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ABSTRACT
Background: Osteoarthritis (OA) is a major cause of chronic pain
and disability worldwide. Treatment generally focuses on symptom
relief through nonsteroidal anti-inflammatory drugs (NSAIDs)
and analgesics, which may incur side effects. Krill oil, rich in
anti-inflammatory long-chain (LC) omega-3 ( ω–3) PUFAs and
astaxanthin, may be a safe and effective alternative treatment.
Objectives: This study sought to investigate the effects of a
commercially available krill oil supplement on knee pain in adults
with mild to moderate knee OA. Secondary outcomes were knee
stiffness; physical function; NSAID use; Omega-3 Index; and lipid,
inflammatory, and safety markers.
Methods: Healthy adults (n = 235, 40–65 y old, BMI >18.5
to <35 kg/m2 ), clinically diagnosed with mild to moderate knee
OA, regular knee pain, and consuming <0.5 g/d LC ω-3 PUFAs,
participated in a 6-mo double-blind, randomized, placebo-controlled,
multicenter trial. Participants consumed either 4 g krill oil/d (0.60 g
EPA/d, 0.28 g DHA/d, 0.45 g astaxanthin/d) or placebo (mixed
vegetable oil). Knee outcomes were assessed using the Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC)
numeric scale (normalized to scores of 0–100). Outcomes were
assessed at baseline, 3 mo, and 6 mo.
Results : Omega-3 Index increased with the krill oil supplement
compared with placebo (from 6.0% to 8.9% compared with from
5.5% to 5.4%, P < 0.001). Knee pain score improved in both groups
with greater improvements for krill oil than for placebo (difference
in adjusted mean change between groups at 6 mo: −5.18; 95% CI:
−10.0, −0.32; P = 0.04). Knee stiffness and physical function also
had greater improvements with krill oil than with placebo (difference
in adjusted mean change between groups at 6 mo: −6.45; 95%
CI: −12.1, −0.9 and −4.67; 95% CI: −9.26, −0.05, respectively;
P < 0.05). NSAID use, serum lipids, and inflammatory and safety
markers did not differ between groups.

Conclusions: Krill oil was safe to consume and resulted in modest
improvements in knee pain, stiffness, and physical function in adults
with mild to moderate knee OA. This trial was registered at clinicaltrials.gov as NCT03483090.
Am J Clin Nutr 2022;116:672–685.
Keywords: osteoarthritis, knee osteoarthritis, knee pain, krill oil,
omega-3, eicosapentaenoic acid, docosahexaenoic acid

Introduction
Osteoarthritis (OA) is characterized by progressive loss of joint
cartilage that eventually leads to degradation of many important
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Krill oil improved osteoarthritic knee pain in adults with mild to
moderate knee osteoarthritis: a 6-month multicenter, randomized,
double-blind, placebo-controlled trial

Krill oil and osteoarthritis of the knee

Methods
The trial was conducted at 4 sites across Australia. Human
Research Ethics Committee approvals were obtained from the
Commonwealth Scientific and Industrial Research Organisation

(CSIRO) Human Research Ethics Committee (Adelaide, Australia) (reference number: 2/2017) and Bellberry Limited (Adelaide, Australia) (reference number: 2018-01-046). The trial was
prospectively registered with clinicaltrials.gov (NCT03483090)
and conducted in accordance with International Council on
Harmonisation Good Clinical Practice (ICH-GCP) guidelines.
The intervention phase of the study was executed from 27
February, 2018 to 30 December, 2019. The Supplemental
Methods summarize the changes to the methods after trial
commencement.
Participants
Participants were recruited via social media and local advertisements. Oral and written information about the study
objectives and protocol were provided to each individual and
written informed consent was obtained before performing any
study-related assessments.
Inclusion criteria: male or female; 40–65 y old inclusive;
clinical diagnosis of OA of the index knee according to American
College of Rheumatology (ACR) criteria for the classification
of idiopathic OA of the knee; Kellgren-Lawrence (KL) grade
1–3 of the index knee, evidenced by knee X-ray; self-reported
pain in the index knee on ≥4 d/wk for the last 3 mo; pain of
the index knee between 4 and 8 cm (inclusive) over the 7 d
before baseline as self-assessed on a 10-cm visual analog scale
(VAS) (see the Supplemental Methods for more details on clinical
diagnosis of OA of the knee and knee pain–related assessments);
BMI (in kg/m2 ) >18.5 and <35; willingness to abstain from
use of restricted medications; habitual intake of LC ω-3 PUFAs
(from food and supplements) <500 mg/d as assessed using the
validated Australian PUFA FFQ (18) and willingness to maintain
a low intake throughout the study; and willing to provide written
informed consent.
Exclusion criteria: severe radiographic knee OA in any knee
defined as KL grade > 3; conditions which could interfere with
the evaluation of the index knee; history of Reiter syndrome,
rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis,
arthritis associated with inflammatory bowel disease, sarcoidosis,
amyloidosis, or any other forms of inflammatory arthritis; history
of or clinical signs and symptoms of infection in the index joint;
knee pain not clinically attributable to OA of the knee; pain in
any other area of the lower extremities or back that was equal
to or greater than the index knee pain (based on self-report);
arthroscopy or open knee surgery in the index knee in the previous
12 mo or planned for within the duration of the study period;
joint-related intraarticular (IA), intramuscular (IM), or oral interventions or therapies; bleeding disorders, taking anticoagulants;
regular use of and not prepared to abstain from glucosamine, fish
oil, curcumin, and other complementary medicines/supplements
that may affect the study results; positive urine dipstick pregnancy
test, currently pregnant and/or breastfeeding; females of childbearing potential (FOCBP) not using effective methods of
contraception; history of or known presence of alcohol abuse
or illicit drug use (including cannabis); any surgical history,
clinically significant conditions, organ dysfunction, recent or
planned hospitalizations, or investigational drug consumption
within 3 mo of baseline that may have affected the participant’s
ability to participate in the study or the study results; known
or suspected allergies to the investigational products; history
of an adverse reaction or known hypersensitivity to seafood or
shellfish; and uncontrolled hypertension.
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components of the joint. Damage from mechanical stress with
insufficient self-repair by joints is believed to be the primary
cause of OA (1). OA is the leading cause of chronic pain
and disability worldwide (2). Owing to its negative impact on
individual functioning and health service expenditure, OA has
been designated a National Health Priority area in Australia (3).
In 2012 it was estimated that 1.9 million people in Australia had
OA, and this figure is predicted to increase to 3.0 million people
by 2032 (4).
Knee OA is a very common subtype of OA with prevalence
increasing with age. The global prevalence of symptomatic knee
OA in 2010 was estimated to be 3.8%, with prevalence peaking at
∼50 y of age (5). Inflammation occurs locally within joints and
is associated with knee pain severity in knee OA (6). Nonsurgical
management of OA primarily involves the use of nonsteroidal
anti-inflammatory drugs (NSAIDs) (7). However, owing to the
adverse effects associated with long-term NSAID use, there
is a need to identify alternative therapies that can safely and
effectively reduce pain and inflammation and improve function
in people with knee OA. Australian research has reported that
omega-3 fatty acid supplements are commonly used for the
management of OA, particularly among females with OA (8, 9),
presumably owing to the known anti-inflammatory effects of ω-3
fatty acids and derivatives.
Krill, Euphausia superba, are small marine crustaceans,
reported to be the largest biomass in the world, with an estimated
300,000 million metric tons located in the Antarctic Ocean (10).
Krill are rich in the long-chain (LC) ω-3 PUFAs EPA (20:5n–3)
and DHA (22:6n–3) and the antioxidant astaxanthin (11), which
have known anti-inflammatory effects (12, 13). Structurally, krill
oil differs from other dietary sources of LC ω-3 PUFAs in that
it contains a relatively high amount of LC ω-3 PUFAs from
phospholipids rather than triglycerides, which are the primary
source of EPA and DHA found in fish oil (11). Some evidence
suggests that the higher relative phospholipid content of krill oil
may facilitate the incorporation of LC ω-3 PUFAs into tissues
more efficiently than fish oil (11, 14). However, Yurko-Mauro et
al. (15) showed no difference in plasma and RBC concentrations
of EPA and DHA between fish oil and krill oil products when
matched for dose, EPA, and DHA concentrations in a 4-wk
randomized controlled trial (RCT). Preliminary data suggest that
supplementation with krill oil is well tolerated in humans with
only minor adverse effects reported, and may improve knee pain
associated with OA (16, 17). However, given the methodological
limitations of these trials, high-quality RCTs are warranted to investigate the efficacy of krill oil on knee pain associated with OA.
The primary objective of the study was to evaluate the efficacy
of 4 g of a commercially available krill oil supplement daily on
pain reduction in adults with mild to moderate OA of the knee
compared with a placebo over a 6-mo period. The secondary
outcomes included knee stiffness, knee physical function, serum
lipid profiles (triglycerides, total cholesterol, LDL cholesterol,
HDL cholesterol), Omega-3 Index, serum inflammatory markers
[high-sensitivity C-reactive protein (hsCRP), IL-6, TNF-α],
NSAID use, and safety markers.
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Study design and procedures

Investigational products
The commercial krill oil [“Swisse High Strength Deep Sea
Krill Oil” (SuperbaTM BOOST, Aker BioMarine)] contained, per
capsule, 1 g krill oil (E. superba oil; 0.15 g EPA, 0.07 g DHA, of
which 73% of EPA and DHA was bound to phospholipids, and
0.11 g astaxanthin) in a black, oblong natural soft gelatin capsule.

