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HIGHLIGHTS

® An omega-3 index < 3.43% predicts coronary plaque progression despite statin therapy.
® An omega-3 index =4% prevents coronary plaque progression in nondiabetics on statin.
® An omega-3 index =4% prevents progression of all coronary plaque subtypes.

® EPA and DHA increased plasma levels variably from 1.85% to 13.02%.

® Omega-3 fatty acid plasma level predicts benefit better than treatment assignment.

ARTICLE INFO ABSTRACT

Keywords: Background and aims: Higher blood levels of the omega-3 fatty acids, eicosapentaenoic acid (EPA) and doc-
Omega-3 fatty acids osahexaenoic acid (DHA), have been associated with fewer cardiovascular events and lower mortality in pro-
Eicosapentaenoic acid spective studies. Our aim was to determine a target level of EPA and DHA to prevent progression of coronary
Coronary artery plaque

artery plaque.

Methods: 218 subjects with stable coronary artery disease on statins were randomized to high-dose EPA and
DHA (3.36 g daily) or no omega-3 for 30 months. Coronary plaque volume was measured by coronary computed
tomographic angiography. Plasma phospholipid levels of EPA, DHA and total fatty acids were measured by gas
chromatography mass spectrometry. The omega-3 fatty acid index was calculated as EPA + DHA/total fatty acid.
Results: Mean (SD) age was 62.9 (7.8) years; mean (SD) LDL-C level 78.6 (27.3) mg/dL and median triglyceride
level 122 mg/dL. Subjects assigned to EPA and DHA had increased plasma EPA and DHA levels variably from
1.85% to 13.02%. Plasma omega-3 fatty acid index =4% prevented progression of fibrous, noncalcified, cal-
cified and total plaque in nondiabetic subjects whereas those in the lowest quartile (< 3.43%) had significant
progression of fibrous, calcified and total plaque. No difference was observed in diabetic subjects.

Conclusions: EPA and DHA added to statins prevented coronary plaque progression in nondiabetic subjects with
mean LDL-C < 80 mg/dL, when an omega-3 index =4% was achieved. Low omega-3 index < 3.43% identified
nondiabetic subjects at risk of coronary plaque progression despite statin therapy. These findings highlight the
importance of measuring plasma levels of omega-3 fatty acids early and at trial conclusion. Targeting an omega-
3 index =4% maximizes cardiovascular benefit.

Statin
Coronary computed tomographic angiography

The data were presented at the American Heart Association Annual Scientific Sessions on November 14, 2017, in Anaheim, CA.
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1. Introduction

A high level of residual risk of atherosclerotic plaque progression
and cardiovascular disease (CVD) events remains despite achieving
low-density-lipoprotein cholesterol (LDL-C) levels < 70 mg/dL with
statin treatment [1-3]. Therefore, additional modalities to reduce re-
sidual risk are needed. Omega-3 fatty acids are long-chain, poly-
unsaturated fatty acids and include eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Prospective epidemiologic studies have
shown that plasma levels of omega-3 fatty acids predict CVD and out-
comes. In the observational Multi-Ethnic Study of Atherosclerosis, the
highest quartiles of plasma EPA and DHA levels were associated with a
hazard ratio of 0.49 and 0.39, respectively, for incident CVD compared
with the lowest quartile [4]. In the Cardiovascular Health Study, a
prospective cohort study of 2692 adults free of coronary artery disease
at baseline, high plasma levels of EPA and DHA were associated with a
27% reduction in total mortality due to fewer cardiovascular deaths
(hazard ratio, 0.73; 95% confidence interval [CI], 0.61-0.86, p for trend
=0.008) [5]. In a pooled analysis of 19 international prospective or
retrospective studies of 45,637 individuals for primary prevention of
coronary heart disease, in continuous (per 1-SD increase) multivariable-
adjusted analyses, the highest quintile of EPA was associated with a
29% reduction in nonfatal myocardial infarction (relative risk, 0.71;
95% CI, 0.56-0.90) and highest quintile of DHA was associated with a
23% reduction in fatal coronary heart disease (relative risk, 0.77; 95%
CI, 0.64-0.89) [6]. Furthermore, in 2500 participants from the Fra-
mingham Heart Study already on a statin, the erythrocyte omega-3 fatty
acid index was better than total cholesterol in predicting development
of coronary heart disease, stroke and total mortality [7]. These epide-
miologic findings support a beneficial relationship between EPA and
DHA levels and health outcomes.

Although two randomized clinical trials with low-dose (1 g) omega-
3 fatty acid supplementation showed benefit on CVD events [8-10],
several subsequent trials with 1 g in the statin-era reported no benefit
[11-15]. In contrast, with a higher dose of omega-3 fatty acid, the
Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention
Trial (REDUCE-IT) reported a 25% reduction in the primary endpoint of
a composite of cardiovascular death, nonfatal myocardial infarction,
nonfatal stroke, coronary revascularization or unstable angina in statin-
treated subjects with a median triglyceride level of 216.5mg/dL in
those randomized to 4g of ethyl eicosapentaenoate, a derivative of
EPA, compared to a mineral oil placebo [16]. We previously reported
that statin-treated subjects with stable coronary artery disease and
normal triglyceride levels (median 122 mg/dL) randomized to high-
dose (3.36 g daily) EPA and DHA and adherent to therapy had no
change in coronary artery plaque progression compared to 5% pro-
gression in those not receiving EPA and DHA (p = 0.018) [17]. Herein,
we report the results of the clinical trial based on plasma levels of EPA
and DHA achieved. Our goal was to determine a target plasma level of
omega-3 fatty acid associated with the prevention of coronary artery
plaque progression.

2. Patients and methods
2.1. Study design

We analyzed data from the Slowing HEART diSease with lifestyle
and omega-3 fatty acids (HEARTS) trial, a randomized, controlled,
parallel clinical trial conducted at Beth Israel Deaconess Medical Center
(BIDMC), Boston, MA. The study design has been described previously
[17]. All subjects signed an informed consent, and the protocol was
approved by the BIDMC Institutional Review Board. The results of the
primary end point of the trial, namely, the effect of omega-3 fatty acid
supplementation on progression of coronary artery plaque at 30 months
of follow-up, have been reported [17].
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2.2. Participants and study intervention

The trial included subjects aged 21-80 years who had stable cor-
onary artery disease as defined previously [17]. Subjects were rando-
mized to either open-label, omega-3 ethyl esters (Lovaza), 465 mg EPA
and 375 mg DHA per capsule, four capsules daily for a total daily dose
of 1.86g EPA and 1.5g DHA or no Lovaza (control) for 30 months.
Statins and aspirin were recommended to all subjects. Subjects were
instructed not to take over-the-counter omega-3 fatty acid supple-
mentation. During each visit, a detailed medication list was obtained to
detect the use of over-the-counter omega-3 fatty acids.

2.3. Outcomes and data collection

At baseline and 6-month intervals, a detailed history, physical ex-
amination, height, weight, waist measurement and blood pressure
measurement were obtained. Blood samples were collected after a 12-h
fast. Lipid panel, chemical profile, glucose, hemoglobin Alc (HbAlc),
white blood cell count (WBC) and absolute neutrophil, lymphocyte,
monocyte and platelet counts were measured at Quest Diagnostics
(Cambridge, MA). High-sensitivity C-reactive protein (hs-CRP) was
measured by immunoturbimetric assays using an automated, standar-
dized, high throughput method with coefficient of variation below 5%
at Boston Heart Diagnostics (Framingham, MA).

2.4. Measurement of fatty acid levels

Fatty acid profiles (EPA, DHA, arachidonic acid [AA] and total fatty
acids) of total plasma phospholipids were assayed after plasma serum
lipid extraction and separation of phospholipids by thin layer chro-
matography using gas liquid chromatography under contract by
Nutrasource Diagnostics (Guelph, Canada) at Boston Heart Diagnostics
as previously described [18,19]. The omega-3 fatty acid index was
calculated as the percentage of EPA and DHA of total fatty acid level.

2.5. Image acquisition, reconstruction and coronary plaque analysis

Prospective electrocardiogram gated imaging was performed at
BIDMC at baseline and 30-month follow-up using a 320-row detector
scanner (Aquilion ONE, Toshiba Medical Systems, Otawara, Japan).
The protocol for performance of coronary computed tomographic an-
giography, plaque identification and quantification has been previously
published [17,20,21]. Semiautomated software (SUREPlaque, version
6.3.2, Vital Images, Minnetonka, MN, USA) was used to reconstruct 3-
dimensional coronary computed tomography angiographic images for
coronary segment plaque volume analysis [22-25]. Image acquisition
details and representative images are shown in Supplement 2 of re-
ference 21. Segments with prior revascularization or significant calci-
fication causing calcium-bloom artifact were excluded. To ensure
measurement of the same segment at 30-month follow-up, focal calci-
fication or branches served as fiducial markers. Independent plaque
analysis was performed by two readers blinded to treatment assign-
ment. Hounsfield unit (HU) densities were used to define plaques as
fatty (—100 to 49 HU), fibrous (50-150 HU) and calcified plaque >
150 HU [17]. Noncalcified plaque was measured as the sum of fatty
and fibrous plaque. The intra-observer and inter-observer agreement
indexes were 0.99 and 0.98, respectively, showing excellent correlation
between readings [17]. Plaque volume was indexed to the length of the
vessel examined and expressed in mm®/mm.

