
* 12.8 (0.46)
* 16.5 (0.53)
1.35 (0.07)
0.02 (0.00)
* 0.11 (0.01)
9.68 (0.37)

(1887–3448)
n = 11
38.6 (0.88)
17.7 (0.53)
24.4 (0.42)
0.45 (0.07)
16.6 (0.51) a c
* 8.96 (0.47) c b
* 1.14 (0.12)
* 11.1 (0.49) c b
0.23 (0.7)
* 5.66 (0.66) c b
* 4.65 (0.30) c b
* 9.34 (0.56) c b
* 23.6 (0.92) c b
* 19.9 (1.28) c b
* 15.0 (1.06) c b
* 19.6 (1.32) c b
1.31 (0.05)
0.02 (0.00)
* 0.13 (0.01)
10.5 (0.87)

0
n = 33
45.2 (1.00)
12.6 (0.47)
28.7 (0.63)
0.57 (0.04)
12.0 (0.44)
22.6 (0.67)
3.28 (0.14)
8.39 (0.28)
0.35 (0.02)
1.13 (0.06)
0.92 (0.03)
3.40 (0.18)
34.9 (0.65)
6.15 (0.23)
4.53 (0.21)
5.45 (0.23)
0.80 (0.04)
0.02 (0.00)
0.15 (0.01)
2.73 (0.16)

(1887–3448)
n = 11
43.7 (0.44)
* 11.4 (0.60) c
27.6 (0.40)
0.68 (0.06)
* 10.7 (0.56) a c
* 18.3 (1.15) c b
* 1.78 (0.17) c b
* 6.27 (0.48)
0.35 (0.05)
* 7.23 (0.93) c b
* 1.21 (0.05) c b
* 7.99 (0.59) c b
* 26.6 (1.37) c b
* 16.8 (1.40) c b
* 15.2 (1.42) c b
* 16.4 (1.45) c b
* 0.70 (0.04) a c
0.02 (0.00)
* 0.10 (0.01)
* 3.71 (0.32)

(233–755)
n = 11
37.0 (0.46)
18.1 (0.51)
22.5 (0.22)
0.42 (0.05)
17.3 (0.45) a
12.0 (0.36) a
* 1.56 (0.06)
* 14.3 (0.48) a
0.25 (0.05)
* 2.15 (0.18) a
3.08 (0.09) a
* 7.57 (0.23) a
* 30.2 (0.95) a
* 13.0 (0.41) a
* 9.72 (0.36) a
* 12.8 (0.39) a
1.29 (0.05)
0.02 (0.00)
* 0.13 (0.01)
* 9.26 (0.41)

a b
a b
b
b
a b
a b
a b
b
b
b

(233–755)
n = 11
44.6 (1.67)
* 11.2 (0.41)
28.7 (1.15)
0.48 (0.05)
* 10.7 (0.39)
22.1 (1.01) a
* 2.51 (0.18)
8.42 (0.54)
0.33 (0.03)
* 2.40 (0.51)
0.95 (0.06) a
* 5.57 (0.39)
* 33.6 (1.18)
* 9.25 (0.78)
* 7.97 (0.75)
* 8.92 (0.77)
* 0.73 (0.04)
0.02 (0.00)
0.12 (0.01)
3.53 (0.37)

a

a
a

a
a
a
a
a
a
a

(889–1714)
n = 11
44.0 (0.44)
12.2 (0.35) a b
28.4 (0.47)
0.67 (0.05)
11.6 (0.34) a b
19.6 (0.78) a b
* 2.09 (0.22) a
* 6.74 (0.52)
0.30 (0.02)
* 4.49 (0.42) a
* 1.12 (0.03) a
* 6.87 (0.42) a
* 28.9 (0.87) a
* 12.8 (0.81) a
* 11.4 (0.80) a
* 12.5 (0.81) a
0.79 (0.03) a b
0.02 (0.00)
* 0.11 (0.01)
3.49 (0.38)

