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2 GENERAL INTRODUCTION 

FFAATTTTYY  AACCIIDDSS  IINN  TTHHEE  HHUUMMAANN  DDIIEETT  

Fat is a major part of the human diet. It consists of different fatty acids (FAs) that 
provide approximately 9 kilocalories of energy (or 37 kilojoules) per gram.1 Dietary 
FAs play various roles in human metabolism, and could be involved in 
cardiometabolic diseases including coronary heart disease (CHD) and type 2 
diabetes.  

This chapter describes several important dietary FAs, in particular linoleic acid 
(18:2 n-6, LA), the main polyunsaturated FA (PUFA) in the omega-6 (ω6 or n-6) 
series, and omega-3 (n-3) PUFAs alpha-linolenic acid (18:3 n-3, ALA), 
eicosapentaenoic acid (20:5 n-3, EPA) and docosahexaenoic acid (22:6 n-3, DHA). 
In addition, odd-chain FAs 15:0 and 17:0 are discussed. Relations of these dietary 
FAs with cardiometabolic diseases have been increasingly investigated in 
observational cohort studies, using circulating FAs as biomarkers of intake.2–4 

O

OH

methyl end

6th carbon

two double bonds

carboxyl end

 
FFiigguurree  11 Simplified structure of linoleic acid, the main omega-6 fatty acid 

 

FAs can be characterized based on their structural configuration. In general, a FA 
consists of a carbon chain with a carboxyl group at one end and a methyl group at 
the other end, as illustrated in FFiigguurree  11. FAs can be differentiated by the length of 
the carbon chain, the presence and number of double bonds in the carbon chain 
and the type of configuration of the double bond(s). Based on the presence and 
number of the double bonds, FAs can be categorized into saturated (SFAs; no 
double bond), monounsaturated (MUFAs; one double bond) or polyunsaturated 
FAs (PUFAs; >1 double bonds). For the unsaturated FAs (MUFA and PUFA), the 
location of the nearest double bond from the terminal methyl group determines the 
omega number.5 As an example, LA has 18 carbon atoms in the chain and is an 
omega-6 (n-6) FA with two double bonds (Figure 1); the shorthand nomenclature is 
therefore 18:2 n-6. Depending on the double bond configuration, a FA is either a 
cis or trans FA. Only few FAs exist naturally as trans FAs (e.g. trans 18:1 n-7 in dairy 
fat6), but a cis-FA can be transformed into a trans FA via an industrial process known 
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as partial hydrogenation. Industrial trans FAs are considered detrimental to health,7 
and minimizing the consumption of trans FAs is therefore recommended.  

Several examples of FAs in each class with their shorthand nomenclature, trivial 
name and dietary sources are given in TTaabbllee  11. In this chapter, the abbreviated 
trivial names for 18:2 n-6 (LA), 18:3 n-3 (ALA), 20:5 n-3 (EPA) and 22:6 n-3 (DHA) 
are used and for other FAs, the shorthand nomenclature are used. 
  
TTaabbllee  11 Examples of FAs and their selected dietary sources 

 Shorthand 
nomenclature 

Trivial name Dietary sources 

SFA 15:0 Pentadecyclic acid* dairy products, meat from ruminants 
 17:0 Margaric acid* dairy products, meat from ruminants 
 16:0 Palmitic acid palm oil 
 18:0 Stearic acid red meat, poultry, cocoa butter 
MUFA 16:1 n-7 Palmitoleic acid red meat, dairy foods, macadamia nuts 
 18:1 n-9 Oleic acid olive oil 
PUFA 18:2 n-6 Linoleic acid sunflower oil, soybean oil 
 18:3 n-3 Alpha-linolenic acid flaxseeds, walnuts 
 20:5 n-3 Eicosapentaenoic acid seafood, mainly oily fish 
 22:6 n-3 Docosahexaenoic acid seafood, mainly oily fish 

*Pentadecanoic acid is more commonly used for 15:0 in the literature than the trivial name. For 17:0, heptadecanoic 
acid is also used.  

 
Food sources may be characterized by their FA composition (TTaabbllee  11). EPA and 
DHA are found abundantly in seafood, especially oily fish, and in a limited amount 
in red meat, poultry and eggs. Therefore, EPA and DHA are also termed “seafood 
n-3” or “marine n-3”. Most FAs in the human diet have a carbon chain with an even-
numbered length,5 although there are exceptions, such as pentadecanoic acid 
(15:0) and heptadecanoic acid (17:0). These odd-chain FAs are considered to 
reflect intake of dairy foods because the rumen microbiota in the ruminants can 
synthesize these odd-chain FAs, while humans and non-ruminants are considered 
not to produce them.8,9 In milk fat, these odd-chain FAs are present only in small 
amounts; 15:0 content in milk fat ranges from 1-2 g/100 g and 17:0 is 0.6-1.5 g/100 
g.10    