2.6. Statistical analysis

Categorical variables were expressed as counts and percentages and
were compared with either Chi-square or Fisher's exact tests. Normality
tests were conducted using the Shapiro-Wilk test. Continuous variables
were reported as the mean and standard deviation (SD) for normally
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Table 1

Baseline characteristics stratified by omega-3 index group and diabetes status.
Characteristics Omega-3 Index at 30 months p value Nondiabetics Diabetics p value

< 4% =4%
(n = 85) (n =133) (n = 154) (n = 64)

Control, No. (%) 70 (82.4) 29 (21.8) < 0.001 69 (44.8%) 30 (46.9%) 0.780
Lovaza, No. (%) 15 (17.6) 104 (78.2) 85 (55.2%) 34 (53.1%)
Age, mean (SD), y 62.1 (7.7) 63.5 (7.8) 0.219 62.8 (8.1) 63.2 (7.2) 0.782
Male, No. (%) 72 (84.7) 110 (82.7) 0.698 131 (85.1%) 51 (79.7%) 0.330
Inclusion criteria (may have more than one), No. (%)
History of MI 41 (48.2) 58 (43.6) 0.503 70 (45.5%) 29 (45.3%) 0.985
PTCA 51 (60.0) 83 (62.4) 0.722 92 (59.7%) 42 (65.6%) 0.416
CABG 28 (32.9) 26 (19.5) 0.025 39 (25.3%) 15 (23.4%) 0.769
Cardiovascular risk factors, No. (%)
Hypertension 75 (88.2) 103 (77.4) 0.045 122 (79.2%) 56 (87.5%) 0.150
Diabetes 30 (35.3) 34 (25.6) 0.124 0 (0.0%) 64 (100.0%) NA
Anthropometric and Blood Pressure, mean (SD)
Weight, kg 90.6 (14.6) 91.0 (13.3) 0.834 89.2 (12.6) 94.7 (15.8) 0.008
Body mass index, kg/m2 30.7 (3.7) 30.3 (3.5) 0.479 30.0 (3.4) 31.5(3.7) 0.004
Waist circumference, cm 106.7 (10.2) 105.7 (10.2) 0.502 104.7 (9.5) 109.6 (11.1) 0.001
Systolic BP, mmHg 122.5 (13.8) 124.3 (14.8) 0.369 122.9 (13.7) 125.2 (16.0) 0.290
Diastolic BP, mmHg 72.1 (9.1) 73.3 (10.1) 0.379 73.6 (9.3) 71.10 (10.5) 0.088
Complete blood count, mean (SD)
WBC, 10° cells/L 6.7 (1.8) 6.5 (1.6) 0.260 6.6 (1.7) 6.5 (1.6) 0.885
Monocytes, cells/pL 545.3 (186.2) 515.0 (158.7) 0.199 529.7 (162.7) 519.9 (188.2) 0.701
Neutrophils, cells/uL 4325.2 (1499.4) 4061.2 (1439.8) 0.195 4206.1 (1571.6) 4063.2 (1177.1) 0.513
Lymphocytes, cells/puL 1631.2 (544.6) 1689.2 (632.0) 0.487 1625.7 (562.4) 1764.9 (673.1) 0.118
Platelets, cells/uL 194.9 (46.2) 187.7 (53.4) 0.308 188.1 (50.6) 196.1 (51.3) 0.293
Lipids, mean (SD)
Total cholesterol, mg/dL 151.3 (39.7) 154.3 (33.7) 0.547 153.7 (35.4) 151.9 (38.0) 0.746
Triglyceride, mg/dL 120.0 [79.0, 165] 119.5 [81.3, 177.3] 0.908 119.0 [78.0, 163.0] 126.0 [85.5189.5] 0.429
HDL-C, mg/dL 45.8 (14.8) 48.7 (15.0) 0.172 48.7 (15.4) 44.9 (13.7) 0.091
LDL-C, mg/dL 78.0 (29.7) 78.9 (25.8) 0.822 78.7 (26.4) 78.1 (29.6) 0.885
Biochemical profile, mean (SD)
Glucose, mg/dL 109.7 (35.2) 103.3 (27.0) 0.160 93.2 (10.4) 136.0 (40.5) < 0.001
HbAlc, % 6.3 (1.1) 6.1 (.8) 0.151 5.8 (0.3) 7.1 (1.1) < 0.001
Medication, No. (%)
Statin 78 (91.8) 130 (97.7) 0.050 149 (96.8%) 59 (92.2%) 0.142
Aspirin 80 (94.1) 129 (97.0) 0.316 148 (96.1%) 61 (95.3%) 0.789
ACE-1 50 (58.8) 68 (51.1) 0.266 82 (53.2%) 36 (56.3%) 0.685
ARB 16 (18.8) 26 (19.5) 0.895 22 (14.3%) 20 (31.3%) 0.004
Hydrochlorothiazide 17 (20.0) 22 (16.5) 0.516 28 (18.2%) 11 (17.2%) 0.862
Furosemide 9 (10.6) 10 (7.5) 0.433 8 (5.2%) 11 (17.2%) 0.004
Calcium channel blocker 15 (17.6) 33 (24.8) 0.213 34 (22.1%) 14 (21.9%) 0.974
Beta blockers 61 (71.8) 95 (71.4) 0.957 112 (72.7%) 44 (68.8%) 0.553

ACE-], angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; CABG, coronary artery bypass grafting; HbAlc, hemoglobin
Alc; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; PCI, percutaneous coronary intervention;

WBC, white blood cell count.

Values expressed as mean (SD) except triglyceride which is median [interquartile range].
To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. To convert the values for triglycerides to millimoles per liter, multiply by 0.01129.

distributed variables or median and interquartile range [IQR] for non-
normally distributed variables. Continuous variables were compared
using unpaired (between group comparisons) and paired t-tests (within
group comparisons) for normally distributed variables or the Mann-
Whitney-U test (between group comparisons) and Wilcoxon signed rank
test (within group comparisons) for non-normally distributed variables.
Those with an omega-3 index < 4% were compared to those with an
index =4%. The sample was then divided into quartiles of the plasma
omega-3 fatty acid index, levels of EPA, DHA and EPA plus DHA and the
EPA to AA ratio. The percent change in plaque volume in various
quartiles was compared to the lowest quartile using the Mann-Whitney
U test. All analyses were stratified by diabetes status. A 2-sided p
value < 0.05 was considered statistically significant. Data analyses
were performed using SPSS 20.0 (IBM Corp. Armonk, NY).

3. Results

A total of 218 subjects had plasma levels of fatty acids and coronary
plaque measured at baseline and 30-month follow-up. As shown in
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Table 1, hypertension and coronary artery bypass graft (CABG) surgery
were significantly less prevalent, and statin use was higher at baseline
in those with an omega-3 index =4% compared to < 4% at 30 months.
Diabetic subjects had a higher body mass index and waist cir-
cumference, higher levels of glucose and HbAlc and were more likely
to receive an angiotensin receptor blocker or furosemide compared to
nondiabetic subjects (Table 1). Therefore, we stratified results for
change in coronary plaque by diabetes status. As shown in Table 2 for
the total group, those with an omega-3 fatty acid index =4% had sig-
nificant prevention of progression of fibrous plaque compared to those
with an omega-3 index < 4% (p = 0.011).

When stratified by diabetes status, the nondiabetic subjects with an
omega-3 index =4% had significant prevention of progression of fi-
brous, noncalcified, calcified and total plaque volume compared to
those with an omega-3 index < 4% (Table 2). In contrast, no difference
in plaque change was observed for those with diabetes.

We next examined plaque change stratified by quartiles of the
plasma omega-3 fatty acid measures to estimate a more precise cutpoint
for benefit. Those in the highest quartile of the omega-3 fatty acid index
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Table 2
Percent change in plaque volume stratified by omega-3 fatty acid index of 4% at
30 months.
Plaque subtype Omega-3 Fatty Acid p value
Index
< 4% =4%
Median [IQR] Median [IQR]
Total group n =85 n = 133
Fatty 3.1 [-10.8, 15.8] 0.8 [-10.1, 16.5] 0.885
Fibrous 6.6 [-6.8, 25.4] —0.4 [-11.9, 14.6] 0.011
Noncalcified 5.0 [-7.6, 20.7] —1.4 [-9.7, 14.4] 0.078
Calcified 53.1 [4.2, 176.7] 47.4 [-0.4, 127.2] 0.418
Total 9.9 [-4.2, 28.2] 7.6 [-2.9, 18.8] 0.331
Nondiabetic subjects n = 55 n = 99
Fatty 5.3 [-8.6, 22.9] 0.8 [-10.5, 16.7] 0.508
Fibrous 10.3 [-2.0, 27.7] —0.4 [-11.0, 14.7] < 0.001
Noncalcified 10.9 [-3.9, 27.1] —1.4 [-10.2, 14.4] 0.004
Calcified 96.3 [17.3, 258.2] 49.8 [-4.2, 128.9] 0.030
Total 17.6 [3.1, 37.2] 7.7 [-6.7, 19.0] 0.003
Diabetic subjects n = 30 n = 34
Fatty —1.4 [-18.7, 8.6] 1.0 [-8.4, 16.6] 0.339
Fibrous —0.8 [-15.7, 10.3] —-0.6 [-12.7, 14.7] 0.861
Noncalcified —1.6 [-14.2, 11.0] —-0.9 [-9.3, 16.1] 0.501
Calcified 25.7 [-31.2, 78.6] 37.5[15.3, 97.8] 0.148
Total —3.4 [-15.2, 15.6] 6.2 [-2.5, 20.2] 0.082

at 30 months (Table 3) had a significantly lower percentage of diabetes
and higher use of statin at baseline. Those in the highest quartile of EPA
(Supplementary Table 1) were less likely to have history of CABG
surgery and diabetes and more likely to have higher levels of total
cholesterol and high-density lipoprotein cholesterol at baseline. Female
sex was more prevalent and both total cholesterol and triglyceride le-
vels were higher in those in the highest quartile of EPA and DHA
(Table 4) and highest DHA quartile (Supplementary Table 2) at base-
line. Those in the highest quartile of EPA to AA were less likely to have
a history of hypertension (Supplementary Table 3). Of note, 12 and 3
subjects assigned to control were in the 3rd and 4th quartile of omega-3
fatty acid index, respectively; however, they were taking over-the-
counter omega-3 fatty acids which could account for this finding
(Table 3). Subjects assigned to Lovaza increased plasma EPA and DHA
levels variably from 1.85% to 13.02%. Fifteen subjects assigned to
Lovaza had an omega-3 fatty acid index < 4%. (Table 1). Of these, two
stopped Lovaza early in the trial due to intolerance.