b

b
b
b
b
b
b
b

* Wilcoxon’s matched-paired test comparing each tertile with associated baseline, P value <0.05.
a, b, c
Different letters indicate differences between tertiles in its compartment (RBC or Plasma Phospholipids) adjusted for baseline, Kruskal-Wallis test, Dunn´s multiple
comparisons test P<0.05.
ω3-index (ΣEPA,DHA); EDD-index (ΣEPA,DPA,DHA). Saturated fatty acids (SFA); Mono unsaturated fatty acids (MUFA). Desaturases activity illustrated by fatty acid
ratios: Δ9 (18:1ω9/18:0) and (16:1ω7/16:0), respectively; Δ6 (20:3ω6/18:2ω6) (FADS2); Δ5 (20:4ω6/20:3ω6) (FADS1). One patient is excluded from RBC due to
technical issues .
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any blood compartment, and accordingly the corresponding Δ9-SCD
ratio was not influenced (Table 2).
3.3. Blood tests
Routine blood tests, including complete blood cell count and lipid
analyses (low density lipoprotein, high density lipoprotein, cholesterol),
coagulation tests, and F2-isoprostanes were unaffected (Table S5). Sig
nificant inverse correlations were found between the change in plasma
triglycerides (day 90–0) and isolated ω3-LCPUFA or their indexes, but
the variation was large (Fig. S4).
3.4. Tolerability, adherence and adverse effects
Median adherence to the supplementation was 96%. Only five par
ticipants showed adherence <70%. Two patients demonstrated no in
crease in ω3 fatty acid concentration but claimed adherence and were
thus included in the analyses. Seven children dropped out of the study;
five due to dislike of taste, one child was vomiting after intake, and one
did not provide an explanation. One child temporarily stopped the
intake of the supplement due to diarrhea and constipation, but resumed
supplementation after seven days. During 90 days of supplementation
22 children experienced mild (18) to moderate (4) transient AE, seem
ingly unspecific, not dose related, but maybe related to the supple
mentation (Supplemental Table S6). No severe AE were reported.
4. Discussion
In this dose-finding study we found strong correlations between the

ω3-LCPUFA concentrations in RBC and P-PL and the ω3-supplemented

dose adjusted for BSA. BSA is often used in pharmacological studies
since children have a relatively high BSA compared to adults and
adjusting dose for BSA has been found to correlate well with blood
concentrations of the medications [34]. Consequently, our strategy
would allow a more accurate comparison between studies, especially in
children with large size variation and would also be of interest in adults,
where gender differences might be influenced by body size [35]. Our
findings corroborate a previous study suggesting that adjustment to
body size decreases variation between dose and blood concentration
[36]. Studies on ω3-supplementation in various fields including cancer,
neuropsychiatric disorders, and cardiovascular disease have reported
contractionary results [37], which might be attributed to heterogeneity
in dosing strategies, analysis, evaluation and reporting [38]. Our results
might therefore be of wider interest with a suggested dose strategy
adjusted to body size in ω3-supplementations studies.
Our study was performed in children in remission from their cancer,
and their baseline proportion of ω3-LCPUFA was in agreement with
earlier reports from healthy Norwegian and Swedish children [39-41],
suggesting that results from our cohort would be representative for
Scandinavian children. The ω3-LCPUFA concentration can vary signifi
cantly in different populations, which is mainly related to dietary intake
of fatty fish. The fish intake in our study was evenly distributed between
the groups (data not shown).
Dose-dependent increases were observed in all three ω3-LCPUFA,
most pronounced in EPA despite the administration of higher doses of
DHA. This might be related to retroconversion of DHA to EPA [42, 43].
However, some studies have indicated that the increase in EPA is not
associated with retroconversion, but to inhibition of further trans
formation of EPA to DPA(-DHA) [44,45]. Results from a study in rats
even suggest a transformation of DHA to THA [46]. In our study we did
not detect THA, not even at the highest provided doses, suggesting that
retroconversion [47] and/or feedback inhibition of EPA metabolism was
predominating, explaining the unchanged DPA in the lower doses [48].
A substrate inhibition of the transformation between DPA and THA with
high concentrations of EPA would further explain that THA was not
detected [47,49]. In our study the relative decrease of DHA within the

Fig. 3. Change of long chain ω3-LCPUFA and indexes in RBC (day 90–0).
Spearman correlation of BSA-adjusted dose and the change of ω3-LCPUFA day
90–0 (mol%) in RBC a) EPA P<0.0001, rho 0.78, CI (0.587 – 0.890) b) DPA P =
0.0027, rho 0.51, CI (0.189 – 0.736) c) DHA P = 0.0001, rho 0.63, CI (0.346 –
0.804), d) ω3 index P<0.0001, rho 0.78, CI (0.577 – 0.887) e) EDD index
P<0.0001, rho 0.78, CI (0.586 – 0.890), One participant was excluded in RBC
due to technical issues for the baseline sample.