Each placebo capsule, matched to the krill oil in appearance and
odor, contained 1 g mixed vegetable oil (olive oil, corn oil, palm
oil, and medium-chain triglycerides) comprising 31% SFAs, 46%
MUFAs, and 22% PUFAs, with no detectable EPA or DHA. The
mixture of dietary fatty acids reflected the normal diet, and no
single type of fatty acid or fat source was over-represented in
the placebo that may have had independent therapeutic effects.
Within the context of the whole diet in which fat provides ∼30%
of total energy intake (%E), the small amount of mixed fats that
were consumed as placebo (1.7%E) was unlikely to have any
independent therapeutic effects.
Participants were randomly assigned to consume 4 capsules/d
of either krill oil [providing in total 0.88 g/d EPA + DHA (0.60 g
EPA, 0.28 g DHA) and 0.45 g astaxanthin] or placebo. They
were instructed to consume all 4 capsules at 1 occasion every
day with or immediately after a meal and to return any unused
study capsules and packaging at their next visit for determining
compliance to study treatments.
The krill oil dosage was set higher than those used in
previous studies on knee OA so as to facilitate an antiinflammatory response, but in amounts suitable as a complementary medicine. EPA + DHA dosages typically proposed
to exert anti-inflammatory responses have been >2 g/d, which
fall into the pharmacologic range and are better achieved
through pharmaceutical preparations (19) than complementary
medicines. Given that most of the EPA and DHA in krill oil
are delivered in phospholipid form, which may facilitate more
efficient incorporation of LC ω-3 PUFAs into tissues than triglyceride form (11, 14), and that krill oil contains astaxanthin which
confers additional anti-inflammatory effects (13), we proposed
that krill oil’s anti-inflammatory effect would be greater than what
would be expected based on its LC ω-3 PUFA content alone.

Knee pain, stiffness, and physical function
Knee pain (primary outcome), stiffness, and physical function
(secondary outcomes) of the index knee were assessed using
the validated Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) (20). The WOMAC Questionnaire
was self-administered in paper-based format and comprised 24
items, each with a numeric scale response of 0 (no pain) to 10
(extreme pain).
Responses to items within each subscale were summed to
create a WOMAC knee pain score (0–50), WOMAC knee
stiffness score (0–20), WOMAC knee physical function score
(0–170), and WOMAC global score (0–240). Raw scores were
rescaled to a 0–100 scale (21). See the Supplemental Methods
for more detail.

Biochemical assessments
Serum was obtained from fasting venous blood samples
collected in vacutainer tubes containing clot activator and left at
room temperature for 30 min to allow for clot formation. The
blood was then centrifuged (GS-6R centrifuge; Beckman Coulter
Inc.) for 15 min at 2850 x g at 4◦ C. The resultant serum was
divided into aliquots and stored at −70◦ C until analysis at the end
of the intervention. Samples from each participant were analyzed
within the same analytic run to reduce variation.
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The trial design was a 6-mo multicenter, randomized, placebocontrolled, double-blind, parallel-arm, phase II study. Eligible
participants were randomly assigned to treatment groups in a
1:1 ratio using the method of minimization via an interactive
voice response system (IVRS) [National Health and Medical
Research Council (NHMRC) Clinical Trials Centre Central
Randomisation Service]. Minimization variables were study site,
gender, VAS knee pain score (4–5; 6–8), and age (40–49; 50–
59; ≥60 y). Treatment allocation was concealed from study staff
by having treatments sealed in identical opaque containers and
numbered with sequential kit numbers according to the allocation
sequence. All participants, study staff, and statisticians were
blinded to treatment allocations until after the statistical analyses
were completed.
Supplemental Table 1 outlines the schedule of assessments.
After telephone prescreening, participants attended a clinic
screening visit to assess eligibility. On day 1 (baseline) participants returned to the clinic for confirmation of eligibility,
informed consent, randomization, and baseline assessments. Inclinic study assessments were also completed on day 85 (3 mo)
and day 169 (6 mo). After each of the baseline and 3-mo visits
participants were discharged from the clinic with a compliance
and medication checklist, a 3-mo supply of study treatment, and
instructions. Online surveys were conducted at 1, 2, 4, and 5 mo
to assess treatment compliance, adverse events (AEs), and use
of concomitant medications. Any queries from the surveys were
followed up by phone call. A final participant online survey
and follow-up phone call (as needed) were conducted 28 d after
the 6-mo study visit for a final safety assessment including a
review of AEs and concomitant medications. In the event of early
withdrawal from the study participants were encouraged to return
to the clinic as soon as possible for an early withdrawal visit
(similar to the 6-mo visit). Participants were requested, where
possible, to maintain stable doses of concomitant medications.
The following medications were prohibited during the study:
anticoagulants and antiplatelet medications (except low-dose
aspirin), high-dose NSAIDs, IM/IA corticosteroids to either
knee, any IA intervention or therapy, regular oral corticosteroids,
other investigational treatments, opioids, and opiates (see the
Supplemental Methods for more detail).
Compliance to consumption of study treatments was defined as
the number of capsules consumed over the 6-mo (169 d) period
as a percentage of the number of capsules that should have been
consumed over the 6-mo period.
Medical and surgical histories were obtained from the participant by a medical investigator through a physical examination
and interview. Height was measured using a stadiometer (SECA)
and body weight using calibrated electronic digital scales (Mercury, AMZ 14). BMI was calculated. A urine dipstick pregnancy
test was performed in FOCBP at screening and all study visits.
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NSAID use
It was originally planned to calculate an NSAID equivalence
score (23) using NSAID dosage and frequency data collected as
part of reporting prior and concomitant medications. However,
this was not feasible from the reported data because a large
proportion of reported NSAIDs were taken pro re nata (PRN)
(Latin for “as needed”), hence mean daily intakes could not be
calculated for the majority of NSAID usage. Instead, post hoc
exploratory analyses were undertaken, calculating the fraction of
time over the 6-mo period where ≥1 NSAIDs were reportedly
being used, either by PRN or by prescribed dosages and
frequencies. For each participant who completed the 6-mo visit,
any NSAID use (yes/no) was determined for each day of the 6-mo
study period.
NSAID fraction was calculated as:


total number of days where ≥ 1 NSAIDs were reportedly used


total number of study days between baseline and 6 − mo visit

Assessments of safety parameters
Resting blood pressure and pulse rate were measured using
an automated blood pressure monitor with participants in a
seated position after a 5-min rest. The mean of 3 measurements
(separated by 2 min) was recorded. Respiratory rate was
measured by counting the number of times the chest rose per
minute while the participant was at rest. Body temperature was
measured using a digital tympanic thermometer.
A noninvasive physical examination was performed by a medical investigator and included the following outcomes: general
appearance; eyes, ears, nose, mouth, and throat; cardiovascular;
respiratory; gastrointestinal/abdominal; musculoskeletal; skin. A
symptom-directed physical examination was conducted at the
6-mo and early withdrawal visits.
Blood hematology, biochemistry, and coagulation outcomes
were analyzed at screening, baseline, 3-mo, 6-mo, or early
withdrawal visits by National Association of Testing Authorities,
Australia (NATA) laboratories at each study site (see the
Supplemental Methods for more detail).
AEs.
Incidence of AEs and serious adverse events (SAEs) were
recorded from baseline until the final safety visit or early
withdrawal. At each clinic visit and in each online survey
participants were questioned in a nonleading manner regarding
the occurrence of any AE. For each AE its description, date
of onset, duration, actions taken, outcome, and a medical
investigator’s opinion on severity and causality to study treatment
were recorded. Use of all concomitant medications and abnormal
laboratory values considered clinically significant by a medical
investigator were recorded as an AE. All reported AEs/SAEs
were coded using the latest version of the Medical Dictionary for
Regulatory Activities (MedDRA; https://www.meddra.org). See
the Supplemental Methods for more details on the methodology
for assessing AEs.
Data management and monitoring
Data collected during this study were handled, processed, and
managed as per an approved study-specific data management
plan and study monitoring was performed in accordance with
applicable regulations, guidelines, and sponsor procedures. See
the Supplemental Methods for more details on data management
and monitoring.
Statistical analysis