No significant difference in change in plaque subtypes was observed
for the total group (Supplementary Table 4) or for diabetic subjects
(Supplementary Table 5). In contrast, nondiabetic subjects in the 3rd
quartile (5.41%-7.66%) and 4th quartile (=7.67%) of omega-3 fatty
acid index had significant prevention of progression of fibrous, non-
calcified, calcified (3rd quartile compared to lowest) and total plaque
compared to those in the lowest quartile (< 3.43%) who had significant
within group progression at 30 months compared to baseline
(Table 5A). Those in the 2nd quartile of the omega-3 fatty acid index
(3.43%-5.40%) had significant prevention of progression of fibrous
plaque and a trend for noncalcified and total plaque compared to the
lowest quartile. Nondiabetic subjects in the highest quartile of EPA
(Table 5B), EPA and DHA (Table 5D) and EPA to AA ratio (Table 5E)
had significant prevention of progression of fibrous, noncalcified and
total plaque compared to those in the lowest quartile. Compared to
those in the lowest quartile, those in the 3rd quartile of EPA and DHA
had significant prevention of fibrous, noncalcified and total plaque
whereas those in the 3rd quartile of EPA alone had prevention of only
fibrous plaque at a much lower level of significance (p = 0.05).

The benefit for EPA plus DHA was similar to that for the omega-3
index and stronger than EPA alone. Of note, there was no difference in
plaque change by DHA quartile for the nondiabetic subjects (Table 5C).

Fig. 1 compares the median change in plaque volume in nondiabetic
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subjects with an omega-3 fatty acid index < 3.4% compared to =4%.
Compared to those with an omega-3 fatty acid index < 3.4%, those
with an index =4% had significantly lower median percent change of
fibrous, noncalcified, calcified and total plaque volumes. The percent
change in fatty plaque volume was nominally lower in the =4% group
compared to < 3.4%, but the difference did not reach statistical sig-
nificance.

4. Discussion

In the current study, several important new findings emerged. First,
in the total group, those with an omega-3 fatty acid index =4% had
significant prevention of progression of fibrous coronary plaque com-
pared to an omega-3 fatty acid index < 4% (p = 0.011). When stratified
by diabetes status, the results became more significant: nondiabetic
subjects with an omega-3 fatty acid index =4% had significant pre-
vention of progression of fibrous, noncalcified, calcified and total cor-
onary plaque compared to those with an omega-3 fatty acid index <
4%. In contrast, no difference in plaque change was observed for those
with diabetes. We next examined coronary plaque change by quartiles
of omega-3 fatty acids to determine a more precise cutpoint for dif-
ferences in plaque change. Nondiabetic subjects with an omega-3 fatty
acid index < 3.43% had significant within group progression of fibrous,
calcified and total plaque whereas those < 4% did not. This finding
suggests that an omega-3 fatty acid index < 3.43% may identify sub-
jects at risk for significant coronary plaque progression. Nondiabetic
subjects in the 3.43% to < 5.41% quartile had significant prevention of
fibrous, noncalcified and total plaque but not calcified plaque. Since
those with an omega-3 index =4% had prevention of progression of all
4 plaque subtypes including calcified plaque, an omega-3 index =4%
may be a reasonable target to achieve prevention of progression of all
four coronary artery plaque subtypes. The amount of calcified plaque
has been shown to be predictive of cardiovascular events [26,27];
therefore, the slowing of progression of calcified plaque with EPA and
DHA may have benefit on cardiovascular events and should be ex-
amined further.

We previously reported that our primary endpoint, change in non-
calcified plaque, was not significant in our intention-to-treat analysis
for our total group of subjects [17]. Our current findings suggest that
plasma level of omega-3 fatty acid achieved is a more important factor
in determining outcome than treatment assignment and support the
importance of measuring plasma levels of omega-3 fatty acids in ran-
domized trials both initially, perhaps again early in the trial to detect
response to supplementation, and at the trial conclusion. Fifteen of 119
subjects randomized to EPA and DHA supplementation in the current
study had an omega-3 fatty acid index < 4%. Two of these subjects did
not tolerate Lovaza and stopped early; thus, the reason for their omega-
3 fatty acid index < 4%. The remaining 13 were compliant, a finding
suggesting that EPA and DHA increased plasma levels to a variable
degree. Variability in individual blood levels of omega-3 fatty acids
achieved has also been reported in the Japan EPA Lipid Intervention
Study (JELIS). In JELIS, those without clinical CVD randomized to 1.8 g
EPA daily did not have a significant reduction in major coronary events
compared to control [28]. However, when plasma levels of omega-3
fatty acids were measured, a significant reduction in major coronary
events was observed in the subgroup who achieved a plasma EPA
level > 133 pg/ml and EPA to arachidonic acid ratio > 0.75 [10,29].
Thirty-nine percent of subjects in JELIS did not achieve a plasma EPA
level > 133 pg/ml in spite of taking 1.8 g/day of EPA [29]. In a 28-day
dosing study with 4 g per day of omega-3 fatty acid, about 16% did not
achieve an EPA to AA ratio > 0.75 [reviewed in 10]. Therefore, pre-
dicting an individual's response to a specific dose is difficult and this
could account for the lack of benefit in some clinical trials. Further
studies should examine reasons accounting for differences in individual
response. If mechanisms can be identified, then interventions can be
undertaken to maximize EPA and DHA levels.
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Table 3

Baseline characteristics according to omega-3 fatty acid index quartiles at 30 months for total group.
Characteristics 1% Quartile 2" Quartile 3" Quartile 4™ Quartile p for trend

< 3.15% (n = 54) 3.15-4.96% (n = 55) 4.97-7.65% (n = 54) =7.66% (n = 55)
No. (%) No. (%) No. (%) No. (%)

Control, No. (%) 46 (85.2) 38 (69.1) 12 (22.2) 3(5.5) < 0.001
Lovaza, No. (%) 8 (14.8) 17 (30.9) 42 (77.8) 52 (94.5)
Age, mean (SD), y 61.3 (7.8) 62.9 (8.7) 63.6 (7.4) 64.0 (7.1) 0.063
Male, No. (%) 45 (83.3) 46 (83.6) 53 (98.1) 38 (69.1) 0.203
Inclusion criteria (may have more than one), No. (%)
History of MI 26 (48.1) 27 (49.1) 22 (40.7) 24 (43.6) 0.471
History of PCI 31 (57.4) 36 (65.5) 39 (72.2) 28 (50.9) 0.655
History of CABG 14 (25.9) 20 (36.4) 9 (16.7) 11 (20.0) 0.152
Cardiovascular risk factors, No. (%)
Hypertension 47 (87.0) 46 (83.6) 45 (83.3) 40 (72.7) 0.065
Diabetes 22 (40.7) 17 (30.9) 11 (20.4) 14 (25.5) 0.042
Anthropometric and blood pressure, mean (SD)
Weight, kg 90.2 (13.1) 90.4 (15.6) 92.9 (12.4) 89.9 (13.9) 0.862
Body mass index, kg/m? 30.6 (3.5) 30.3 (3.5) 30.2 (3.8) 30.7 (3.5) 0.959
Waist circumference, cm 106.9 (9.9) 105.1 (9.7) 106.4 (10.1) 106.1 (11.2) 0.843
Systolic BP, mmHg 123.0 (15.0) 123.2 (12.4) 126.1 (12.2) 122.0 (17.4) 0.973
Diastolic BP, mmHg 72.1 (9.8) 72.1(7.7) 74.8 (9.1) 72.4 (11.7) 0.522
Complete blood count, mean (SD)
WBC, 10° cells/L 6.7 (1.9) 6.4 (1.6) 6.7 (1.8) 6.4 (1.4) 0.610
Monocytes, cells/pL 566.6 (191.8) 488.5 (163.1) 524.4 (143.5) 528.3 (174.3) 0.453
Neutrophils, cells/pL 4254.3 (1579.0) 4149.2 (1455.0) 4342.8 (1691.3) 3915.1 (1075.4) 0.351
Lymphocytes, cells/uL 1683.9 (590.6) 1538.2 (404.5) 1657.8 (692.8) 1786.6 (657.1) 0.234
Platelets, cells/uL 193.8 (51.8) 196.5 (50.1) 168.3 (50.2) 203.0 (45.2) 0.993
Lipids, mean (SD)
Total cholesterol, mg/dL 156.0 (44.1) 148.3 (31.2) 145.2 (26.4) 163.2 (38.4) 0.397
Triglyceride, mg/dL 133.0 [91.0, 171.0] 114.0 [74.0, 143.0] 118.5 [84.0, 178.0] 119.5 [82.0, 169.0] 0.783
HDL-C, mg/dL 45.4 (15.7) 48.3 (14.9) 43.8 (12.8) 52.8 (15.1) 0.052
LDL-C, mg/dL 81.1 (33.4) 74.9 (23.2) 74.2 (19.6) 84.2 (30.4) 0.619
Biochemical profile, mean (SD)
Glucose, mg/dL 110.8 (37.7) 106.6 (29.6) 99.7 (17.5) 106.1 (33.49) 0.267
HbAlc, % 6.4 (1.2) 6.1 (0.8) 6.0 (0.6) 6.2 (0.9) 0.155
Medication, No. (%)
Statin 48 (88.9) 54 (98.2) 52 (96.3) 54 (98.2) 0.042
Aspirin 51 (94.4) 53 (96.4) 54 (100.0) 51 (92.7) 0.890
ACE-I 32 (59.3) 32 (58.2) 29 (53.7) 25 (45.5) 0.129
ARB 7 (13.0) 13 (23.6) 10 (18.5) 12 (21.8) 0.375
Hydrochlorothiazide 11 (20.4) 9 (16.4) 10 (18.5) 9 (16.4) 0.674
Furosemide 6 (11.1) 4 (7.3) 4(7.4) 5(9.1) 0.735
Calcium channel blocker 7 (13.0) 13 (23.6) 14 (25.9) 14 (25.5) 0.116
Beta blockers 41 (75.9) 38 (69.1) 40 (74.1) 37 (67.3) 0.445