 
Metabolism of dietary FAs 

Dietary fats are broken down by digestive enzymes into FAs, which undergo beta-
oxidation to yield energy. FAs are also incorporated into various lipid pools for 
transport as cholesteryl esters, phospholipids and triacylglycerols (or triglycerides), 
which are components of circulating lipoproteins, and for storage as triacylglycerols 
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in adipose tissue.5 The composition of FAs in lipid pools is affected by metabolic 
processes such as de novo lipogenesis, elongation and desaturation. Through de 
novo lipogenesis, the human body is capable of endogenously producing FAs from 
carbohydrates. This process mainly happens in the liver and adipose tissues, 
generating SFAs with 16:0 as the main product.11 FAs can be converted into longer 
FAs by elongation or be made into a more unsaturated type by desaturation.5 
Stearoyl-coA-desaturase-1 (also known as delta-9-desaturase) catalyzes 
conversion of a SFA to a MUFA, e.g. 16:0 to 16:1 n-7, whereas delta-5-desaturase 
and delta-6-desaturase are active in the n-3 and n-6 metabolic pathways. In FFiigguurree  
22, the elongation and desaturation processes in the n-3 and n-6 metabolic pathways 
are illustrated. 
 

18:2 n-6
(LA)

18:3 n-6

20:3 n-6

delta-6-desaturase

20:4 n-6

delta-5-desaturase

18:3 n-3
(ALA)

elongase

elongase

18:4 n-3

20:4 n-3

20:5 n-3 (EPA)

22:4 n-6

24:4 n-6

22:5 n-3

24:5 n-3

24:5 n-6 24:6 n-3

elongase

22:5 n-6

beta-oxidation

22:6 n-3 (DHA)

delta-6-desaturase

 
FFiigguurree  22 Elongation and desaturation of FAs in the n-3 and n-6 pathways 

 

  

  

  

  

    

TTeexxtt  bbooxx  11 FAs at the top of the pathways in Figure 2, LA and ALA, are 
considered essential FAs. Essential FAs cannot be synthesized in the human 
body and serve as precursors for synthesis of longer chain PUFAs, therefore LA 
and ALA must be obtained from the diet. Although a conversion from ALA to 
EPA and DHA is possible, the conversion efficiency is known to be limited to 
<10% (and even lower from EPA to DHA) in individuals consuming a diverse 
diet.12,13 Therefore, EPA and DHA are obtained from the diet.  
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FFAATTTTYY  AACCIIDDSS  AANNDD  CCAARRDDIIOOMMEETTAABBOOLLIICC  DDIISSEEAASSEESS  

Dietary SFAs raise LDL-cholesterol, as has been repeatedly demonstrated in well-
controlled feeding trials.14 Elevated LDL-cholesterol is a major risk factor for 
cardiovascular disease (CVD), in particular CHD.15 Replacement of dietary SFAs by 
PUFAs or (to a lesser extent) MUFAs is a cornerstone in CVD prevention.16,17  

Cardiometabolic diseases, with CHD and type 2 diabetes as the main forms, remain 
the leading causes for death and disability worldwide.18 In 2017, CHD contributed 
54% of the disability-adjusted life years due to CVD, placing a significant burden 
on the healthcare costs in Europe.19 In the Netherlands, due to improvement in risk 
factors and treatment of CHD patients, the number of CHD deaths has declined20,21 
and the number of surviving CHD patients is likely to grow.20 

Patients with a history of myocardial infarction (MI) may have a more than 30% 
higher risk of recurrent MI, CVD and all-cause mortality than non-diseased 
individuals with similar age, as shown in population-based studies in Western 
societies.22,23 Regarding FAs, primary and secondary CVD prevention guidelines 
have recommended replacing dietary SFAs with PUFAs, to eat fish 1-2 times per 
week, including oily fish, and limiting consumption of trans FAs.16,17 Additionally, for 
CVD patients, EPA and DHA supplements at high doses (2-4 g/d) may be used to 
manage dyslipidaemia.24,25 However, a meta-analysis of supplementation studies 
has recently shown that providing additional ~0.5 to 5 g/d EPA and DHA did not 
reduce CVD or all-cause mortality risk in patients with CVD, except for a 10% 
reduced risk in CHD mortality.26 

N-3 FAs at habitual levels of dietary intake in Western populations may lower CHD 
mortality risk via their anti-arrhythmic effects.27,28 In contrast to what is provided in 
supplementation studies, habitual dietary n-3 FAs in populations with a Western diet 
is usually (far) below 500 mg/d,29,30 corresponding to a fish intake of <2 servings 
per week. For CHD patients, it is not clear whether habitual dietary n-3 FAs are 
related to mortality risk, or whether there is any benefit of having higher habitual 
dietary n-3 FAs on top of advanced cardiovascular drug treatment.  