AA/EPA, which decreased exponentially with increasing fatty acid
dose, with a flexing point at about 1500 mg/m2, after which it
smoothened out (Fig. 5a-b).
We did not measure the desaturase activity of the enzymes in the
conversion of essential ω6 and ω3 fatty acids, but calculated the
approximative activity as reflected in ratios between relevant fatty
acids. The Δ6-desaturas (FADS2), acting between LA and dihomoγ-linolenic acid (DGLA, 20:3ω6), decreased significantly in all tertiles in
RBC and the middle and high tertiles in P-PL compared to baseline. No
differences between the tertiles were observed. The Δ5-desaturase
(FADS1) illustrated by the ratio between AA and DGLA demonstrated a
significant increase but only in the low tertile in RBC and high tertile in
P-PL compared to baseline (Table 2).
The supplement contained oleic acid (OA, 18:1ω9), but no in
crease was seen in the fatty acid profile. In contrast, OA decreased
significantly in the highest compared to the middle tertile in both
RBC and P-PL. The Δ9-desaturase (stearoyl-CoA-desaturase (SCD)),
as evaluated in the ratio OA/ stearic acid (18:0), showed a small but
significant decrease compared to baseline in P-PL, but not in RBC.
Palmitic acid (16:0) and palmitoleic acid (16:1ω7) did not change in
6
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Fig. 4. ω3-LCPUFA ratios in RBC at baseline and day 90 and the percental distribution of EPA, DPA and DHA within the ω3-LCPUFAs (EDD-index) at day 90 related
to BSA-adjusted dose.

EDD-index at the highest given doses (Fig 4d and Fig S3), might support
different transformation at high dose supplementation, indicating that
should be avoided. An influence on the elongation enzyme ELOVL2,
might be of importance in our context, because the enzyme has been
correlated with neuroblastoma biology and survival [50]. However, the
metabolism needs to be evaluated with caution since we have given both
EPA and DHA, which can have overlapping mechanisms in cell physi
ology [51].
DPA is considered a transformation product of EPA, not from DHA
[45,52], and the low DPA content in the supplement hardly explains
the observed increase, supported in a previous study [53]. This sug
gests that the increase demonstrated in our study is mainly the result of
EPA converting to DPA. DPA is considered a reservoir to maintain DHA
on a relative stable level acting as a temporary storage of excess EPA
[52,54,55]. Long-term ω3-supplementation showed that DPA
decreased more slowly than EPA and DHA at follow up 25 weeks after
one year of supplementation [56]. The storage of DPA as a potential
reservoir could also be supported by the long washout period >18
weeks considered necessary to normalize RBC levels of DHA after only
6 weeks of supplementation [57], considering a turn over time of 120
days for RBC. In our study the ratio DHA/DPA was stable (Fig. 4b).
Individually these fatty acids had a similar increase, and EPA showed a
marked increase with up to 496% in the highest tertile (Table 2,
Fig. 3a-c). Thus, the ratio EPA/DPA continued to increase, suggesting
that EPA acted as a buffer (Fig. 4c). On the other hand, the proportion
of DHA within the EDD-index decreased at the highest doses, which
suggested a balance to keep the proportion of DPA relatively constant,
when EPA increased (Fig. 4d).
The balance discussed above to keep DPA in proportion relatively
constant within ω3-LCPUFA might indicate some kind of inborn control
(Fig. 4d and Fig. S3). DPA has several functions including supply of

active SPM [11,58-60]. It cannot be excluded that some reported effects
of high-dose EPA might be attributed to DPA, and studies seldom
consider DPA as potential effector [61 62]. In our study, DPA was un
affected by lower supplementation doses but with regard to the increase
of DPA at higher doses, the EDD-index might give a more comprehensive
representation of high dose ω3-LCPUFA supplementation than the
ω3-index. This will also include the portion of EPA that elongates to DPA
as previously reported by Allaire et al. [63]. To simplify comparisons to
the ω3-index and avoid confusion we propose the EDD-index including
DPA, as a complement to ω3-index. We suggest that in clinical studies
more attention should be given to DPA, individually or by comparing the
EDD-index and the traditional ω3-index [64].
High doses of DHA can inhibit FADS2, which could explain the
decreased proportions of DGLA and AA observed in this study. Such
inhibition of FADS2 can also influence transformation of THA. It is more
difficult to understand the decrease in LA we noted at the highest doses
(Table 2), an observation that has previously been reported by others
[51,65]. In addition, we detected a decrease of OA in P-PL, which might
be attributed to an inhibitory effect of ω3-LCPUFA on the
stearoyl-CoA-desaturase activity as previously described [55,66,67].
The supplement contained OA, possibly explaining the relatively small
impact on OA despite that the supplementation provided high amounts
of DHA. OA is a component of white matter in the brain and can influ
ence cognition [68,69], indicating that it might be of importance to
monitor OA in long-term ω3 supplementation studies. Additionally,
assessment of absolute fatty acid levels would be of value and may be
considered for follow-up studies.
We found a dose- dependent inverse correlation between the ω3LCPUFAs (Fig. S4) and changes in serum triglycerides, corroborating
previous observations [70,71]. No effect was notified of ω3-LCPUFA
supplementation on routine laboratory measurements, including the
7
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possible substrate inhibition of DHA synthesis at high EPA doses must be
considered for long-term treatments. Collectively, our findings suggest a
dose not higher than 1500 mg/m2 BSA as indicated for further thera
peutic studies.
5. Conclusions
Adjusting the individual dose to BSA demonstrated a strong corre
lation to ω3-LCPUFA proportions in blood tissues, which might facilitate
evaluations of effects and potentially facilitate comparisons between
studies. Supplementation with ω3-fatty acids up to 3448 mg/m2 BSA
daily for 90 days was safe and tolerable in children after completed
cancer therapy. Due to the significant increase of ω3-index and EDDindex together with increased variation in blood concentrations at
higher doses and the influence on general fatty acid profile, we suggest a
dose up to 1500 mg/m2 BSA in children for further studies.
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Béve Foundation, Märta and Gunnar V Philipson Foundation, Stockholm
County Council ALF and The Royal Society of Arts and Sciences in
Gothenburg. No grant provider was involved in the study design, anal
ysis, interpretation of the data, writing of this article or the decision to
submit for publication.
Declaration of Competing Interest
The study was in part supported with an unrestricted research grant
by Smartfish AS, Norway, to Per Kogner. The supplementation used was
a gift from Smartfish AS. No grant provider was involved in the study
design, analysis, interpretation of the data, writing of this article or the
decision to submit for publication. The other authors have no conflict of
interest to declare.
Acknowledgments