ACE-], angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; CABG, coronary artery bypass grafting; HbAlc, hemoglobin
Alc; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; MI, myocardial infarction; PCI, percutaneous coronary intervention;

WBC, white blood cell count.

Values expressed as mean (SD) except triglyceride which is median [interquartile range].
To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. To convert the values for triglycerides to millimoles per liter, multiply by 0.01129.

In the VITamin D and OmegA-3 Trial (VITAL), subjects randomized
to 1 g omega-3 fatty acid had no benefit on a composite of myocardial
infarction, stroke or cardiovascular death [14]. However, several sec-
ondary endpoints were significantly reduced. Total myocardial infarc-
tion was reduced 28% (HR = 0.72, 95% CI = 0.59-0.90), percutaneous
coronary intervention was reduced 28% (HR =0.78, 95%
CI = 0.63-0.95), fatal myocardial infarction was reduced 50%
(HR = 0.50, 95% CI = 0.26-0.97) and a composite of myocardial in-
farction, coronary revascularization (percutaneous coronary interven-
tion or CABG) and death from coronary heart disease was reduced 17%
(HR = 0.83, 95% CI = 0.71-0.97) [14]. In subgroup analysis, partici-
pants with low fish consumption (< 1.5 servings per week and pre-
sumably lower baseline omega-3 fatty acid plasma levels) had a 19%
reduction in major cardiovascular events (HR = 0.81, 95%
CI = 0.67-0.98), a 40% reduction in myocardial infarction (HR = 0.60,
95% CI = 0.45-0.81) and a trend toward a reduction in total mortality
(HR = 0.87, 95% CI = 0.73-1.04) [14]. In contrast, those with higher
baseline fish consumption had no benefit in cardiovascular risk reduc-
tion. African-Americans receiving omega-3 fatty acids had a 77% re-
duction (HR = 0.23, 95% CI = 0.09-0.62) in myocardial infarction
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regardless of baseline level of fish intake. Measurement of plasma levels
of omega-3 fatty acids in VITAL may provide additional insight into
benefit.

In the REDUCE-IT trial, 8179 patients with established CVD or
diabetes with at least one other risk factor and who had elevated tri-
glyceride levels despite statin treatment were randomized to 2g of
icosapent ethyl twice daily or placebo. Compared to placebo, those on
icosapent ethyl had a 25% lower risk of developing the composite
endpoint of cardiovascular death, nonfatal myocardial infarction,
nonfatal stroke, coronary revascularization or unstable angina after 4.9-
year follow-up [16]. Both treatment groups had an EPA level of
26.1 ug/mL at baseline. However, at 1-year follow-up, patients rando-
mized to icosapent ethyl had a significant 393.5% increase in their EPA
levels to 144 pg/mL while the placebo group had a significant 2.9%
decrease in EPA to a level of 23.3 ug/mL (p value for between group
difference < 0.001) [16]. These findings from JELIS and REDUCE-IT,
along with our findings, suggest the importance of taking into account
the attained blood level of omega-3 fatty acids when interpreting trials.
Furthermore, if omega-3 fatty acid plasma measurements are performed
early in a trial, adjustment in omega-3 fatty acid dose might increase
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Table 4

Baseline characteristics according to quartiles of eicosapentaenoic acid plus docosahexaenoic acid (ug/mL) for total group.
Characteristics 1% Quartile 2 Quartile 3" Quartile 4™ Quartile p for trend

<922 (n=54) 92.3 to 137.8 (n = 55) 137.9 to 205.9 (n = 55) =206.0 (n = 54)

Control, No. (%) 41 (75.9%) 39 (70.9%) 16 (29.1%) 3 (5.6%) < 0.001
Lovaza, No. (%) 13 (24.1%) 16 (29.1%) 39 (70.9%) 51 (94.4%)
Age, mean (SD), y 61.2 (8.1) 63.6 (8.0) 63.2 (7.9) 63.8 (7.2) 0.117
Male, No. (%) 46 (85.2%) 48 (87.3%) 51 (92.7%) 37 (68.5%) 0.050
Inclusion criteria (may have more than one), No. (%)
History of MI 29 (53.7%) 23 (41.8%) 26 (47.3%) 21 (38.9%) 0.202
History of PCI 35 (64.8%) 33 (60.0%) 40 (72.7%) 26 (48.1%) 0.213
CABG 14 (25.9%) 22 (40.0%) 8 (14.5%) 10 (18.5%) 0.068
Cardiovascular risk factors, No. (%)
Hypertension 47 (87.0%) 49 (89.1%) 38 (69.1%) 44 (81.5%) 0.117
Diabetes 20 (37.0%) 19 (34.5%) 11 (20.0%) 14 (25.9%) 0.083
Anthropometric and blood pressure, mean (SD)
Weight, kg 90.5 (13.0) 92.2 (16.3) 92.2 (12.4) 88.4 (13.2) 0.467
Body mass index, kg/m> 30.5 (3.6) 30.9 (4.0) 30.0 (3.3) 30.4 (3.3) 0.632
Waist circumference, cm 106.5 (10.1) 107.0 (10.8) 105.8 (9.0) 105.3 (11.0) 0.442
Systolic BP, mmHg 120.3 (14.1) 126.1 (13.1) 124.7 (14.4) 123.1 (15.7) 0.431
Diastolic BP, mmHg 70.7 (8.8) 72.7 (8.4) 75.7 (10.7) 72.1 (10.2) 0.208
Complete blood count, mean (SD)
WBC, 10° cells/L 6.8 (2.1) 6.3 (1.3) 6.7 (1.8) 6.5 (1.4) 0.492
Monocytes, cells/uL 552.4 (179.9) 495.5 (161.3) 537.8 (166.2) 521.9 (172.5) 0.640
Neutrophils, cells/pL 4402.4 (1690.0) 4039.1 (1245.8) 4282.0 (1681.5) 3933.2 (1154.9) 0.194
Lymphocytes, cells/uL 1651.1 (536.6) 1565.2 (477.0) 1648.3 (739.1) 1804.0 (601.0) 0.137
Platelets, cells/uL 192.6 (48.3) 190.6 (59.3) 177.4 (40.4) 201.6 (51.7) 0.659
Lipids, mean (SD)
Total cholesterol, mg/dL 146.2 (37.4) 152.3 (38.1) 143.5 (26.3) 170.6 (35.8) 0.003
Triglyceride, mg/dL 107.5 [72.0, 142.0] 114.0 [78.0, 166.0] 121.0 [79.0, 159.0] 139.5 [89.0, 204.0] 0.037
HDL-C, mg/dL 46.6 (14.8) 46.9 (15.7) 44.2 (10.9) 52.5 (16.9) 0.100
LDL-C, mg/dL 74.9 (26.9) 78.7 (29.9) 73.7 (19.9) 87.2 (30.1) 0.058
Biochemical profile, mean (SD)
Glucose, mg/dL 108.4 (36.1) 107.8 (31.1) 100.1 (18.3) 107.0 (33.7) 0.514
HbAlc, % 6.3 (1.1) 6.2 (0.9) 6.0 (0.7) 6.2 (0.8) 0.451
Medication, No. (%)
Statin 51 (94.4%) 51 (92.7%) 55 (100.0%) 51 (94.4%) 0.563
Aspirin 52 (96.3%) 52 (94.5%) 55 (100.0%) 50 (92.6%) 0.648
ACE-I 32 (59.3%) 34 (61.8%) 23 (41.8%) 29 (53.7%) 0.224
ARB 7 (13.0%) 12 (21.8%) 14 (25.5%) 9 (16.7%) 0.540
Hydrochlorothiazide 9 (16.7%) 8 (14.5%) 11 (20.0%) 11 (20.4%) 0.478
Furosemide 5 (9.3%) 7 (12.7%) 3 (5.5%) 4 (7.4%) 0.453
Calcium channel blocker 7 (13.0%) 14 (25.5%) 14 (25.5%) 13 (24.1%) 0.188
Beta blockers 38 (70.4%) 43 (78.2%) 40 (72.7%) 35 (64.8%) 0.421

ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; BP, blood pressure; CABG, coronary artery bypass grafting; HbAlc, hemoglobin
Alc; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; MI, myocardial infarction; PCI, percutaneous coronary intervention;

WBC, white blood cell count.