It was calculated that 238 participants would be required (1:1,
119 in each treatment group), allowing for a ∼20% dropout rate,
to provide 80% power at a significance level of 5% to detect
a standardized treatment effect of 0.4 (i.e., a medium effect) in
WOMAC knee pain (24).
Statistical analyses were performed according to a detailed
statistical analysis plan (SAP). Statistical analyses were performed using Stata®/SE software version 15.1 (StataCorp).
Blinding of treatment allocations was maintained throughout
the statistical analysis. No interim analysis was conducted. The
primary outcome and all secondary outcomes were analyzed
(1) according to the intention-to-treat (ITT) principle, whereby all
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Serum lipid variables (total cholesterol, HDL cholesterol, and
triglycerides) and hsCRP were analyzed on a Beckman AU480
clinical analyzer (Beckman Coulter Inc.) using commercial
enzymatic test kits. LDL cholesterol was calculated using the
Friedewald equation. Serum IL-6 and TNF-α were analyzed
using the Luminex 100/200 system with xPONENT software
(Luminex) and commercial assay kits. Intra-assay CVs were
as follows: TC, 0.78%; triglycerides, 0.86%; HDL cholesterol,
0.69%; hsCRP, 2.36%; IL-6, 9.9%; TNF-α, 6.8%.
Omega-3 Index analysis was conducted by OmegaQuant
(OmegaQuant LLC) as described by Harris and Polreis (22).
In brief, Omega-3 Index phlebotomy kits (OmegaQuant LLC)
approved by the Australian Therapeutic Goods Administration
(ARTG 277814) were used to collect finger prick dried blood
spot samples. The dried blood spot cards were stored at −70◦ C
until fatty acid analysis at the end of the intervention. GC using a
GC-2010 Gas Chromatograph (Shimadzu Corporation) equipped
with a SP-2560, 100-m fused silica capillary column (0.25 mm internal diameter, 0.2 μm film thickness; Supelco) and an internalstandard-based 3-point calibration curve were used to quantify 24
fatty acids. The sum of the 24 fatty acids constituted the total fatty
acid content of the blood and included SFAs [myristic acid (14:0),
palmitic acid (16:0), stearic acid (18:0), arachidic acid (20:0), behenic acid (22:0), lignoceric acid (24:0)]; cis MUFAs [palmitoleic
acid (16:1), oleic acid (18:1), gondoic acid (20:1), nervonic acid
(24:1)]; trans unsaturated fatty acids [16:1, elaidic acid (18:1),
linolelaidic acid (18:2)]; cis ω-6 PUFAs [linoleic acid (18:2),
γ -linolenic acid (18:3), eicosadienoic acid (20:2), dihomo-γ linolenic acid (20:3), arachidonic acid (20:4), adrenic acid (22:4),
osbond acid (22:5)]; and cis ω-3 PUFAs [α-linolenic acid (18:3),
EPA (20:5), docosapentaenoic acid (22:5), DHA (22:6)]. Each
individual fatty acid was expressed as a percentage of the total
fatty acids. The Omega-3 Index is defined as the sum of EPA
and DHA content expressed as a percentage of total fatty acids
in RBCs. Accordingly, the Omega-3 Index was calculated from
the dried blood spot EPA + DHA value adjusted by a regression
equation to predict the Omega-3 Index in RBCs. The laboratory
CV for the dried blood spot Omega-3 Index is <5% (22).
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Efficacy analysis.
For continuously measured outcomes, distributional assumptions underpinning the planned statistical analysis were investigated and, if found to be violated, variables were logtransformed. All efficacy analyses were adjusted for stratification
variables (site, gender, knee pain score, age at randomization). In
addition, analyses of treatment efficacy were adjusted for baseline
assessment of the specific outcome variable and the following
3 baseline factors believed to potentially affect the primary
outcome (knee pain): BMI, OA severity, and the Omega-3 Index.
Although VAS knee pain score was used as a stratification
variable, baseline WOMAC knee pain score was used in the
model instead to minimize potential collinearity.
For continuous variables, descriptive summaries included
means ± SDs for normally distributed variables and medians
[IQRs] for nonnormally distributed variables. Categoric variables
were summarized using frequencies and percentages. Estimates
of treatment effects are presented as adjusted mean change (95%
CI) from baseline and differences in adjusted mean change (95%
CI) from baseline between groups.
The primary analysis comparing change in WOMAC knee pain
score from baseline at 6 mo between randomized groups was
performed using ANCOVA, adjusted for prespecified covariates
and using an ITT approach. Secondary analyses of the primary
outcome extended the primary analysis to include 1) an interaction term for treatment × baseline Omega-3 Index to assess
evidence of effect modification by Omega-3 Index; 2) inclusion
of change in BMI from baseline as a covariate; and 3) restricting
the analysis to only those participants who were compliant
with the protocol (per-protocol cohort). All secondary outcomes
assessed at 2 time points (3 and 6 mo) were analyzed using linear
mixed-effect models for each of the ITT and per-protocol analysis
cohorts. Fixed effects were specified for treatment, assessment
time (3 compared with 6 mo), the interaction of treatment × time,
and the adjustment factors described already. An independence
covariance matrix structure was assumed, and a random intercept
for each participant included.

SAP deviations and efficacy-related post hoc analyses.
Because baseline VAS knee pain score was replaced with
baseline WOMAC knee pain score as an adjustment factor for
the primary analyses of all efficacy outcomes, sensitivity analyses
were conducted post hoc with the inclusion of VAS knee pain
score as an additional covariate. Because the overall results did
not change with inclusion of this covariate, the results of these
analyses are not reported.
A large proportion of serum IL-6 values were recorded as 0
such that the prespecified linear mixed-effects model analysis
was not performed. An exploratory analysis was conducted for
each of the ITT and per-protocol analysis cohorts using randomeffects tobit regression (censored regression) for log-transformed
IL-6 values [all 0 values were set to 0.01, half the lowest nonzero
value of IL-6 (0.02), before log transformation]. Fixed effects
included treatment, time, the interaction of treatment × time, and
the adjustment covariates (as aforementioned).
Because NSAID usage was mostly PRN, prespecified linear
mixed-effects models to assess level of NSAID use could not be
performed. Instead, a fractional regression model with a probit
link was used to compare the mean fraction of study period
whereby NSAIDs were used between treatment groups (27,
28). Adjustment variables included NSAID use at baseline (any
compared with none) and other covariates as detailed already.
Because the main mechanism by which krill oil is hypothesized to affect OA pain is through anti-inflammatory effects,
additional exploratory analyses were undertaken to determine
whether effects of treatment on WOMAC knee outcomes were
moderated by inflammatory status at baseline. Participants were
categorized according to their baseline inflammatory status
as follows: low (serum hsCRP <1 mg/L); medium (serum
hsCRP ≥1 mg/L and ≤3 mg/L); and high (serum hsCRP
>3 mg/L) inflammatory status (29). The primary analysis
comparing change in WOMAC knee pain score from baseline
to 6 mo between randomized groups using ANCOVA and
an ITT approach was extended to include a treatment ×
baseline inflammatory status interaction term. Treatment effect
modification by baseline inflammatory status was assessed
for other WOMAC knee outcomes using a similar approach.
Adjustment factors were as specified for the primary analysis.
The overall significance of the treatment × baseline inflammatory
status interaction was assessed using a Wald test. Estimates of
treatment effect were obtained stratified by inflammatory group.
Sensitivity analyses with hsCRP entered as a continuous variable
were also performed.
For outcomes where linear mixed modeling was performed
on log-transformed data, adjusted means and 95% CIs for the
outcome in the log scale were back-transformed and presented as
mean percentage changes with corresponding 95% CIs (see the
Supplemental Methods for how estimates for mean percentage
change were derived from estimates in the ln scale).

Safety analysis.
For outcome variables that assessed presence or absence
of a condition (e.g., AEs, SAEs, and physical examination),
differences between treatment groups were analyzed using exact
binomial tests and log binomial generalized linear regressions.
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randomly assigned participants were included and analyzed
according to the group to which they were originally assigned.
As recommended by Jakobsen et al. (25) and Bennett (26), a
complete case analysis (based on participants with a complete
set of outcome data) was undertaken because the percentage
of missing data in outcome variables was considered small
(∼10%) and baseline covariate data were mostly complete. Perprotocol analyses were also conducted for selected outcomes,
whereby only those randomly assigned participants who were
compliant with the study protocol were included. Compliance
was defined as consumption of ≥80% of the prescribed treatment
on average over the 6-mo study period, and the absence of any
major deviations from or violations of the protocol (e.g., use of
prohibited medications). Analyses of safety outcomes were based
on all randomly assigned individuals.
The level of statistical significance was set at 0.05 (2-sided).
No multiple test adjustments were made for the number of
secondary analyses performed because these analyses were
considered exploratory.
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Enrolment

677

Assessed for eligibility (n = 465)

Excluded (n = 230):
Not meeng inclusion criteria (n = 207)
Declined to parcipate (n = 8)
Other reasons (n = 15)

Randomly assigned (n = 235)

Placebo (n = 118):
Received allocated intervenon (n = 117)
Did not receive allocated intervenon (n = 1):
eligibility revoked aer randomisaon.