Fig. 5. The balance ω6/ω3 at day 90 as illustrated by ratio a) AA/EPA and b)
AA/DHA and c) the change of AA day 90–0 correlated to BSA adjusted dose mg/
m2. a) Ratio AA/EPA P<0.0001, rho − 0.84, CI (− 0.920 – − 0.691), b) Ratio
AA/DHA P<0.0001, rho − 0.72, CI (− 0.851 – − 0.497). In a) and b) exponential
curve to visualize the association between ratios and BSA-adjusted dose (mg/
m2). Star (*) indicating mean ratios at inclusion c) Change in AA day 90–0 (mol
%) in RBC correlated to BSA-adjusted dose mg/m2, P<0.0001, rho - 0.66, CI
(− 0.825 – − 0.400).
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coagulation tests, but bleeding time was not evaluated.
The main purpose of our study was to find a suitable dose for further
studies in pediatric oncologic patients. We observed no severe AE during
the 90 days of ω3-supplementation and noted that most of the relevant
fatty acids reached a plateau at the higher doses. Furthermore, fatty
acids of other series, ω6 and ω9, were influenced more than explained by
the proportional system we used instead of absolute values. The mean of
ω3-index in RBC in the middle tertile already reached 12.8 mol%
(Table 2), a concentration significantly higher than the suggested cut off
(>6 mol%) for a possible positive effect in cognitive measures in chil
dren [37] and surpassed the suggested aim of >8 mol% for the cardio
vascular effect [64]. We observed an initial exponential decrease in the
balance of the ω6 to the ω3-LCPUFA (Fig. 5a-b) with an inflection point
at about 1500 mg/m2 and thereafter smoothening indicating a lower
physiological level. At the higher doses the variation also increased,
particularly in EPA with a pronounced increase for some participants
making the response more challenging to predict. In this study we did
not observe difference between the middle and highest tertiles, indi
cating no rational for the use of the highest doses. Furthermore, the
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the online version, at doi:10.1016/j.plefa.2021.102285.
References
[1] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell 144
(2011) 646–674.
[2] S. Shalapour, M. Karin, Immunity, inflammation, and cancer: an eternal fight
between good and evil, J. Clin. Invest 125 (2015) 3347–3355.
[3] K.C. Oeffinger, M.M. Hudson, Long-term complications following childhood and
adolescent cancer: foundations for providing risk-based health care for survivors,
CA Cancer J. Clin 54 (2004) 208–236.
[4] T.M. Gibson, S. Mostoufi-Moab, K.L. Stratton, W.M. Leisenring, D. Barnea, E.
J. Chow, S.S. Donaldson, R.M. Howell, M.M. Hudson, A. Mahajan, P.C. Nathan, K.
K. Ness, C.A. Sklar, E.S. Tonorezos, C.B. Weldon, E.M. Wells, Y. Yasui, G.
T. Armstrong, L.L. Robison, K.C. Oeffinger, Temporal patterns in the risk of chronic
health conditions in survivors of childhood cancer diagnosed 1970-99: a report
from the Childhood Cancer Survivor Study cohort, Lancet Oncol. 19 (2018)
1590–1601.
[5] D. Wang, R.N. DuBois, Role of prostanoids in gastrointestinal cancer, J. Clin. Invest
128 (2018) 2732–2742.