Values expressed as mean (SD) except triglyceride which is median [interquartile range].
To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. To convert the values for triglycerides to millimoles per liter, multiply by 0.01129.

the omega-3 fatty acid index to the target level in subjects with initially
low omega-3 fatty acid plasma levels.

We next examined which fatty acid was the best predictor of change
in coronary plaque for the nondiabetic subjects. The omega-3 fatty acid
index predicted change of all plaque subtypes except fatty. Although
the 3rd and 4th quartiles of EPA plus DHA had similar predictive ability
for prevention of progression of fibrous, noncalcified and total plaque
compared to the omega-3 fatty acid index, EPA plus DHA did not pre-
dict change in calcified plaque whereas the omega-3 fatty acid index
did. Both the omega-3 index and EPA plus DHA were stronger pre-
dictors than EPA alone. Moreover, those in the 3rd quartile of EPA
alone had prevention of only fibrous plaque at a much lower level of
significance than EPA and DHA. This is an important finding because it
suggests a better outcome with the combination of EPA and DHA than
EPA alone. The lowest quartile of the omega-3 fatty acid index
(< 3.43%) had significant within group progression of fibrous, calcified
and total plaque compared to baseline whereas the lowest quartile in
the other omega-3 fatty acid groups did not have significant within
group progression. Taken together, the omega-3 fatty acid index ap-
pears to be the best predictor of prevention of coronary plaque change
with an index =4% likely predicting prevention of progression. Various
ratios of omega-3 fatty acids have been reported in prior studies. In the

prospective Physicians Health Study, the highest quartile of the omega-
3 fatty acid index (> 4.98%) and the third quartile (> 4.17%) were
associated with 81% and 72% reductions in risk of sudden cardiac
death, respectively, compared to the lowest quartile (< 3.45%) [30]. In
the prospective University of California San Francisco Heart and Soul
study, a plasma omega-3 fatty acid index > 3.6% was significantly as-
sociated with reduced all-cause mortality at 5.9 year follow-up [31]. In
Korean acute myocardial infarction patients, an erythrocyte omega-3
fatty acid index > 4.74% was associated with reduced all-cause and
CVD mortality [32]. Our study suggests benefit on prevention of cor-
onary plaque progression at an omega-3 fatty acid index =4% and that
blood levels of omega-3 fatty acids are better predictors of benefit than
assignment to a fixed dose of omega-3 fatty acid supplementation.
Therefore, blood levels may be able to help guide a personalized heart
disease prevention strategy.

Potential beneficial mechanisms for omega-3 fatty acids include
improvement in blood pressure and heart rate and anti-thrombotic and
anti-inflammatory properties [33,34]. By quenching reactive oxygen
species in lipoproteins and cellular membranes, EPA has antioxidant
effects leading to less oxidation of LDL particles; non-oxidized LDL
particles are more efficiently cleared by the LDL receptor and thus less
atherogenic [35,36]. EPA treatment has also been associated with a
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Percent change in plaque volume stratified by quartiles of fatty acids at 30 months for nondiabetic subjects.
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Plaque type A. Quartiles of Omega-3 Fatty Acid Index

1°* Quartile 2™ Quartile 3™ Quartile 4™ Quartile p value® p value®

< 3.43% 3.43to <5.41% 5.41to <7.67% =7.67%

(n = 38) (n = 39) (n = 38) (n = 39)

Median [IQR] Median [IQR] Median [IQR] Median [IQR]
Fatty 4.3 [-9.9, 28.5] 5.0 [-7.4, 14.8] 2.0 [-8.4, 25.0] —0.2 [-14.9, 18.3] 0.876 0.303
Fibrous 11.3 [0.3, 28.3]¢ 0.1 [-11.5, 15.2]¢ —0.8 [-16.9, 14.9] 0.4 [-10.3, 15.3] 0.007 0.011
Noncalcified 13.1 [-3.8, 28.1] ) 2.0 [-3.9, 12.7]¢ 0.2 [-15.4, 18.1] —4.1 [-9.4, 14.4] 0.050 0.020
Calcified 104.5 [22.0, 268.71" 31.0 [-0.8, 133.4] 47.5 [-1.5, 102.3] 59.6 [-18.5, 244.2] 0.016 0.210
Total 20.6 [7.1, 34.71° 8.9 [-0.6, 27.5]" 5.9 [-6.8, 21.8] 8.4 [-6.9, 19.0] 0.012 0.005

B. Quartiles of eicosapentaenoic acid (ug/mL)

1% Quartile 27 Quartile 3" Quartile 4™ Quartile p value® p value”

<294 29.4 to 55.7 55.8 to < 89.0 =89.0

(n = 38) (n=39) (n = 39) (n = 38)

Median [IQR] Median [IQR] Median [IQR] Median [IQR]
Fatty 7.3 [-8.9, 23.1] 2.8 [-10.5, 16.4] 5.2 [-8.5, 22.8] —1.4 [-13.3, 16.2] 0.791 0.314
Fibrous 11.3 [-7.7, 27.7] 4.4 [-4.4, 15.8] 2.9 [-11.5, 16.2] —4.3 [-11.3, 11.0] 0.050 0.031
Noncalcified 8.4 [-6.4, 27.1] 2.5 [-3.9, 16.3] 3.9 [-9.6, 18.9] —4.1 [-12.3, 14.2] 0.154 0.037
Calcified 95.5 [13.0, 235.6] 82.6 [1.0, 171.5] 40.0 [-0.6, 125.9] 66.9 [-8.0, 138.5] 0.150 0.304
Total 17.2 [3.1, 34.7] 8.9 [2.9, 27.5] 13.0 [-6.8, 21.4] 7.5[-7.1,17.8] 0.073 0.032

C. Quartiles of docosahexaenoic acid (ug/mL)

1°* Quartile 2™ Quartile 3™ Quartile 4™ Quartile p value® p value®

<61.0 61.0 to 87.1 87.2 to 112.1 =112.2

(n = 38) (n=39) (n = 39) (n = 38)

Median [IQR] Median [IQR] Median [IQR] Median [IQR]
Fatty 1.2 [-13.0, 17.4] 6.8 [-7.4, 16.0] 4.6 [-12.7, 22.9] 0.1 [-8.1,19.1] 0.669 0.693
Fibrous 7.6 [-2.8, 27.8] 2.9 [-11.5, 18.0] 0.7 [-15.2, 17.6] 0.6 [-9.2, 14.9] 0.114 0.140
Noncalcified 5.6 [-8.2, 26.1] 2.5 [-6.0, 17.1] 0.5 [-14.6, 18.2] —1.0 [-9.5, 15.1] 0.250 0.329
Calcified 99.3 [8.0, 249.7] 43.3 [4.3, 215.0] 41.8 [-0.6, 127.6] 53.7 [-18.8, 133.8] 0.119 0.074
Total 15.8 [1.3, 30.5] 9.0 [-2.4, 37.2] 13.9 [2.0, 20.9] 7.0 [-6.9, 19.0] 0.262 0.119

D. Quartiles of eicosapentaenoic acid plus docosahexaenoic acid (ug/mL)

1°* Quartile 2™ Quartile 3™ Quartile 4™ Quartile p value® p value®

<934 93.4 to 146.6 146.7 to 208.4 =208.4

(n = 38) (n = 39) (n = 39) (n = 38)

Median [IQR] Median [IQR] Median [IQR] Median [IQR]
Fatty 4.3[-9.9,23.0] 6.8[-10.3,23.5] 0.8[-8.5,14.7] —0.9[-13.3,18.5] 0.661 0.582
Fibrous 9.7[-0.5,27.8] 6.6[-7.1,18.3] —2.4[-16.1,15.5] 0.1[-9.6,12.8] 0.004 0.016
Noncalcified 11.3[-3.4,26.1] 5.0[-4.1,18.2] —3.7[-10.7,13.4] —2.0[-9.6,14.4] 0.019 0.038
Calcified 101.6[17.6251.5] 49.8[0.1161.5] 41.6[3.4125.9] 57.8[-14.7138.5] 0.075 0.062
Total 19.1[5.9,34.71¢ 8.9[2.3,37.2] 10.0[-7.0,21.4] 6.8[-6.9,16.5] 0.017 0.005

E. Quartiles of eicosapentaenoic acid to arachidonic acid ratio

1°* Quartile 274 Quartile 3 Quartile 4™ Quartile p value® p value®

< 0.102 0.102 to 0.237 0.238 to 0.444 =>0.445

(n = 38) (n = 39) (n = 39) (n = 38)

Median [IQR] Median [IQR] Median [IQR] Median [IQR]
Fatty 4.1 [-8.9, 22.8] 8.7 [-7.3, 23.5] 2.8 [-8.1, 16.7] —5.3 [-16.9, 16.6] 0.879 0.253
Fibrous 9.1 [-7.7, 27.7] 7.3 [-3.2, 18.0] 2.9 [-12.2, 20.3] —2.2 [-10.5, 7.6] 0.081 0.022
Noncalcified 5.6 [-6.4, 27.1] 6.5 [-3.2, 17.2] 3.9 [-14.6, 20.7] —4.5[-10.4, 12.8] 0.206 0.020
Calcified 95.5 [17.7, 235.6] 82.6 [0.1, 147.0] 18.5 [-7.6, 97.2] 68.8 [-4.7, 149.0] 0.016 0.391
Total 17.2 [3.1, 37.9]° 14.3 [4.2, 29.5] 8.3 [-7.0, 20.3] 6.8 [-7.3, 17.8] 0.024 0.021

@ p value comparing the first to third quartile.