Krill oil (n = 117):
Received allocated intervenon (n = 117)
Did not receive allocated intervenon (n = 0)

Follow-up
Lost to follow-up (n = 1)
Withdrawals (n = 10):
Parcipant request (n = 3)
Non-compliance (n = 0)
No reasons given (n = 0)
Clinical event (n = 7)

Lost to follow-up (n = 0)
Withdrawals (n = 13):
Parcipant request (n = 6)
Non-compliance (n = 2)
No reasons given (n = 1)
Clinical event (n = 4)

Analysis
Data sets:
ITT-analysis set 1 n = 102
ITT-analysis set 2 n = 104
Per protocol n = 94
Safety n = 118

Data sets:
ITT-analysis set 1 n = 105
ITT-analysis set 2 n = 109
Per protocol n = 97
Safety n = 117

FIGURE 1 Flowchart of participants through the trial. ITT analysis set 1 for the primary analysis (ANCOVA) included all randomly assigned participants
with a complete set of primary outcome (WOMAC knee pain at 6 mo) and covariate data. ITT analysis set 2 for the secondary analyses (linear mixed-effects
models) included all randomly assigned participants with data available for ≥1 postrandomization time point and complete covariate data. Per-protocol analysis
set included all participants in the ITT analysis set who were compliant with the study protocol. Safety data set included all randomly assigned participants.
ITT, intention-to-treat; WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index.

Differences between treatment groups for continuously measured outcome variables [vital signs (blood pressure, pulse
rate, respiratory rate, temperature); hematology, biochemical,
and coagulation parameters] were analyzed using linear mixedeffects models with fixed effects for treatment, time, and the
interaction of treatment × time, adjusted for covariates as detailed
already, and analysis adhered to the principles of ITT as closely
as possible.

analyzed using a generalized estimating equation log binomial
regression model comparing the RR of CRP ≥5 mg/L between
groups. Fixed effects included treatment, time, the interaction of
treatment × time, and adjustment factors (as aforementioned) and
analysis adhered to the ITT approach as closely as possible.

Results
Deviations and post hoc analyses related to safety analysis.

Study population

The prespecified linear mixed-effects model analysis was not
performed for serum C-reactive protein (CRP) (distinct from
serum hsCRP) because the data included a large proportion of
censored observations. Serum CRP was instead redefined as a
binary outcome with categories of <5 mg/L and ≥5 mg/L and

A total of 465 participants were screened (Figure 1). Of these,
235 participants were randomly assigned to treatment groups
(krill oil: n = 117; placebo: n = 118), of whom 234 received
allocated interventions (krill oil: n = 117; placebo: n = 117)
and 24 (10%) withdrew early or were lost to follow-up (krill oil:
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TABLE 1 Baseline characteristics1
Krill oil
(n = 117)

All
(n = 235)

54 (45.8)
56.0 ± 6.8
172 ± 10.0
83.7 ± 14.1
28.4 ± 3.6
124 ± 13.4
78.1 ± 7.9
5.3 ± 1.1

52 (44.4)
55.8 ± 6.8
172 ± 9.9
83.7 ± 14.3
28.3 ± 3.8
121 ± 11.2
77.8 ± 7.3
5.3 ± 1.1

106 (45.1)
55.9 ± 6.8
172 ± 9.9
83.7 ± 14.2
28.3 ± 3.7
123 ± 12.4
77.9 ± 7.6
5.3 ± 1.1

26 (22.0)
36 (30.5)
56 (47.5)

22 (18.8)
32 (27.4)
63 (53.8)

48 (20.4)
68 (28.9)
119 (50.6)

74 (62.7)
28 (23.7)
11 (9.3)
3 (2.5)
2 (1.7)
5.5 ± 0.9

70 (59.8)
35 (29.9)
7 (6.0)
2 (1.7)
3 (2.6)
6.0 ± 1.3

144 (61.3)
63 (26.8)
18 (7.7)
5 (2.1)
5 (2.1)
5.8 ± 1.2

38 (32.2)
49 (41.5)
29 (24.6)

46 (39.3)
48 (41.0)
22 (18.8)

84 (35.7)
97 (41.3)
51 (21.7)

1 All values are mean ± SD or n (%) unless otherwise indicated. hsCRP, high-sensitivity C-reactive protein;
NSAID, nonsteroidal anti-inflammatory drug; OA, osteoarthritis; PRN, pro re nata (Latin for “as needed”); VAS,
visual analog scale.
2 Classification system described by the CDC and the American Heart Association (29).

n = 11; placebo: n = 13). No participant withdrew owing to knee
replacement surgery.
The baseline characteristics summarized in Table 1 reflect
healthy males and females, aged 40–65 y with moderate OA
and low Omega-3 Index levels. The treatment groups appeared
balanced with respect to the reported characteristics. The
majority of participants had a KL score of 3. Most participants
did not use NSAIDs and usage was mostly reported to be PRN.
Participants’ BMI remained relatively stable over the 6-mo study
period (Supplemental Table 2).
Compliance
Participant compliance was excellent with >80% of participants consuming ≥80% of the study treatment on average over
the 6-mo study period, and 80% of participants compliant overall
(Supplemental Table 3).
A total of 405 protocol deviations were reported, with the
majority being minor and unlikely to have affected either the
safety of participants or the study outcomes.
Omega-3 Index
The mean Omega-3 Index increased in the krill oil group from
6.0% at baseline to 8.9% at 3 mo and 9.0% at 6 mo, whereas mean
levels remained stable, between 5.4% and 5.5%, in the placebo
group over time (Supplemental Table 4). Omega-3 Index was
estimated to have increased by 3.11% (95% CI: 2.86%, 3.37%)
more in the krill oil group than in the placebo group at 3 mo, and

by 3.22% (95% CI: 2.96%, 3.48%) more in the krill oil group than
in the placebo group at 6 mo, after controlling for prespecified
covariates (Table 2). Similar results were observed in the perprotocol analysis set.

Knee pain, stiffness, and physical function
Supplemental Table 5 summarizes descriptive statistics for
WOMAC knee outcomes at baseline, 3 mo, and 6 mo, and for
change from baseline at 3 mo and 6 mo.
The primary ITT analysis of the change in WOMAC knee
pain score from baseline at 6 mo (primary outcome) using
ANCOVA showed that WOMAC knee pain had greater decreases
in the krill oil group (estimated change: −17.8; 95% CI: −21.2,
−14.4) than in the placebo group (estimated change: −12.6;
95% CI: −16.0, −9.2) with the difference between groups being
−5.18 (95% CI: −10.0, −0.32) in favor of the krill oil group
(P = 0.04) (Figure 2A). Inclusion of either an interaction term
for treatment × baseline Omega-3 Index or a covariate for change
in BMI from baseline did not substantially alter the direction,
magnitude, or significance of the estimated treatment effect for
the primary outcome. The estimated treatment effects at 6 mo
from secondary analyses using linear mixed models were of
similar magnitude, for both the ITT and per-protocol analysis
sets (Table 3). Differences between groups at 3 mo were not
statistically significant (Table 3).
Other WOMAC outcomes, including knee stiffness, physical function, and WOMAC knee total scores, also showed
significantly greater improvements after 6 mo with krill oil
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Male
Age, y
Height, cm
Body weight, kg
BMI, kg/m2
Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Knee pain score (VAS)
OA severity (Kellgren-Lawrence grade)
1
2
3
Use of NSAID
None
PRN only
Prescribed regular dose only
Prescribed regular dose + PRN
Missing
Omega-3 Index, %
Inflammatory status2
Low (<1 mg/L hsCRP)
Medium (≥1 mg/L to ≤3 mg/L hsCRP)
High (>3 mg/L hsCRP)

Placebo
(n = 118)

change from baseline.
between treatment groups were performed using linear mixed-effects models on intention-to-treat (n = 221∗) and per-protocol data sets (n = 190); changes from baseline were calculated by
subtracting 3- and 6-mo data from baseline data and compared while controlling for baseline Omega-3 Index, study site, gender, baseline Western Ontario and McMaster Universities Osteoarthritis Index knee
pain score, age, BMI, and osteoarthritis severity. ∗The analysis population included all randomly assigned participants with data available for ≥1 postrandomization time point.
2 Comparisons

1 ,

<0.001
<0.001
3.18 (2.90, 3.46)
3.30 (3.02, 3.58)
3.01 (2.82, 3.20)
3.08 (2.89, 3.27)
− 0.17 (−0.37, 0.02)
− 0.22 (−0.41, −0.02)
3.11 (2.86, 3.37)
3.22 (2.96, 3.48)
 3 mo
 6 mo

− 0.15 (−0.33, 0.03)
− 0.18 (−0.37, 0.00)

2.97 (2.79, 3.14)
3.04 (2.86, 3.22)

<0.001
<0.001

Krill oil (n = 96)
Placebo (n = 94)
Krill oil vs. placebo
Placebo (n = 104)

Krill oil (n = 109)

P

value2
Intention-to-treat

TABLE 2 Adjusted mean (95% CI) changes in Omega-3 Index (%) from baseline and comparisons between treatment groups1
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than with placebo in both ITT and per-protocol analyses
(Table 3).
There was some evidence for treatment effect modification
by baseline inflammatory status with respect to change in
WOMAC knee pain score from baseline at 6 mo (Figure 2B,
Supplemental Table 6). The estimated treatment effect was
greater in the high inflammatory group (serum hsCRP >3 mg/L)
than in both the low (hsCRP <1 mg/L) and medium (hsCRP
≥1 mg/L and ≤3 mg/L) inflammatory groups: −20.3 (95% CI:
−30.9, −9.74) compared with −3.88 (95% CI: −12.0, 4.24)
and 0.82 (95% CI: −6.56, 8.20), respectively. When baseline
hsCRP was entered into the model as a continuous variable
(sensitivity analysis), the interaction with treatment on change in
WOMAC knee pain score at 6 mo remained significant (P = 0.03)
(Supplemental Table 7). The estimated treatment effect in the
high inflammatory group was not as pronounced as when hsCRP
risk levels were entered as a categorical variable (−11.8; 95% CI:
−19.7, −3.98), which may be because the latter model assumes
a linear relation between baseline hsCRP and change in pain
score, whereas the effect of baseline hsCRP appears to be nonlinear. Treatment effect modification by baseline inflammatory
status was also assessed for the other WOMAC outcomes of
stiffness, physical function, and WOMAC total score, but the
treatment × inflammatory status interaction was not significant
for these outcomes. Trends toward greater treatment effects
in the high inflammatory group than in the low and medium
inflammatory groups were observed for change in WOMAC
knee physical function and WOMAC total score (Supplemental
Table 6).