8

L. Ljungblad et al.

Prostaglandins, Leukotrienes and Essential Fatty Acids 169 (2021) 102285

[6] P. Irun, A. Lanas, E. Piazuelo, Omega-3 polyunsaturated fatty acids and their
bioactive metabolites in gastrointestinal malignancies related to unresolved
inflammation. a review, Front. Pharmacol. 10 (2019) 852.
[7] N. Baryawno, B. Sveinbjornsson, S. Eksborg, A. Orrego, L. Segerstrom, C.O. Oqvist,
S. Holm, B. Gustavsson, B. Kagedal, P. Kogner, J.I. Johnsen, Tumor-growthpromoting cyclooxygenase-2 prostaglandin E2 pathway provides medulloblastoma
therapeutic targets, Neuro. Oncol. 10 (2008) 661–674.
[8] K. Larsson, A. Kock, H. Idborg, M. Arsenian Henriksson, T. Martinsson, J.
I. Johnsen, M. Korotkova, P. Kogner, P.J. Jakobsson, COX/mPGES-1/PGE2
pathway depicts an inflammatory-dependent high-risk neuroblastoma subset, Proc.
Nat. Acad. Sci. US A, 112 (2015) 8070–8075.
[9] A. Rasmuson, A. Kock, O.M. Fuskevag, B. Kruspig, J. Simon-Santamaria,
V. Gogvadze, J.I. Johnsen, P. Kogner, B. Sveinbjornsson, Autocrine prostaglandin
E2 signaling promotes tumor cell survival and proliferation in childhood
neuroblastoma, PLoS ONE 7 (2012) e29331.
[10] C.N. Serhan, Pro-resolving lipid mediators are leads for resolution physiology,
Nature 510 (2014) 92–101.
[11] A. Vik, J. Dalli, T.V. Hansen, Recent advances in the chemistry and biology of antiinflammatory and specialized pro-resolving mediators biosynthesized from n-3
docosapentaenoic acid, Bioorg. Med. Chem. Lett. 27 (2017) 2259–2266.
[12] M. Lindskog, H. Gleissman, F. Ponthan, J. Castro, P. Kogner, J.I. Johnsen,
Neuroblastoma cell death in response to docosahexaenoic acid: sensitization to
chemotherapy and arsenic-induced oxidative stress, Int. J. Cancer 118 (2006)
2584–2593.
[13] D. D’Eliseo, F. Velotti, Omega-3 fatty acids and cancer cell cytotoxicity:
implications for multi-targeted cancer therapy, J Clin Med 5 (2016) 15.
[14] H. Gleissman, R. Yang, K. Martinod, M. Lindskog, C.N. Serhan, J.I. Johnsen,
P. Kogner, Docosahexaenoic acid metabolome in neural tumors: identification of
cytotoxic intermediates, FASEB J 24 (2010) 906–915.
[15] Q. Camargo Cde, M.C. Mocellin, A.P.astore Silva Jde, M.E. Fabre, E.A. Nunes, E.
B. Trindade, Fish oil supplementation during chemotherapy increases posterior
time to tumor progression in colorectal cancer, Nutr Cancer 68 (2016) 70–76.
[16] F.J. Dijk, M. van Dijk, B. Dorresteijn, K. van Norren, DPA shows comparable
chemotherapy sensitizing effects as EPA upon cellular incorporation in tumor cells,
Oncotarget 10 (2019) 5983–5992.
[17] P.E. Lonergan, D.S. Martin, D.F. Horrobin, M.A. Lynch, Neuroprotective actions of
eicosapentaenoic acid on lipopolysaccharide-induced dysfunction in rat
hippocampus, J Neurochem 91 (2004) 20–29.
[18] R.D.S. Freitas, M.M. Campos, Protective effects of omega-3 fatty acids in cancerrelated complications, Nutrients 11 (2019) 945.
[19] N.S. Elbarbary, E.A. Ismail, R.K. Farahat, M. El-Hamamsy, omega-3 fatty acids as
an adjuvant therapy ameliorates methotrexate-induced hepatotoxicity in children