> p value comparing the first to fourth quartile.

¢ Within group p value at 30 months compared to baseline = 0.012.
4 p =0.016 compared to 1st quartile.

¢ p = 0.067 compared to 1st quartile.

f Within group p value at 30 months compared to baseline = 0.042.
& Within group p value at 30 months compared to baseline < 0.001.
" p = 0.055 compared to 1st quartile.
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Fig. 1. Percent change in coronary plaque volume at 30 months in nondiabetic subjects with an omega-3 fatty acid index < 3.4% compared to =4%.

reduction in inflammation and improved stabilization of plaque [37].
Oxidized lipoproteins and hyperglycemia lead to endothelial dysfunc-
tion which is associated with atherosclerosis [38,39] and which EPA
has been shown to reverse [40]. EPA inhibits the formation of choles-
terol crystals [36] which can destabilize the fibrous cap of plaque and
lead to local inflammation and thrombus formation [41]. EPA has fa-
vorable effects on unstable plaque by increasing fibrous cap thickness,
lumen diameter and plaque stability as well as reducing thrombosis and
platelet activation [37,42]. Although the mechanism responsible for
benefit in the REDUCE-IT trial is unknown, our results suggest that
prevention of progression of coronary artery plaque may be one po-
tential mechanism.

Although our trial was not designed to assess cardiovascular events,
it is worth noting that several studies assessing coronary plaque sub-
types with coronary computed tomographic angiography have shown
that higher volume of noncalcified plaque and total plaque are asso-
ciated with higher rates of cardiac death, myocardial infarction and
coronary revascularization [43] and higher rates of acute coronary
syndrome [44,45]. Furthermore, evidence from intravascular ultra-
sound studies shows that progression of plaque atheroma volume is
independently associated with higher rates of a composite of cardiac
death, myocardial infarction and coronary revascularization
(p < 0.002) and regression is associated with fewer events [3]. Taken
together, these findings suggest that plaque composition and volume
predict cardiovascular events and support the potential clinical im-
portance of lack of progression of plaque volume observed in the
omega-3 ethyl-ester arm in the current trial.

No difference in plaque change was observed in diabetic subjects in
the current study due to the fact that those with an omega-3 fatty acid
index < 4% had similar low rates of plaque progression compared to
diabetics with an omega-3 fatty acid index =4%. A potential reason for
lack of difference could be postulated due to use of antidiabetic medi-
cations and the higher utilization of cardioprotective medications in-
cluding angiotensin-receptor blockers in diabetic subjects compared to
nondiabetic subjects. A nontargeted metabolomics analysis in combi-
nation with targeted quantification of eicosanoids and en-
docannabinoids in a case-control study of the Carotid Intima Media
Thickness (IMT) and IMT Progression as Predictors of Vascular Events
in a High Risk European Population (IMPROVE) pan-European cohort
reported that high concentrations of fatty acids were associated with a
35% reduction in CVD events in nondiabetic subjects (odds ratio [OR],
0.65; 95% CI, 0.27-0.80; p = 0.030) but not diabetic subjects [46].
DHA approached significance, but the investigators did not examine
EPA alone or the omega-3 fatty acid index. Their results, along with
ours of differential response by diabetes status, highlight the im-
portance of stratifying populations on potentially important clinical
features as diabetes status in designing future clinical trials and inter-
preting results.
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More women achieved a higher omega-3 fatty acid level than men.
A potential reason could be increased dietary intake of a-linolenic acid
(ALA), EPA or DHA. ALA can be converted to EPA and less so, to DHA in
the human. Women have an increased ability to convert ALA to omega-
3 fatty acids compared to men [47]. Studies with stable isotope-labelled
ALA have shown conversion rates of ALA to EPA of 21% versus 8% and
of ALA to DHA of 9% versus 0% in women and men, respectively
[48,49]. This finding could be one reason accounting for the higher
prevalence of women in the highest omega-3 fatty acid quartiles in our
study. Of note, HDL-C level trended toward significantly higher at
baseline in the highest omega-3 index quartile, a finding which could be
due to the higher prevalence of women in the highest omega-3 fatty
acid quartiles. The role of HDL in cholesterol efflux capacity has been
demonstrated to be more predictive than HDL-C concentration [50]. A
limitation of our study is that we did not measure the potential effect of
omega-3 fatty acid on HDL function in reverse cholesterol transport.

In conclusion, omega-3 fatty acids added to statins over 30 months
prevented coronary plaque progression in nondiabetic subjects with well
controlled LDL-C and triglyceride levels when an omega-3 fatty acid index
=4% was achieved. Omega-3 plasma levels achieved were a better pre-
dictor of outcome than treatment allocation [17]. Low omega-3 index <
3.43% identified nondiabetic subjects at risk of significant coronary
plaque progression despite statin therapy. These findings highlight the
potential importance of measuring plasma levels of omega-3 fatty acids to
guide personalized therapy. Future trials should target an omega-3 fatty
acid index =4% in an attempt to maximize cardiovascular benefit and
reduce residual risk of cardiovascular events. Finally, since not all subjects
receiving EPA and DHA increase plasma level sufficiently, clinical trials of
EPA and DHA should measure early response in plasma levels which may
require an increase in dose to best assess change in clinical outcomes with
EPA and DHA supplementation.

Clinical trial registration

URL: http//www.clinicaltrials.gov. Unique identifier: NCT01624727.

Conflicts of interest

The authors declared they do not have anything to disclose re-
garding conflict of interest with respect to this manuscript.

Financial support

This work was supported by a National Heart, Lung, and Blood
Institute Specialized Centers of Clinically Oriented Research (SCCOR)
program grant to Dr. Welty: P50 HL083813 and supported by the
Harvard Clinical and Translational Science Center Award, NIH UL1
TR001102.


http://www.clinicaltrials.gov

A. Alfaddagh, et al.

Author contributions

Dr. Welty designed the study and obtained funding. Drs. Welty and

Elajami recruited study subjects, carried out visits and did database
entry. Dr. Alfaddagh did the analysis. Dr. Welty and Dr. Alfaddagh
drafted the manuscript and all contributed to data interpretation and
manuscript revision.

Acknowledgments

We thank the study participants for contributing their time and

participating in the trial.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.atherosclerosis.2019.04.213.

References

[1]

[2]

[3

=

[4]

[5]

[6]

7]

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

U.K. Sampson, S. Fazio, M.F. Linton, Residual cardiovascular risk despite optimal
LDL cholesterol reduction with statins: the evidence, etiology, and therapeutic
challenges, Curr. Atheroscler. Rep. 14 (2012) 1-10.

O. Bayturan, S. Kapadia, S.J. Nicholls, E.M. Tuzcu, M. Shao, K. Uno, A. Shreevatsa,
A.J. Lavoie, K. Wolski, P. Schoenhagen, S.E. Nissen, Clinical predictors of plaque
progression despite very low levels of low-density lipoprotein cholesterol, J. Am.
Coll. Cardiol. 55 (2010) 2736-2742, https://doi.org/10.1016/j.jacc.2010.01.050.
S.J. Nicholls, A. Hsu, K. Wolski, B. Hu, O. Bayturan, A. Lavoie, K. Uno, E.M. Tuzcu,
S.E. Nissen, Intravascular ultrasound-derived measures of coronary atherosclerotic
plaque burden and clinical outcome, J. Am. Coll. Cardiol. 55 (2010) 2399-2407,
https://doi.org/10.1016/j.jacc.2010.02.026.

M.C. de Oliveira Otto, J.H. Wu, A. Baylin, D. Vaidya, S.S. Rich, M.Y. Tsai,

D.R. Jacobs Jr., D. Mozaffarian, Circulating and dietary omega-3 and omega-6
polyunsaturated fatty acids and incidence of CVD in the Multi-Ethnic Study of
Atherosclerosis, J Am Heart Assoc 2 (2013) e000506.

D. Mozaffarian, R.N. Lemaitre, I.B. King, X. Song, H. Huang, F.M. Sacks, E.B. Rimm,
M. Wang, D.S. Siscovick, Plasma phospholipid long-chain w-3 fatty acids and total
and cause-specific mortality in older adults: a cohort study, Ann. Intern. Med. 158
(2013) 515-525.

L.C. Del Gobbo, F. Imamura, S. Aslibekyan, M. Marklund, J.K. Virtanen,

M. Wennberg, M.Y. Yakoob, S.E. Chiuve, »-3 polyunsaturated fatty acid biomarkers
and coronary heart disease: pooling project of 19 cohort studies, JAMA Intern Med
176 (2016) 1155-1166, https://doi.org/10.1001/jamainternmed.2016.2925.