NSAID use
NSAIDs (oral or topical; below the prohibited medication
limits) were estimated as having been used on 39% and 38%
of the study days over the 6-mo study period, mostly PRN,
by participants in the placebo and krill oil groups, respectively
[adjusted mean fractions of study days where NSAIDs were used:
0.39; 95% CI: 0.38, 0.40 and 0.38; 95% CI: 0.37, 0.39 in the
placebo (n = 102) and krill oil (n = 105) groups, respectively;
effect estimate for krill oil compared with placebo: −0.01; 95%
CI: −0.03, 0.01; P = 0.24].

Serum lipids
Supplemental Table 8 summarizes descriptive statistics for
serum lipid outcomes at baseline, 3 mo, and 6 mo, and for change
from baseline at 3 mo and 6 mo.
Changes in serum total cholesterol, HDL cholesterol, and
triglycerides from baseline did not significantly differ between
treatment groups in either of the ITT or per-protocol analyses
(Table 4). A small (5%) increase in LDL cholesterol from
baseline at 3 mo in the krill oil group compared with the placebo
group was detected in both ITT and per-protocol analyses. The
effect was transient because at 6 mo the groups did not differ
(Table 4).
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FIGURE 2 Adjusted mean (95% CI) changes in WOMAC knee pain scores from baseline at 6 mo. (A) Primary analysis comparing changes in WOMAC
knee pain score (ITT population, n = 207, P = 0.04). (B) Secondary analysis comparing changes in WOMAC knee pain scores stratified by baseline
inflammatory status (ITT approach, n = 205, overall treatment × inflammatory status interaction P = 0.01). WOMAC knee pain scores were normalized
to scores ranging from 0 to 100. Changes from baseline were calculated by subtracting 3-mo and 6-mo data from baseline data and compared using ANCOVA
while controlling for baseline WOMAC knee pain score, study site, gender, Omega-3 Index, age, BMI, and osteoarthritis severity. The analysis population
included all randomly assigned participants with a 6-mo assessment and complete covariate data. ITT, intention-to-treat; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis Index; , change from baseline.

scores were normalized to scores ranging from 0 to 100. WOMAC, Western Ontario and McMaster Universities Osteoarthritis Index; , change from baseline.
between treatment groups were performed using linear mixed-effects models on intention-to-treat (n = 213)∗ and per-protocol populations (n = 190); changes from baseline were calculated
by subtracting 3- and 6-mo data from baseline data, respectively, and compared while controlling for the baseline level of the respective outcome variable, study site, gender, baseline WOMAC knee pain score,
Omega-3 Index, age, BMI, and osteoarthritis severity. ∗The analysis population included all randomly assigned participants with data available for ≥1 postrandomization time point.
2 Comparisons

1 WOMAC

0.24
0.02
− 2.83 (−7.56, 1.92)
− 5.84 (−10.6, −1.09)
− 1.95 (−6.43, 2.55)
− 4.83 (−9.37, −0.27)
− 10.6 (−13.7, −7.52)
− 15.9 (−19.0, −12.7)

0.39
0.04

− 8.19 (−11.5, −4.83)
− 11.1 (−14.4, −7.73)

− 11.0 (−14.3, −7.73)
− 16.9 (−20.2, −13.6)

0.19
0.02
− 3.23 (−8.08, 1.61)
− 5.76 (−10.6, −0.92)
− 2.21 (−6.79, 2.37)
− 4.67 (−9.26, −0.05)
− 10.0 (−13.2, −6.90)
− 14.8 (−18.1, −11.6)

0.34
0.047

− 7.20 (−10.6, −3.81)
− 10.1 (−13.6, −6.79)

− 10.4 (−13.8, −7.08)
− 15.9 (−19.3, −12.6)

0.95
0.01
0.15 (−5.65, 6.00)
− 7.35 (−13.2, −1.55)
0.45 (−5.00, 5.95)
− 6.45 (−12.1, −0.9)
− 13.2 (−17.0, −9.40)
− 19.5 (−23.4, −15.7)

0.87
0.02

− 13.8 (−17.9, −9.70)
− 13.2 (−17.3, −9.15)

− 13.7 (−17.7, −9.60)
− 20.1 (−24.6, −16.5)

0.30
0.03
− 2.46 (−7.14, 2.20)
− 5.18 (−9.84, −0.50)
− 11.5 (−14.7, −8.24)
− 18.2 (−21.4, −15.0)
− 2.00 (−6.50, 2.50)
− 4.60 (−9.12, −0.06)

WOMAC knee pain score
 3 mo
− 9.20 (−12.4, −6.02)
 6 mo
− 13.0 (−16.2, −9.76)
WOMAC knee stiffness score
 3 mo
− 13.7 (−17.6, −9.80)
 6 mo
− 13.1 (−17.0, −9.10)
WOMAC knee physical function score
 3 mo
− 7.85 (−11.1, −4.60)
 6 mo
− 10.1 (−13.4, −6.90)
WOMAC knee total score
 3 mo
− 8.65 (−11.8, −5.50)
 6 mo
− 11.0 (−14.3, −7.85)

− 11.2 (−14.3, −8.10)
− 17.5 (−20.7, −14.4)

0.38
0.047

− 9.00 (−12.3, −5.72)
− 13.0 (−16.3, −9.76)

Krill oil vs. placebo
Krill oil (n = 96)
Placebo (n = 94)
P value2
Krill oil vs. placebo
Krill oil (n = 109)
Placebo (n = 104)

Intention-to-treat

TABLE 3 Adjusted mean (95% CI) changes in WOMAC knee outcomes from baseline and comparisons between treatment groups1
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Serum inflammatory outcomes
Supplemental Table 9 summarizes descriptive statistics for
serum inflammatory outcomes at baseline, 3 mo, and 6 mo, and
for change from baseline at 3 mo and at 6 mo.
No significant differences in changes in serum inflammatory markers from baseline were detected between treatment groups, in either of the ITT or per-protocol analyses
(Table 5).
Treatment effect modification by baseline inflammatory status
(hsCRP-based categories) was assessed with respect to change
in hsCRP from baseline. The interaction was not significant
(P = 0.07) (Supplemental Table 10), so there is insufficient
evidence that the effect of treatment on the change in hsCRP from
baseline differed depending on baseline hsCRP.

Safety assessments
Supplemental Table 11 summarizes descriptive statistics for
vital sign outcomes at baseline, 3 mo, and 6 mo. Vital sign
outcomes remained stable over time in both treatment groups and
there were no significant differences between groups at any time
point (Supplemental Table 12).
The number of unsatisfactory assessments of physical examination outcomes was generally low. Observed differences
between groups for musculoskeletal and kidney and bladder
outcomes were not statistically significant, indicating these
differences were not beyond what would be expected by chance
(Supplemental Table 13).
Supplemental Table 14 summarizes descriptive statistics
for serum biochemistry, hematology, and coagulation outcomes
at baseline, 3 mo, and 6 mo. The mean (or median) levels
of these variables were all within normal reference ranges
throughout the study period. Most of these outcomes did not
differ between treatment groups (Supplemental Table 15).
Statistically significant (P < 0.05) differences between groups
were detected for a small number of outcomes (7 out of 34
variables). The differences between groups in change from
baseline were generally modest (<10% from baseline) and
unlikely to be of clinical relevance. Bicarbonate decreased
slightly with placebo compared with krill oil at 6 mo. A small
increase was seen in glucose after 3 (∼4%) and 6 mo (∼5%)
with krill oil compared with placebo. Uric acid decreased slightly
(∼2%) with krill oil, whereas it increased slightly with placebo
(∼3%) at 6 mo. Similarly, phosphate increased slightly with krill
oil (∼2%) and decreased slightly with placebo (∼2%). Albumin
was reduced in both krill oil and placebo groups, but the decrease
at 6 mo was slightly greater with krill oil than with placebo
(∼2% and ∼1%, respectively). Globulin decreased after 3 mo
with placebo (∼2%), but at 6 mo the groups did not differ.
At 6 mo alanine aminotransferase concentrations increased with
krill oil (5.7%) and decreased with placebo (3%). Any outcomes
deemed clinically important by the principal investigator/medical
investigator that arose from the biochemistry, hematology, or
coagulation reports were also captured as AEs.
A total of 155 AEs and 4 SAEs were reported, with
incidence approximately equal across the 2 treatment groups
(Supplemental Table 16). The most common AEs were upper
respiratory tract infections, nasopharyngitis (cold), joint (arthralgia) and back pain, gastrointestinal disorders (e.g., diarrhea), and
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0.04 (−0.01, 0.08)
0.03 (−0.02, 0.07)