and adolescents with acute lymphoblastic leukemia: a randomized placebocontrolled study, Nutrition 32 (2016) 41–47.
[20] H. Miyata, M. Yano, T. Yasuda, M. Yamasaki, K. Murakami, T. Makino, K. Nishiki,
K. Sugimura, M. Motoori, O. Shiraishi, M. Mori, Y. Doki, Randomized study of the
clinical effects of omega-3 fatty acid-containing enteral nutrition support during
neoadjuvant chemotherapy on chemotherapy-related toxicity in patients with
esophageal cancer, Nutrition 33 (2017) 204–210.
[21] H. Gleissman, L. Segerstrom, M. Hamberg, F. Ponthan, M. Lindskog, J.I. Johnsen,
P. Kogner, Omega-3 fatty acid supplementation delays the progression of
neuroblastoma in vivo, Int J Cancer 128 (2011) 1703–1711.
[22] X. Bai, J. Shao, S. Zhou, Z. Zhao, F. Li, R. Xiang, A.Z. Zhao, J. Pan, Inhibition of
lung cancer growth and metastasis by DHA and its metabolite, RvD1, through miR138-5p/FOXC1 pathway, J Exp Clin Cancer Res 38 (2019) 479.
[23] C.C. Mandal, T. Ghosh-Choudhury, T. Yoneda, G.G. Choudhury, N. GhoshChoudhury, Fish oil prevents breast cancer cell metastasis to bone, Biochem
Biophys Res Commun 402 (2010) 602–607.
[24] M.M. Rahman, J.M. Veigas, P.J. Williams, G. Fernandes, DHA is a more potent
inhibitor of breast cancer metastasis to bone and related osteolysis than EPA,
Breast cancer Res Treat 141 (2013) 341–352.
[25] M.N. Teisen, S. Vuholm, J. Niclasen, J.J. Aristizabal-Henao, K.D. Stark, S.
S. Geertsen, C.T. Damsgaard, L. Lauritzen, Effects of oily fish intake on cognitive
and socioemotional function in healthy 8-9-year-old children: the FiSK Junior
randomized trial, Am J Clin Nutr 112 (2020) 74–83.
[26] R.D. Mosteller, Simplified calculation of body-surface area, New Engl J Med 317
(1987) 1098.
[27] J. Karlberg, Z.C. Luo, K. Albertsson-Wikland, Body mass index reference values
(mean and SD) for Swedish children, Acta Paediatr 90 (2001) 1427–1434.
[28] J. Mraz, J. Pickova, Differences between lipid content and composition of different
parts of fillets from crossbred farmed carp (Cyprinus carpio), Fish Physiol Biochem
35 (2009) 615–623.
[29] L.Y. Wang, K. Summerhill, C. Rodriguez-Canas, I. Mather, P. Patel, M. Eiden,
S. Young, N.G. Forouhi, A. Koulman, Development and validation of a robust
automated analysis of plasma phospholipid fatty acids for metabolic phenotyping
of large epidemiological studies, Genome Med 5 (2013) 39.
[30] L.A. Appelqvist, Rapid Methods of Lipid Extraction and Fatty Acid Methyl Ester
Preparation for Seed and Leaf Tissue with Special Remarks on Preventing
Accumulation of Lipid Contaminants, Ark Kemi 28 (1968), 551-+.
[31] S. Eriksson, B. Strandvik, Food choice is reflected in serum markers and
anthropometric measures in healthy 8-yr-olds, e-SPEN, Eur e-J ClinNutr Metabol 5
(2010) e117–e124.
[32] B. Kadesjo, L.O. Janols, M. Korkman, K. Mickelsson, G. Strand, A. Trillingsgaard,
C. Gillberg, The FTF (Five to Fifteen): the development of a parent questionnaire
for the assessment of ADHD and comorbid conditions, Eur Child Adolesc Psych 13
(Suppl 3) (2004) 3–13.