W.S. Harris, N.L. Tintle, M.R. Etherton, R.S. Vasan, Erythrocyte long-chain omega-3
fatty acid levels are inversely associated with mortality and with incident cardio-
vascular disease: the Framingham Heart Study, J Clin Lipidol 12 (2018) 718-727,
https://doi.org/10.1016/j.jacl.2018.02.010 e6 ([Epub ahead of print]).

Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E after
myocardial infarction: results of the GISSI-Prevenzione trial. Gruppo Italiano per lo
Studio della Sopravvivenza nell'Infarto miocardico, Lancet 354 (1999) 447-455.
GISSI-HF Investigators, Effect of n-3 polyunsaturated fatty acids in patients with
chronic heart failure (the GISSI-HF trial): a randomised, double-blind, placebo
controlled trial, Lancet 372 (2008) 1223-1230.

H.R. Superko, S.M. Superko, K. Nasir, A. Agatston, B.C. Garrett, Omega-3 fatty acid
blood levels: clinical significance and controversy, Circulation 128 (2013)
2154-2161.

B. Rauch, R. Schiele, S. Schneider, F. Diller, N. Victor, H. Gohlke, M. Gottwik,

G. Steinbeck, U. Del Castillo, R. Sack, H. Worth, H. Katus, W. Spitzer, G. Sabin,

J. Senges, OMEGA Study Group, OMEGA, a randomized, placebo-controlled trial to
test the effect of highly purified omega-3 fatty acids on top of modern guideline-
adjusted therapy after myocardial infarction, Circulation 22 (2010) 2152-2159.
D. Kromhout, E.J. Giltay, J.M. Gelejinse, Alpha Omega Trial Group. n-3 fatty acids
and cardiovascular events after myocardial infarction, N. Engl. J. Med. 363 (2010)
2015-2026.

J. Bosch, H.C. Gerstein, G.R. Dagenais, R. Diaz, L. Dyal, H. Jung, A.P. Maggiono,
J. Probstfield, A. Ramachandran, M.C. Riddle, L.E. Rydén, S. Yusuf, ORIGIN Trial
Investigators. n-3 fatty acids and cardiovascular outcomes in patients with dys-
glycemia, N. Engl. J. Med. 367 (2012) 309-318.

J.E. Manson, N.R. Cook, I.M. Lee, W. Christen, S.S. Bassuk, S. Mora, H. Gibson,
C.M. Albert, D. Gordon, T. Copeland, D. D'Agostino, G. Friedenberg, C. Ridge,

V. Bubes, E.L. Giovannucci, W.C. Willett, J.E. Buring, VITAL Research Group,
Marine n-3 fatty acids and prevention of cardiovascular disease and cancer, N. Engl.
J. Med. 380 (2019 Jan 3) 23-32.

T. Aung, J. Halsey, D. Kromhout, H.C. Gerstein, R. Marchioli, L. Tavazzi,

J.M. Geleijnse, B. Rauch, A. Ness, P. Galan, E.Y. Chew, J. Bosch, R. Collins,

S. Lewington, J. Armitage, R. Clarke, Omega-3 treatment trialists' collaboration.
Associations of omega-3 fatty acid supplement use with cardiovascular disease
risks: meta-analysis of 10 trials involving 77 917 individuals, JAMA Cardiol 3
(2018) 225-233.

D.L. Bhatt, P.G. Steg, M. Miller, E.A. Brinton, T.A. Jacobson, S.B. Ketchum,

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Atherosclerosis 285 (2019) 153-162

R.T. Doyle Jr., R.A. Juliano, L. Jiao, C. Granowitz, J.C. Tardif, C.M. Ballantyne,
REDUCE-IT Investigators, Cardiovascular risk reduction with icosapent ethyl for
hypertriglyceridemia, N. Engl. J. Med. (2018 Nov 10), https://doi.org/10.1056/
NEJMoal812792 ([Epub ahead of print]).

A. Alfaddagh, T.K. Elajami, H. Ashfaque, M. Saleh, B.R. Bistrian, F.K. Welty, Effect
of eicosapentaenoic and docosahexaenoic acids added to statin therapy on coronary
artery plaque in patients with coronary artery disease: a randomized clinical trial, J
Am Heart Assoc 6 (2017) e006981https://doi.org/10.1161/JAHA.117.006981.
PMCID: PMC5779017.

E.E. Dewailly, C. Blanchet, S. Gingras, S. Lemieux, L. Sauvé, J. Bergeron, B.J. Holub,
Relations between n-3 fatty acid status and cardiovascular disease risk factors
among Quebecers, Am. J. Clin. Nutr. 74 (2001) 603-611, https://doi.org/10.1093/
ajen/74.5.603.

K.D. Stark, B.J. Holub, Differential eicosapentaenoic acid elevations and altered
cardiovascular disease risk factor responses after supplementation with doc-
osahexaenoic acid in postmenopausal women receiving and not receiving hormone
replacement therapy, Am. J. Clin. Nutr. 79 (2004) 765-773, https://doi.org/10.
1093/ajen/79.5.765.

F. Khosa, A.N. Khan, K. Nasir, A. Bedayat, Z. Malik, A.F. Jon, A.R. Cheema,

M.E. Clouse, F.K. Welty, Comparison of coronary plaque subtypes in male and fe-
male patients using 320-row MDCTA, Atherosclerosis 226 (2013) 428-432.

T.H. Hauser, N. Salastekar, E.J. Schaefer, T. Desai, H.L. Goldfine, K.M. Fowler,
G.M. Weber, F. Welty, M. Clouse, S.E. Shoelson, A.B. Goldfine, Targeting in-
flammation using salsalate in cardiovascular disease (TINSAL-CVD) study team.
Effect of targeting inflammation with salsalate: the TINSAL-CVD randomized clin-
ical trial on progression of coronary plaque in overweight and obese patients using
statins, JAMA Cardiol 1 (2016) 413-423.

S. Rinehart, G. Vazquez, Z. Qian, L. Murrieta, K. Christian, S. Voros, Quantitative
measurements of coronary arterial stenosis, plaque geometry, and composition are
highly reproducible with a standardized coronary arterial computed tomographic
approach in high-quality CT datasets, J Cardiovasc Comput Tomogr 5 (2011)
35-43.

H. Brodoefel, C. Burgstahler, A. Sabir, C.S. Yam, F. Khosa, C.D. Claussen,

M.E. Clouse, Coronary plaque quantification by voxel analysis: dual-source MDCT
angiography versus intravascular sonography, Am. J. Roentgenol. 192 (2009)
W84-W89.

S. Voros, S. Rinehart, Z. Qian, P. Joshi, G. Vazquez, C. Fischer, P. Belur, E. Hulten,
T.C. Villines, Coronary atherosclerosis imaging by coronary CT angiography: cur-
rent status, correlation with intravascular interrogation and meta-analysis, JACC
Cardiovasc Imaging 4 (2011) 537-548.

H. Brodoefel, C. Burgstahler, M. Heuschmid, A. Reimann, F. Khosa, A. Kopp,

S. Schroeder, C.D. Claussen, M.E. Clouse, Accuracy of dual-source CT in the char-
acterisation of non-calcified plaque: use of a colour-coded analysis compared with
virtual histology intravascular ultrasound, Br. J. Radiol. 82 (2009) 805-812.

R. Detrano, A. Guerci, J. Carr, D. Bild, G. Burke, A. Folsom, K. Liu, S. Shea, M. Szklo,
D. Bluemke, D. O'Leary, R. Tracy, K. Watson, N. Wong, R. Kronmal, Coronary cal-
cium as a predictor of coronary events in four racial or ethnic groups, N. Engl. J.
Med. 358 (2008) 1336-1345 2008.

J. Carr, D. Jacobs, J. Terry, C. Shay, S. Sidney, K. Liu, P. Schreiner, C. Lewis,

J. Shikany, J. Reis, D. Goff, Association of coronary artery calcium in adults aged 32
to 46 Years with incident coronary heart disease and death, JAMA Cardiology 2
(2015) 391-399.

M. Yokoyama, H. Origasa, M. Matsuzaki, Y. Matsuzawa, Y. Saito, Y. Ishikawa,

S. Oikawa, J. Sasaki, H. Hishida, H. Itakura, T. Kita, A. Kitabatake, N. Nakaya,

T. Sakata, K. Shimada, K. Shirato, Japan EPA lipid intervention study (JELIS)
Investigators. Effects of eicosapentaenoic acid on major coronary events in hy-
percholesterolaemic patients (JELIS): a randomised open-label, blinded endpoint
analysis, Lancet 369 (2007) 1090-1098.

H. Itakura, M. Yokoyama, M. Matsuzaki, Y. Saito, H. Origasa, Y. Ishikawa,

S. Oikawa, J. Sasaki, H. Hishida, T. Kita, A. Kitabatake, N. Nakaya, T. Sakata,

K. Shimada, K. Shirato, Y. Matsuzawa, JELIS Investigators, Relationships between
plasma fatty acid composition and coronary artery disease, J. Atheroscler. Thromb.
18 (2011) 99-107.

C.M. Albert, H. Campos, M.J. Stampfer, P.M. Ridker, J.E. Manson, W.C. Willett,
J. Ma, Blood levels of long-chain n-3 fatty acids and the risk of sudden death, N.
Engl. J. Med. 346 (2002) 1113-1118.

J.V. Pottala, S. Garg, B.E. Cohen, M.A. Whooley, W.S. Harris, Blood eicosapentae-
noic and docosahexaenoic acids predict all-cause mortality in patients with stable
coronary heart disease: the Heart and Soul study, Circ Cardiovasc Qual Outcomes 3
(2010) 406-412.