0.20 (0.05, 0.36)
0.07 (−0.09, 0.23)

− 7.07 (−14.63, 1.15)
− 3.84 (−11.73, 4.76)

0.06 (0.03, 0.09)
0.05 (0.02, 0.08)

0.17 (0.06, 0.28)
0.02 (−0.09, 0.13)

− 6.45 (−11.82, −0.75)
− 3.26 (−8.84, 2.66)

high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; , change from baseline.
between treatment groups were performed using linear mixed-effects models on intention-to-treat (n = 221)∗ and per-protocol data sets (n = 188); changes from baseline were calculated by
subtracting 3- and 6-mo data from baseline data and compared while controlling for the baseline level of the respective outcome variable, study site, gender, baseline Western Ontario and McMaster Universities
Osteoarthritis Index knee pain score, Omega-3 Index, age, BMI, and osteoarthritis severity. ∗The analysis population included all randomly assigned participants with data available for ≥1 postrandomization
time point.
3 Statistical analyses were performed on log-transformed data; adjusted means and 95% CIs on the log scale were back-transformed and are presented as mean percentage change values.
2 Comparisons

0.16 (−0.01, 0.34)
0.05 (−0.13, 0.23)
0.17 (0.04, 0.29)
0.03 (−0.09, 0.16)

Total cholesterol, mmol/L
 3 mo
0.00 (−0.12, 0.13)
 6 mo
− 0.02 (−0.15, 0.11)
HDL-C, mmol/L
 3 mo
0.02 (−0.01, 0.05)
 6 mo
0.02 (−0.01, 0.05)
LDL-C, mmol/L
 3 mo
− 0.03 (−0.14, 0.08)
 6 mo
− 0.05 (−0.16, 0.06)
Triglycerides,3 %
 3 mo
0.67 (−5.16, 6.87)
 6 mo
0.60 (−5.31, 6.89)

1 HDL-C,

0.13
0.51
− 7.00 (−15.26, 2.07)
− 3.04 (−11.63, 6.39)
− 6.00 (−11.90, 0.30)
− 3.03 (−9.09, 3.43)
0.09
0.37

1.08 (−5.31, 7.89)
0.01 (−6.31, 6.75)

0.01
0.34
0.22 (0.04, 0.39)
0.08 (−0.09, 0.26)
0.19 (0.07, 0.31)
0.06 (−0.06, 0.18)
− 0.03 (−0.15, 0.10)
− 0.02 (−0.14, 0.10)
0.01
0.38

0.13
0.32
0.04 (−0.01, 0.08)
0.02 (−0.02, 0.07)
0.05 (0.02, 0.09)
0.05 (0.02, 0.08)
0.02 (−0.02, 0.05)
0.03 (−0.01, 0.06)
0.12
0.21

0.08
0.43
0.18 (−0.02, 0.37)
0.08 (−0.12, 0.28)
0.19 (0.05, 0.32)
0.08 (−0.05, 0.22)
0.07
0.56

0.01 (−0.13, 0.15)
0.00 (−0.14, 0.14)

P value2
Krill oil vs. placebo
Krill oil (n = 95)
Placebo (n = 93)
Placebo (n = 109)

Krill oil (n = 112)

Krill oil vs. placebo

P

value2
Intention-to-treat

TABLE 4 Adjusted mean (95% CI) changes in serum lipid outcomes from baseline and comparisons between treatment groups1

headaches (Supplemental Table 17). Incidence of treatmentrelated AEs was low and did not differ between treatment groups
(Supplemental Table 18). None of the SAEs were reported
to be treatment related (Supplemental Tables 16 and 19). No
pregnancies were reported.

Discussion
This RCT represents the largest, longest, and highest-dose
study to date investigating the effects of krill oil on OA knee
pain. The main results showed a significant increase in Omega-3
Index to 9% after 6 mo of treatment, accompanied by a modest
reduction in knee pain as well as knee stiffness and improvement
in physical function as compared with placebo.
Previous studies have reported improved OA symptoms with
krill oil consumption (16, 17). However, these studies were
generally small, of short duration (30 d), and used very low
dosages. Suzuki et al. (17) showed in a population with mild
knee pain small improvements with krill oil [2 g/d (0.35 g/d
EPA + DHA)] compared with placebo in only 3 out of ∼30
individual scores related to joint pain using the Japanese Knee OA
Measure and Japanese Orthopedic Association score. Deutsch
(16) recruited participants with diagnosed cardiovascular disease
and/or rheumatoid arthritis and/or OA with increased CRP
concentrations. Both CRP concentrations and WOMAC pain
scores decreased after 7 d and continued to decrease over the 30-d
trial compared with placebo. Hill et al. (24) showed, in their 2y RCT of 202 participants with knee OA and regular knee pain,
that a low dosage of EPA + DHA (0.3 g/d) was more effective in
improving WOMAC pain and function scores than a high dosage
(4.5 g/d EPA + DHA) (24). The authors were unable to explain
this finding and no placebo was provided against which the lowdose fish oil could be compared.
Krill oil is suggested to reduce pain through anti-inflammation
mechanisms, due to its high content of LC ω-3 PUFAs (12)
and astaxanthin (13). EPA and DHA influence inflammation
through various mechanisms, including modulation of the proinflammatory eicosanoids toward a more anti-inflammatory profile
(30); and through the generation of proresolving lipid mediator
compounds including resolvins, protectins, and maresins (12).
In particular, the D- and E-series resolvins, derived from DHA
and EPA, respectively, have been demonstrated to play roles in
attenuating inflammatory-related pain (31, 32). In animal models
of OA, activation of the D-series resolving pathways exerted
robust analgesic effects (33). Although circulating inflammatory
markers did not differ significantly between treatment groups,
it does not preclude that krill oil may have had localized antiinflammatory effects within joints (not assessed). Furthermore,
krill oil supplementation may have contributed to pain reduction
through other non-anti-inflammatory mechanisms. DHA for
example has been shown to ameliorate cartilage degradation
in a rat adjuvant-induced arthritis model (34). Interestingly,
exploratory analyses showed that participants with the greatest
amount of inflammation at baseline had significantly greater
improvements in knee pain with krill oil relative to placebo,
than those with low or medium inflammation at baseline. Other
WOMAC knee outcomes were not significantly modulated by
inflammatory status.
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statistical analyses were performed on log-transformed data; adjusted mean (95% CI) log data were back-transformed and are presented as mean (95% CI) percentage values. , change from baseline.
between treatment groups were performed using linear mixed-effects models on intention-to-treat (n = 229)∗ and per-protocol data sets (n = 188); changes from baseline were calculated by
subtracting 3- and 6-mo data from baseline and compared while controlling for the baseline level of the respective outcome variable, study site, gender, baseline Western Ontario and McMaster Universities
Osteoarthritis Index knee pain score, Omega-3 Index, age, BMI, and osteoarthritis severity. ∗The analysis population included all randomly assigned participants with data available for ≥1 postrandomization
time point.
3 Because a large proportion of IL-6 values were recorded as 0, random-effects tobit regression (censored regression) was performed [all 0 values were set to a value of 0.01, which was equal to half the
lowest observed value of IL-6 (0.02), before log transformation]. Covariates were as described in the text.
2 Comparisons

1 All

0.72
0.69
3.23 (−13.1, 22.6)
3.58 (−12.8, 23.0)
3.21 (−12.1, 21.2)
3.07 (−12.4, 21.2)
− 1.95 (−12.3, 9.67)
− 0.29 (−10.9, 11.6)

0.70
0.72

− 4.82 (−15.6, 7.39)
− 3.37 (−14.4, 9.02)

− 1.74 (−12.8, 10.8)
0.10 (−11.2, 12.8)

0.74
0.89
4.04 (−17.9, 31.8)
1.63 (−19.7, 28.6)
3.51 (−12.2, 22.0)
7.85 (−8.44, 27.0)
9.00 (−13.2, 36.8)
7.76 (−14.4, 35.6)
3.09 (−12.0, 20.8)
5.37 (−10.2, 23.6)

0.46
0.52

− 0.51 (−15.7, 17.4)
6.12 (−10.1, 25.2)

0.32
0.77
− 58.5 (−92.6, 135)
28.9 (−77.0, 621)
57.7 (−52.9, 428)
250 (6.75, 1047)
− 49.2 (−89.1, 138)
9.56 (−76.9, 419)

%
 3 mo
189 (−4.93, 777)
 6 mo
169 (−13.4, 737)
TNF-α, %
 3 mo
− 5.42 (−19.4, 11.0)
 6 mo
− 2.22 (−16.9, 15.0)
High-sensitivity C-reactive protein, %
 3 mo
− 5.00 (−15.2, 6.40)
 6 mo
− 3.26 (−13.8, 8.50)