[33] N.C.I, NCI, Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0,
2009.
[34] J.D. Crawford, M.E. Terry, G.M. Rourke, Simplification of drug dosage calculation
by application of the surface area principle, Pediatrics 5 (1950) 783–790.
[35] M. Eriksdotter, I. Vedin, F. Falahati, Y. Freund-Levi, E. Hjorth, G. Faxen-Irving, L.
O. Wahlund, M. Schultzberg, H. Basun, T. Cederholm, J. Palmblad, Plasma fatty
acid profiles in relation to cognition and gender in Alzheimer’s disease patients
during oral omega-3 fatty acid supplementation: the OmegAD Study, J Alzheimers
Dis 48 (2015) 805–812.
[36] M.R. Flock, A.C. Skulas-Ray, W.S. Harris, T.D. Etherton, J.A. Fleming, P.M. KrisEtherton, Determinants of erythrocyte omega-3 fatty acid content in response to
fish oil supplementation: a dose-response randomized controlled trial, J Am Heart
Assoc 2 (2013), e000513.
[37] I.S.M. van der Wurff, B.J. Meyer, R.H.M. de Groot, Effect of omega-3 long chain
polyunsaturated fatty acids (n-3 LCPUFA) supplementation on cognition in
children and adolescents: a systematic literature review with a focus on n-3
LCPUFA blood values and dose of DHA and EPA, Nutrients 12 (2020) 3115.
[38] J.T. Brenna, M. Plourde, K.D. Stark, P.J. Jones, Y.H. Lin, Best practices for the
design, laboratory analysis, and reporting of trials involving fatty acids, Am J Clin
Nutr 108 (2018) 211–227.
[39] J. Oyen, I. Kvestad, L.K. Midtbo, I.E. Graff, M. Hysing, K.M. Stormark, M.
W. Markhus, V. Baste, L. Froyland, B. Koletzko, H. Demmelmair, L. Dahl, O. Lie,
M. Kjellevold, Fatty fish intake and cognitive function: FINS-KIDS, a randomized
controlled trial in preschool children, BMC Med 16 (2018) 41.
[40] E. Gronowitz, D. Mellstrom, B. Strandvik, Serum phospholipid fatty acid pattern is
associated with bone mineral density in children, but not adults, with cystic
fibrosis, Br. J. Nutr. 95 (2006) 1159–1165.
[41] S. Eriksson, D. Mellstrom, B. Strandvik, Fatty acid pattern in serum is associated
with bone mineralisation in healthy 8-year-old children, Brit J Nutr 102 (2009)
407–412.
[42] N. Brossard, M. Croset, C. Pachiaudi, J.P. Riou, J.L. Tayot, M. Lagarde,
Retroconversion and metabolism of [13C]22:6n-3 in humans and rats after intake
of a single dose of [13C]22:6n-3-triacylglycerols, Am J Clin Nutr 64 (1996)
577–586.
[43] H.W. Sprecher, S.P. Baykousheva, D.L. Luthria, B.S. Mohammed, Differences in the
regulation of biosynthesis of 20- versus 22-carbon polyunsaturated fatty acids,
Prostagland Leukotr Ess Fatty Acids 52 (1995) 99–101.
[44] A.H. Metherel, M. Irfan, S.L. Klingel, D.M. Mutch, R.P. Bazinet, Compound-specific
isotope analysis reveals no retroconversion of DHA to EPA but substantial
conversion of EPA to DHA following supplementation: a randomized control trial,
Am J Clin Nutr 110 (2019) 823–831.
[45] H.M. Vidgren, J.J. Agren, U. Schwab, T. Rissanen, O. Hänninen, M.I. Uusitupa,
Incorporation of n-3 fatty acids into plasma lipid fractions, and erythrocyte
membranes and platelets during dietary supplementation with fish, fish oil, and
docosahexaenoic acid-rich oil among healthy young men, Lipids 32 (1997)
697–705.
[46] A.H. Metherel, R.J.S. Lacombe, R. Chouinard-Watkins, R.P. Bazinet,
Docosahexaenoic acid is both a product of and a precursor to tetracosahexaenoic
acid in the rat, J Lipid Res 60 (2019) 412–420.
[47] H.G. Park, P. Lawrence, M.G. Engel, K. Kothapalli, J.T. Brenna, Metabolic fate of
docosahexaenoic acid (DHA; 22:6n-3) in human cells: direct retroconversion of
DHA to eicosapentaenoic acid (20:5n-3) dominates over elongation to
tetracosahexaenoic acid (24:6n-3), FEBS Lett 590 (2016) 3188–3194.
[48] A.H. Metherel, R.P. Bazinet, Updates to the n-3 polyunsaturated fatty acid
biosynthesis pathway: DHA synthesis rates, tetracosahexaenoic acid and (minimal)
retroconversion, Prog. Lipid Res. 76 (2019), 101008.
[49] M.K. Gregory, R.A. Gibson, R.J. Cook-Johnson, L.G. Cleland, M.J. James, Elongase
reactions as control points in long-chain polyunsaturated fatty acid synthesis, PLoS
ONE 6 (2011) e29662.
[50] Y. Ding, J. Yang, Y. Ma, T. Yao, X. Chen, S. Ge, L. Wang, X. Fan, MYCN and PRC1
cooperatively repress docosahexaenoic acid synthesis in neuroblastoma via
ELOVL2, J Exp Clin Cancer Res 38 (2019) 498.
[51] A. Pal, A.H. Metherel, L. Fiabane, N. Buddenbaum, R.P. Bazinet, S.R. Shaikh, Do
eicosapentaenoic acid and docosahexaenoic acid have the potential to compete
against each other? Nutrients (2020) 12.
[52] X.F. Guo, W.F. Tong, Y. Ruan, A.J. Sinclair, D. Li, Different metabolism of EPA,
DPA and DHA in humans: a double-blind cross-over study, Prostagland Leukotr Ess
Fatty Acids 158 (2020), 102033.
[53] B.J. Meyer, A.E. Lane, N.J. Mann, Comparison of seal oil to tuna oil on plasma lipid
levels and blood pressure in hypertriglyceridaemic subjects, Lipids 44 (2009)
827–835.
[54] E. Miller, G. Kaur, A. Larsen, S.P. Loh, K. Linderborg, H.S. Weisinger, G.
M. Turchini, D. Cameron-Smith, A.J. Sinclair, A short-term n-3 DPA
supplementation study in humans, Eur. J. Nutr. 52 (2013) 895–904.
[55] T.A. Mori, V. Burke, I.B. Puddey, G.F. Watts, D.N. O’Neal, J.D. Best, L.J. Beilin,
Purified eicosapentaenoic and docosahexaenoic acids have differential effects on
serum lipids and lipoproteins, LDL particle size, glucose, and insulin in mildly
hyperlipidemic men, Am. J. Clin. Nutr. 71 (2000) 1085–1094.
[56] M.B. Katan, J.P. Deslypere, A.P. van Birgelen, M. Penders, M. Zegwaard, Kinetics of
the incorporation of dietary fatty acids into serum cholesteryl esters, erythrocyte
membranes, and adipose tissue: an 18-month controlled study, J. Lipid Res. 38
(1997) 2012–2022.
[57] A.J. Brown, E. Pang, D.C. Roberts, Persistent changes in the fatty acid composition
of erythrocyte membranes after moderate intake of n-3 polyunsaturated fatty acids:
study design implications, Am. J. Clin. Nutr. 54 (1991) 668–673.