S.H. Lee, M.J. Shin, J.S. Kim, Y.G. Ko, S.M. Kang, D. Choi, Y. Jang, N. Chung,
W.H. Shim, S.Y. Cho, I. Manabe, J.W. Ha, Blood eicosapentaenoic acid and doc-
osahexaenoic acid as predictors of all-cause mortality in patients with acute myo-
cardial infarction, Circ. J. 73 (2009) 2250-2257.

P.R. Mason, New insights into mechanisms of action for omega-3 fatty acids in
atherothrombotic cardiovascular disease, Curr. Atheroscler. Rep. 21 (2019) 2.

D. Mozaffarian, J.H. Wu, Omega-3 fatty acids and cardiovascular disease: effects on
risk factors, molecular pathways, and cliical events, J. Am. Coll. Cardiol. 58 (2011)
2047-2067.

R.P. Mason, S.C.R. Sherratt, R.F. Jacob, Eicosapentaenoic acid inhibits oxidation of
ApoB-containing lipoprotein particles of different size in vitro when administered
alone or in combination with atorvastatin active metabolite compared with other
triglyceride-lowering agents, J. Cardiovasc. Pharmacol. 68 (2016) 33-40.

R.P. Mason, R.F. Jacob, Eicosapentaenoic acid inhibits glucoseinduced membrane
cholesterol crystalline domain formation through a potent antioxidant mechanism,
Biochim. Biophys. Acta 1848 (2015) 502-509.


https://doi.org/10.1016/j.atherosclerosis.2019.04.213
https://doi.org/10.1016/j.atherosclerosis.2019.04.213
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref1
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref1
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref1
https://doi.org/10.1016/j.jacc.2010.01.050
https://doi.org/10.1016/j.jacc.2010.02.026
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref4
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref4
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref4
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref4
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref5
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref5
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref5
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref5
https://doi.org/10.1001/jamainternmed.2016.2925
https://doi.org/10.1016/j.jacl.2018.02.010
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref8
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref8
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref8
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref9
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref9
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref9
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref10
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref10
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref10
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref11
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref11
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref11
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref11
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref11
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref12
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref12
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref12
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref13
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref13
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref13
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref13
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref14
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref14
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref14
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref14
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref14
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref15
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref15
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref15
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref15
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref15
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref15
https://doi.org/10.1056/NEJMoa1812792
https://doi.org/10.1056/NEJMoa1812792
https://doi.org/10.1161/JAHA.117.006981.%20PMCID:%20PMC5779017
https://doi.org/10.1161/JAHA.117.006981.%20PMCID:%20PMC5779017
https://doi.org/10.1093/ajcn/74.5.603
https://doi.org/10.1093/ajcn/74.5.603
https://doi.org/10.1093/ajcn/79.5.765
https://doi.org/10.1093/ajcn/79.5.765
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref20
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref20
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref20
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref21
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref21
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref21
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref21
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref21
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref21
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref22
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref22
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref22
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref22
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref22
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref23
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref23
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref23
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref23
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref24
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref24
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref24
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref24
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref25
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref25
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref25
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref25
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref26
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref26
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref26
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref26
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref27
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref27
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref27
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref27
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref28
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref28
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref28
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref28
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref28
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref28
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref29
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref29
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref29
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref29
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref29
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref30
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref30
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref30
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref31
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref31
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref31
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref31
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref32
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref32
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref32
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref32
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref33
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref33
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref34
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref34
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref34
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref35
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref35
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref35
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref35
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref36
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref36
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref36

A. Alfaddagh, et al.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

K.M. Borow, J.R. Nelson, R.P. Mason, Biologic plausibility, cellular effects, and
molecular mechanisms of eicosapentaenoic acid (EPA) in atherosclerosis,
Atherosclerosis 242 (2015) 357-366.

D.D. Rees, R.M. Palmer, S. Moncada, Role of endothelium-derived nitric oxide in
the regulation of blood pressure, Proc. Natl. Acad. Sci. U. S. A. 86 (1989)
3375-2278.

G. Kojda, D. Harrison, Interactions between NO and reactive oxygen species: pa-
thophysiological importance in atherosclerosis, hypertension, diabetes and heart
failure, Cardiovasc. Res. 43 (1999) 562-571.

R.P. Mason, H. Dawoud, R.F. Jacob, S.C.R. Sherratt, T. Malinski, Eicosapentaenoic
acid improves endothelial function and nitric oxide bioavailability in a manner that
is enhanced in combination with a statin, Biomed. Pharmacother. 103 (2018)
1231-1237.

G.S. Abela, K. Aziz, Cholesterol crystals cause mechanical damage to biological
membranes: a proposed mechanism of plaque rupture and erosion leading to ar-
terial thrombosis, Clin. Cardiol. 28 (2005) 413-420.

O.P. Ganda, D.L. Bhatt, R.P. Mason, M. Miller, W.E. Boden, Unmet need for ad-
junctive dyslipidemia therapy in hypertriglyceridemia management, J. Am. Coll.
Cardiol. 72 (2018) 330-343.

J. Nadjiri, J. Hausleiter, C. Jahnichen, A. Will, E. Hendrich, S. Martinoff,

M. Hadamitzky, Incremental prognostic value of quantitative plaque assessment in
coronary CT angiograph during 5 Years of follow up, J Cardiovasc Comput Tomogr
10 (2016) 97-104.

M.O. Versteylen, B.L. Kietselaer, P.C. Dagnelie, I.A. Joosen, A. Dedic,

R.H. Raaijmakers, J.E. Wildberger, K. Nieman, H.J. Crijns, W.J. Niessen,

162

[45]

[46]

[47]

[48]

[49]

[50]

Atherosclerosis 285 (2019) 153-162

M.J. Daemen, L. Hofstra, Additive value of semiautomated quantification of cor-
onary artery disease using cardiac computed tomographic angiography to predict
future acute coronary syndrome, J. Am. Coll. Cardiol. 61 (2013) 2296-2305.

S. Motoyama, M. Sarai, H. Harigaya, H. Anno, K. Inoue, T. Hara, H. Naruse, J. Ishii,
H. Hishida, N.D. Wong, R. Virmani, T. Kondo, Y. Ozaki, J. Narula, Computed to-
mographic angiography characteristics of atherosclerotic plaques subsequently re-
sulting in acute coronary syndrome, J. Am. Coll. Cardiol. 54 (2009) 49-57.

M.A. Kamleh, O. McLeod, A. Checa, D. Baldassarre, F. Veglia, K. Gertow,

S.E. Humphries, R. Rauramaa, U. deFaire, A.J. Smit, P. Giral, S. Kurl, E. Mannarino,
E. Tremoli, A. Silveira, J. Orvik, A. Hamsten, C.E. Wheelock, Increased levels of
circulating fatty acids are associated with protective effects against future cardio-
vascular events in non-diabetics, J. Proteome Res. 17 (2018) 870-878, https://doi.
org/10.1021/acs.jproteome.7b00671.

C.E. Childs, S. Kew, Y.E. Finnegan, A.M. Minihane, E.C. Leigh-Firbank,

C.M. Williams, P.C. Calder, Increased dietary a-linolenic acid has sex-specific ef-
fects upon eicosapentaenoic acid status in humans: re-examination of data from a
randomised, placebo-controlled, parallel study, Nutr. J. 13 (2014) 113.

G.C. Burdge, A.E. Jones, S.A. Wootton, Eicosapentaenoic and docosapentaenoic
acids are the principal products of alpha-linolenic acid metabolism in young men,
Br. J. Nutr. 88 (2002) 355-363.

G.C. Burdge, S.A. Wootton, Conversion of alpha-linolenic acid to eicosapentaenoic,
docosapentaenoic and docosahexaenoic acids in young women, Br. J. Nutr. 88
(2002) 411-420.

C.G. Santos-Gallego, HDL: Quality or quantity? Atherosclerosis 243 (2015 Nov)
121-123.


http://refhub.elsevier.com/S0021-9150(19)30379-X/sref37
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref37
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref37
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref38
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref38
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref38
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref39
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref39
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref39
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref40
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref40
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref40
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref40
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref41
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref41
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref41
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref42
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref42
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref42
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref43
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref43
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref43
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref43
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref44
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref44
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref44
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref44
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref44
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref45
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref45
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref45
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref45
https://doi.org/10.1021/acs.jproteome.7b00671
https://doi.org/10.1021/acs.jproteome.7b00671
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref47
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref47
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref47
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref47
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref48
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref48
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref48
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref49
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref49
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref49
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref50
http://refhub.elsevier.com/S0021-9150(19)30379-X/sref50

	An omega-3 fatty acid plasma index ≥4% prevents progression of coronary artery plaque in patients with coronary artery disease on statin treatment
	Introduction
	Patients and methods
	Study design
	Participants and study intervention
	Outcomes and data collection
	Measurement of fatty acid levels
	Image acquisition, reconstruction and coronary plaque analysis
	Statistical analysis

	Results
	Discussion
	Clinical trial registration
	Conflicts of interest
	Financial support
	Author contributions
	Acknowledgments
	Supplementary data
	References