46.8 (−50.4, 335)
195 (0.02, 770)

0.39
0.90

280 (8.01, 1234)
172 (−23.3, 862)

P value2
Krill oil vs. placebo
Krill oil (n = 95)
Placebo (n = 93)
P value2
Krill oil vs. placebo
Placebo (n = 109)

Krill oil (n = 112)
IL-6,3

Intention-to-treat

TABLE 5 Adjusted mean (95% CI) percentage changes in serum inflammatory outcomes from baseline and comparisons between treatment groups1
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It is important to consider whether the statistically significant
differences in WOMAC knee outcomes were of clinical importance. The minimum clinically important difference (MCID)
represents the smallest difference in patient-reported outcomes
perceived by patients as important (35–37). Published MCID
values for WOMAC knee pain scales vary considerably, ranging
between 2 and 30 (36), even when using the same methodology
across studies and between different methodologies within
studies (37). Greater disease severity (38, 39) and intervention
intensity (i.e., surgical compared with nonsurgical) (36) were
shown to result in higher MCID values. In the absence of
standardized MCID values we compared our results with minimal
clinically important improvement (MCII) values developed by
Bellamy et al. (40), the same researchers who developed
the WOMAC scales. The adjusted means (95% CIs) for the
difference in change from baseline between krill oil and placebo
in the current study were below the suggested MCII values
(40): WOMAC knee pain, 5 (0.3, 10) compared with 9 (6, 12)
for MCII; WOMAC knee stiffness, 6 (1, 12) compared with 7
(5, 9) for MCII; and WOMAC knee physical function, 5 (0.1,
9) compared with 6 (3, 9) for MCII (40). However, a large
proportion of participants in the krill oil group achieved at least
the lower MCII bounds: for knee pain 75% compared with 65%
in the placebo group achieved improvement of ≥6 units; for knee
stiffness and physical function 77% compared with 63% and
76% compared with 65% achieved improvements of ≥5 and ≥3
units, respectively. In addition, the effect estimate for change in
knee pain in the high inflammatory subgroup (20; 95% CI: 10,
31) was more than twice the MCII value (9; 95% CI: 6, 12).
Notably, the current study population had less severe knee OA
than the MCII population [KL grade of 1–3 compared with 2–
4; baseline mean ± SD WOMAC knee pain of 40 ± 16 and
53 ± 24 in the current and MCII populations (40), respectively].
Thus, comparisons with MCII values should be interpreted with
caution.
Effects on serum lipids were consistent with a large body of
evidence that showed LC ω-3 PUFA treatment does not affect
total cholesterol or HDL cholesterol. Although LDL cholesterol
may rise to a small extent, the effect seems transient (41, 42),
as was observed in the current study. The normo- to borderline
hyperlipidemic study population and EPA + DHA dosage <1 g/d
may account for the lack of observed hypotriglyceridemic effect
in the current trial (43). Most previous krill oil studies did not
show hypotriglyceridemic effects (14, 44, 45) and those that did
were poorly reported (46) or executed (47).
No safety concerns related to krill oil treatment arose during
this study. Differences between groups for a small number of
blood hematology and biochemistry parameters were unlikely
to be of clinical relevance. Incidence of treatment-related AEs
was low and did not differ statistically between groups, and no
treatment-related SAEs were reported. Previous clinical trials
with krill oil in OA participants did not report treatment-related
AEs (16, 17), although AEs were not well reported in these
publications. The current trial did not report treatment-related
AEs previously reported in fish oil trials (24, 48), including fishsmelling eructation, gastrointestinal disorders (e.g., flatulence
and diarrhea), or bleeding/vascular complications.
A strength of the current study is the rigorous study design:
blinding and concealment of study treatments were ensured
by physical concealment (identical opaque containers with

Downloaded from https://academic.oup.com/ajcn/article/116/3/672/6650112 by guest on 05 September 2022

Per protocol

Krill oil and osteoarthritis of the knee

684

Stonehouse et al.

We acknowledge the clinical study team members: CSIRO Nutrition
and Health Research Clinic: Julia Weaver [Lead Clinical Trials Coordinator
(CTC)], Jessica Southwood (CTC), Anne McGuffin (CTC), Daniel Scherer
[Medical Investigator (MI)], Dallas Grasby (MI), Naranie Shanmuganathan
(MI), James Condon (MI), Hannah Sexton (MI), Theresa McKinnon
(Research Nurse), Hugo Leroux (Data Management), Kathryn Bastiaans
(Data Management), Himanshu Tandon (Data Management), Darien Sander
(Data Management), Cathryn Pape (Laboratory Technician), Michael Adams
(Laboratory Technician), Julie Dallimore (Laboratory Technician), and
Vanessa Courage (Clinical Research Technician). University of the Sunshine
Coast Clinical Trials Centre: Sue Thackwray [Principal Investigator (PI)],
Georgina Street (Project Manager), Breann Johnston (CTC), Susan Poechhacker (CTC), Tracy Grierson (CTC), Brendan Boyd (CTC), Abigail Rowe
(CTC), Jessica Baird (CTC), Hesammodin Hariri [Sub-Investigator (SI)],
Nova Jeanne Evans (SI), Waleed Aldesoki (SI), and Wallace Thackwray
(SI). Emeritus Research: Andrew Ostor (PI), Teresa Ringeri (CTC), Edwin
Young (CTC), Koren Clarke (CTC), David Barry (CTC), Thilinie De Silva
(SI), Nicole McKay (SI), Louise Murdoch (SI), Gerda Evans (Research
Nurse), Alison De Martino (Research Nurse), Jodie Thornhill (Research
Nurse), Nicole Hahn (Research Nurse), Oscar Tunjic (Research Assistant),
Helen Healey (Research Assistant), Lisa Hanely (Research Assistant), Robyn

Peoetis (Research Assistant), Melissa Mc Gregor (Pathology Collections),
and Mario Termine (Pathology Collections).
The authors’ responsibilities were as follows—WS, BB-E, and CLH:
designed the research in collaboration with the sponsor; WS, BB-E, and SH:
were responsible for or oversaw the execution of the intervention; CLH: was
responsible for medical oversight of the research; JB and ADV: developed the
statistical analysis plan and performed the statistical analysis; WS: drafted
the first version of the manuscript and had primary responsibility for the final
content; and all authors: read and approved the final manuscript. The authors
report no conflicts of interest.

Data Availability
Data described in the article, code book, and analytic code will
be made available upon request pending application and approval.

References
1. Brandt KD, Dieppe P, Radin EL. Etiopathogenesis of osteoarthritis.
Rheum Dis Clin North Am 2008;34(3):531–59.
2. Hunter DJ, Schofield D, Callander E. The individual and socioeconomic
impact of osteoarthritis. Nat Rev Rheumatol 2014;10(7):437–41.
3. March LM, Bagga H. Epidemiology of osteoarthritis in Australia. Med
J Aust 2004;180(S5):S6–10.
4. Arthritis and Osteoporosis Victoria. A problem worth solving: the rising
cost of musculoskeletal conditions in Australia. Elsternwick, Australia:
Arthritis and Osteoporosis Victoria; 2013.
5. Cross M, Smith E, Hoy D, Nolte S, Ackerman I, Fransen M, et al.
The global burden of hip and knee osteoarthritis: estimates from the
Global Burden of Disease 2010 study. Ann Rheum Dis 2014;73(7):
1323–30.
6. Hill CL, Gale DG, Chaisson CE, Skinner K, Kazis L, Gale ME, et al.
Knee effusions, popliteal cysts, and synovial thickening: association
with knee pain in osteoarthritis. J Rheumatol 2001;28(6):1330–7.
7. Hochberg MC, Altman RD, April KT, Benkhalti M, Guyatt G,
McGowan J, et al. American College of Rheumatology 2012
recommendations for the use of nonpharmacologic and pharmacologic
therapies in osteoarthritis of the hand, hip, and knee. Arthritis Care Res
(Hoboken) 2012;64(4):465–74.
8. Adams J, Sibbritt D, Lui C-W, Broom A, Wardle J. -3 fatty
acid supplement use in the 45 and Up Study Cohort. BMJ Open
2013;3(4):e002292.
9. Sibbritt D, Lui C, Kroll T, Adams J. Prevalence of glucosamine
and omega-3 fatty acid use and characteristics of users among midage women: analysis of a nationally representative sample of 10,638
women. J Nutr Health Aging 2016;20(6):637–44.
10. Nicol S, Foster J, Kawaguchi S. The fishery for Antarctic krill – recent
development. Fish Fish (Oxf) 2012;13(1):30–40.
11. Ulven SM, Kirkhus B, Lamglait A, Basu S, Elind E, Haider T, et al.
Metabolic effects of krill oil are essentially similar to those of fish
oil but at lower dose of EPA and DHA, in healthy volunteers. Lipids
2011;46(1):37–46.
12. Calder PC. Eicosapentaenoic and docosahexaenoic acid derived
specialised pro-resolving mediators: concentrations in humans and the
effects of age, sex, disease and increased omega-3 fatty acid intake.
Biochimie 2020;178:105–23.
13. Chang MX, Xiong F. Astaxanthin and its effects in inflammatory
responses and inflammation-associated diseases: recent advances and
future directions. Molecules 2020;25(22):5342.
14. Ramprasath VR, Eyal I, Zchut S, Shafat I, Jones PJ. Supplementation
of krill oil with high phospholipid content increases sum of EPA and
DHA in erythrocytes compared with low phospholipid krill oil. Lipids
Health Dis 2015;14(1):142.
15. Yurko-Mauro K, Kralovec J, Bailey-Hall E, Smeberg V, Stark JG,
Salem N Jr. Similar eicosapentaenoic acid and docosahexaenoic acid
plasma levels achieved with fish oil or krill oil in a randomized doubleblind four-week bioavailability study. Lipids Health Dis 2015;14(1):99.
16. Deutsch L. Evaluation of the effect of Neptune Krill Oil on chronic
inflammation and arthritic symptoms. J Am Coll Nutr 2007;26(1):
39–48.