9

L. Ljungblad et al.

Prostaglandins, Leukotrienes and Essential Fatty Acids 169 (2021) 102285
[65] J. Cao, K.A. Schwichtenberg, N.Q. Hanson, M.Y. Tsai, Incorporation and clearance
of omega-3 fatty acids in erythrocyte membranes and plasma phospholipids, Clin
Chem 52 (2006) 2265–2272.
[66] B. Strandvik, E. Ntoumani, C. Lundqvist-Persson, K.G. Sabel, Long-chain saturated
and monounsaturated fatty acids associate with development of premature infants
up to 18 months of age, Prostagland Leukotr Ess Fatty Acids 107 (2016) 43–49.
[67] J.M. Ntambi, Regulation of stearoyl-CoA desaturase by polyunsaturated fatty acids
and cholesterol, J Lipid Res 40 (1999) 1549–1558.
[68] J.S. O’Brien, E.L. Sampson, Fatty acid and fatty aldehyde composition of the major
brain lipids in normal human gray matter, white matter, and myelin, J Lipid Res 6
(1965) 545–551.
[69] C.M. Filley, R.D. Fields, White matter and cognition: making the connection,
J Neurophysiol 116 (2016) 2093–2104.
[70] A.C. Skulas-Ray, M.R. Flock, C.K. Richter, W.S. Harris, S.G. West, P.M. KrisEtherton, Red Blood Cell Docosapentaenoic Acid (DPA n-3) is Inversely Associated
with Triglycerides and C-reactive Protein (CRP) in Healthy Adults and DoseDependently Increases Following n-3 Fatty Acid Supplementation, Nutrients 7
(2015) 6390–6404.
[71] J. Allaire, P. Couture, M. Leclerc, A. Charest, J. Marin, M.C. Lepine, D. Talbot,
A. Tchernof, B. Lamarche, A randomized, crossover, head-to-head comparison of
eicosapentaenoic acid and docosahexaenoic acid supplementation to reduce
inflammation markers in men and women: the Comparing EPA to DHA
(ComparED) Study, Am J Clin Nutr 104 (2016) 280–287.

[58] T.V. Hansen, J. Dalli, C.N. Serhan, The novel lipid mediator PD1n-3 DPA: an
overview of the structural elucidation, synthesis, biosynthesis and bioactions,
Prostaglandins Other Lipid Mediat. 133 (2017) 103–110.
[59] G. Drouin, V. Rioux, P. Legrand, The n-3 docosapentaenoic acid (DPA): a new
player in the n-3 long chain polyunsaturated fatty acid family, Biochimie 159
(2019) 36–48.
[60] G. Kaur, D. Cameron-Smith, M. Garg, A.J. Sinclair, Docosapentaenoic acid (22:5n3): a review of its biological effects, Prog Lipid Res 50 (2011) 28–34.
[61] Y. Liao, B. Xie, H. Zhang, Q. He, L. Guo, M. Subramaniapillai, B. Fan, C. Lu, R.
S. McLntyer, Efficacy of omega-3 PUFAs in depression: a meta-analysis, Transl
Psychiatry 9 (2019) 190.
[62] M.H. Bloch, A. Qawasmi, Omega-3 fatty acid supplementation for the treatment of
children with attention-deficit/hyperactivity disorder symptomatology: systematic
review and meta-analysis, J Am Acad Child Adolesc Psychiatry 50 (2011)
991–1000.
[63] J. Allaire, W.S. Harris, C. Vors, A. Charest, J. Marin, K.H. Jackson, A. Tchernof,
P. Couture, B. Lamarche, Supplementation with high-dose docosahexaenoic acid
increases the Omega-3 Index more than high-dose eicosapentaenoic acid,
Prostagland Leukotr Ess Fatty Acids 120 (2017) 8–14.
[64] W.S. Harris, Omega-3 fatty acids and cardiovascular disease: a case for omega-3
index as a new risk factor, Pharmacol Res 55 (2007) 217–223.

10