Downloaded from https://academic.oup.com/ajcn/article/116/3/672/6650112 by guest on 05 September 2022

sequential kit numbers and matched appearance of krill oil
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lipids, or inflammatory or safety markers.

Krill oil and osteoarthritis of the knee

36.

37.
38.
39.

40.

41.
42.
43.

44.

45.

46.
47.

48.

49.

50.

minimum clinically important difference in knee osteoarthritis: a
systematic review. JBJS Rev 2019;7(8):e5.
Devji T, Guyatt GH, Lytvyn L, Brignardello-Petersen R, Foroutan
F, Sadeghirad B, et al. Application of minimal important differences
in degenerative knee disease outcomes: a systematic review and
case study to inform BMJ Rapid Recommendations. BMJ Open
2017;7(5):e015587.
Terwee CB, Roorda LD, Dekker J, Bierma-Zeinstra SM, Peat G, Jordan
KP, et al. Mind the MIC: large variation among populations and
methods. J Clin Epidemiol 2010;63(5):524–34.
Escobar A, Riddle DL. Concordance between important change and
acceptable symptom state following knee arthroplasty: the role of
baseline scores. Osteoarthritis Cartilage 2014;22(8):1107–10.
Tubach F, Ravaud P, Baron G, Falissard B, Logeart I, Bellamy N, et al.
Evaluation of clinically relevant changes in patient reported outcomes
in knee and hip osteoarthritis: the minimal clinically important
improvement. Ann Rheum Dis 2005;64(1):29–33.
Bellamy N, Hochberg M, Tubach F, Martin-Mola E, Awada H,
Bombardier C, et al. Development of multinational definitions of
minimal clinically important improvement and patient acceptable
symptomatic state in osteoarthritis. Arthritis Care Res (Hoboken)
2015;67(7):972–80.
Eslick GD, Howe PR, Smith C, Priest R, Bensoussan A. Benefits of fish
oil supplementation in hyperlipidemia: a systematic review and metaanalysis. Int J Cardiol 2009;136(1):4–16.
Harris WS. Dietary fish oil and blood lipids. Curr Opin Lipidol
1996;7(1):3–7.
Leslie MA, Cohen DJ, Liddle DM, Robinson LE, Ma DW. A
review of the effect of omega-3 polyunsaturated fatty acids on blood
triacylglycerol levels in normolipidemic and borderline hyperlipidemic
individuals. Lipids Health Dis 2015;14(1):53.
Maki KC, Reeves MS, Farmer M, Griinari M, Berge K, Vik H,
et al. Krill oil supplementation increases plasma concentrations of
eicosapentaenoic and docosahexaenoic acids in overweight and obese
men and women. Nutr Res 2009;29(9):609–15.
Ramprasath VR, Eyal I, Zchut S, Jones PJ. Enhanced increase of
omega-3 index in healthy individuals with response to 4-week n-3 fatty
acid supplementation from krill oil versus fish oil. Lipids Health Dis
2013;12(1):178.
Bunea R, El Farrah K, Deutsch L. Evaluation of the effects of Neptune
Krill Oil on the clinical course of hyperlipidemia. Altern Med Rev
2004;9(4):420–8.
Berge K, Musa-Veloso K, Harwood M, Hoem N, Burri L. Krill oil
supplementation lowers serum triglycerides without increasing lowdensity lipoprotein cholesterol in adults with borderline high or high
triglyceride levels. Nutr Res 2014;34(2):126–33.
Jacquet A, Girodet PO, Pariente A, Forest K, Mallet L, Moore N.
Phytalgic, a food supplement, vs placebo in patients with osteoarthritis
of the knee or hip: a randomised double-blind placebo-controlled
clinical trial. Arthritis Res Ther 2009;11(6):R192.
de Groot RHM, Meyer BJ. ISSFAL Official Statement Number 6: the
importance of measuring blood omega-3 long chain polyunsaturated
fatty acid levels in research. Prostaglandins Leukot Essent Fatty Acids
2020;157:102029.
Laslett LL, Antony B, Wluka AE, Hill C, March L, Keen HI,
et al. KARAOKE: krill oil versus placebo in the treatment of
knee osteoarthritis: protocol for a randomised controlled trial. Trials
2020;21(1):79.

Downloaded from https://academic.oup.com/ajcn/article/116/3/672/6650112 by guest on 05 September 2022

17. Suzuki Y, Fukushima M, Sakuraba K, Sawaki K, Sekigawa K. Krill oil
improves mild knee joint pain: a randomized control trial. PloS One
2016;11(10):e0162769.
18. Swierk M, Williams PG, Wilcox J, Russell KG, Meyer BJ. Validation
of an Australian electronic food frequency questionnaire to measure
polyunsaturated fatty acid intake. Nutrition 2011;27(6):641–6.
19. Calder PC. Omega-3 polyunsaturated fatty acids and inflammatory
processes: nutrition or pharmacology? Br J Clin Pharmacol
2013;75(3):645–62.
20. Bellamy N, Buchanan WW, Goldsmith CH, Campbell J, Stitt LW.
Validation study of WOMAC: a health status instrument for measuring
clinically important patient relevant outcomes to antirheumatic drug
therapy in patients with osteoarthritis of the hip or knee. J Rheumatol
1988;15(12):1833–40.
21. Bellamy N. WOMAC Osteoarthritis Index: user guide IX. Brisbane,
Australia: Nicholas Bellamy; 2008.
22. Harris WS, Polreis J. Measurement of the Omega-3 Index in dried blood
spots. Ann Clin Lab Res 2016;4(4):137.
23. Constant F, Guillemin F, Herbeth B, Collin JF, Boulangé M.
Measurement methods of drug consumption as a secondary judgment
criterion for clinical trials in chronic rheumatic diseases. Am J
Epidemiol 1997;145(9):826–33.
24. Hill CL, March LM, Aitken D, Lester SE, Battersby R, Hynes K, et al.
Fish oil in knee osteoarthritis: a randomised clinical trial of low dose
versus high dose. Ann Rheum Dis 2016;75(1):23–9.
25. Jakobsen JC, Gluud C, Wetterslev J, Winkel P. When and how should
multiple imputation be used for handling missing data in randomised
clinical trials – a practical guide with flowcharts. BMC Med Res Method
2017;17(1):162.
26. Bennett DA. How can I deal with missing data in my study? Aust N Z
J Public Health 2001;25(5):464–9.
27. Papke LE, Wooldridge JM. Econometric methods for fractional
response variables with an application to 401 plan participation rates.
J Appl Econom 1996;11(6):619–32.
28. Papke LE, Wooldridge JM. Panel data methods for fractional response
variables with an application to test pass rates. J Econometrics
2008;145(1–2):121–33.
29. Pearson TA, Mensah GA, Hong Y, Smith SC Jr. CDC/AHA
Workshop on Markers of Inflammation and Cardiovascular Disease:
Application to Clinical and Public Health Practice: overview.
Circulation 2004;110(25):e543–4.
30. Akbar U, Yang M, Kurian D, Mohan C. Omega-3 fatty acids in
rheumatic diseases: a critical review. J Clin Rheumatol 2017;23(6):
330–9.
31. Ji R-R, Xu Z-Z, Strichartz G, Serhan CN. Emerging roles of
resolvins in the resolution of inflammation and pain. Trends Neurosci
2011;34(11):599–609.
32. Xu Z-Z, Zhang L, Liu T, Park JY, Berta T, Yang R, et al. Resolvins
RvE1 and RvD1 attenuate inflammatory pain via central and peripheral
actions. Nat Med 2010;16(5):592–7.
33. Huang J, Burston JJ, Li L, Ashraf S, Mapp PI, Bennett AJ, et al.
Targeting the D series resolvin receptor system for the treatment of
osteoarthritis pain. Arthritis Rheumatol 2017;69(5):996–1008.
34. Wang Z, Guo A, Ma L, Yu H, Zhang L, Meng H, et al. Docosahexenoic
acid treatment ameliorates cartilage degeneration via a p38 MAPKdependent mechanism. Int J Mol Med 2016;37(6):1542–50.
35. Concoff A, Rosen J, Fu F, Bhandari M, Boyer K, Karlsson J, et al.
A comparison of treatment effects for nonsurgical therapies and the

685