The associations of habitual dietary n-3 FAs with mortality risk are often investigated 
using observational cohort studies. The few available observational cohort studies 
in CHD patients (summarized in Rimm et al.31) mainly investigated these 
associations using circulating EPA and/or DHA, but most had small sample sizes 
and number of events, had relatively short term follow-up time (≤2 y) and are difficult 
to compare because of differences in the choices of endpoints and confounders.  
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Type 2 diabetes is often a comorbidity of CVD. The presence of type 2 diabetes is 
a strong predictor for cardiovascular events32,33 and mortality in CHD patients.33,34 
Dietary LA has been investigated in relation to type 2 diabetes risk in observational 
cohorts of largely healthy populations but the results are mixed.35–44 The lack of 
consistent results might be explained by the fact that not all studies replaced the 
same nutrients in theoretical substitution models (SFAs35,36 or carbohydrates40,41). 
Nevertheless, in recent US cohort studies, substitution of either dietary SFAs or 
carbohydrates for dietary LA were similarly associated with a lower type 2 diabetes 
risk.44 Other cohort studies reporting no associations have also considered 
measurement errors in the diet estimation due to the use of self-reported 
questionnaires as the explanation for the null findings.39–41 A proposed mechanism 
for the inverse association between LA and type 2 diabetes is that increasing LA 
intake leads to more incorporation of unsaturated FAs in the membrane lipids. This 
will increase the membrane fluidity and number of insulin receptors, and decrease 
the affinity of these receptors, resulting in an improved insulin sensitivity.45,46 Studies 
of dietary LA and type 2 diabetes risk in patients with CHD are lacking. 

Odd-chain FAs have gained attention because of their beneficial associations with 
type 2 diabetes and CVD risks. Inverse associations with these cardiometabolic 
diseases have been reported in several cohorts without prevalent type 2 diabetes 
or CVD using circulating 15:04,47–50 and 17:04,50,51 to reflect dairy foods consumption. 
A more recent randomized controlled trial has shown that circulating proportions of 
15:0 and 17:0 also increased after a 7-day supplementation with fermentable fibre.52 
Higher intake of dietary fiber is hypothesized to increase the production of 
propionate, a three-carbon FA, by the gut microbiome. In the liver, propionyl-CoA 
(converted from propionate) competes with acetyl-CoA in FA synthesis, leading to 
increased production of odd-chain FAs, especially 17:0.52 Further, the investigators 
proposed that odd-chain FAs, particularly 17:0, reflect dietary fiber rather than dairy 
intake.52 Whether circulating 15:0 and 17:0 could be influenced by dietary fiber in 
MI patients warrants more research. 

 
Limitation of traditional dietary assessment methods 

Observational cohort studies use self-reported dietary assessment methods such 
as the food-frequency questionnaire (FFQ) to estimate habitual diet because of 
feasibility of administering and data processing of the questionnaire. However, 
dietary intakes estimated using an FFQ may be prone to recall bias and therefore 
subjective.53  
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Assessment of FA intakes is especially difficult. Reporting of fat-containing products 
may be incomplete because fat is not always visible in food, for example when used 
as ingredient in dressings and sauces, or when used in preparing food (e.g. 
cooking oils) especially if the person is not involved in the preparation of the food.54 
Reporting of calorie-dense foods, high in fat and sugar, may also be affected by 
social desirability and weight status of the individuals.55 Those with a high body 
mass index (BMI) are more likely to underreport their calorie-dense foods intakes 
than those with a healthy BMI.55  

It is also important to recognize that the quality of the underlying food composition 
tables affects the calculated FAs from reported dietary intakes.56,57 The FA content 
and composition of (processed) foods may change over time due to modifications 
in the food supply, e.g. use of different feed types for cattle, which affects the FA 
profile in meat and milk, plant breeding to produce certain FA profiles of plant oils, 
or reformulation of commercial products by the food industry.56,58 Furthermore, 
detailed information of specific FAs may not be available for all foods in food 
composition tables, with data sometimes limited to total fat content.59 In particular, 
assessing habitual ALA is difficult. ALA is a constituent of plant oils which are used 
as ingredients of commercial salad dressings, spreads, margarines and cooking 
fats, and are difficult to assess accurately using an FFQ because types and amount 
of plant oil used may be brand-specific,58,60 while often only average values for these 
products are available in the food composition tables. Furthermore, the commercial 
products may be reformulated, e.g. using another type of plant oil, because of 
costs58 or other (market-related) reasons,61 and the values in food tables are not 
updated, contributing errors in the estimation of ALA intakes. On the other hand, 
the data of FA composition of fish is likely less affected by these issues.   

  

 

    

TTeexxtt  bbooxx  22 Dietary assessment based on self-reports may be influenced by 
recall bias. In addition, estimated fatty acid intakes may be affected by errors 
or incompleteness of food composition tables. For LA, ALA, EPA and DHA, and 
odd-chain FAs, their circulating levels are frequently considered as objective 
measure of dietary intakes, free from the errors that are associated with self-
reported dietary assessment.2–4  
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CCIIRRCCUULLAATTIINNGG  FFAATTTTYY  AACCIIDDSS  AASS  BBIIOOMMAARRKKEERRSS  OOFF  HHAABBIITTUUAALL  DDIIEETT  

To overcome limitations of self-reported dietary assessment methods, observational 
cohort studies increasingly use the FA composition in blood and its fractions 
(“circulating FAs”) as biomarkers of habitual dietary FA intakes. FA biomarkers 
measured in lipid pools are considered more objective in reflecting habitual intake 
of FAs because the levels do not depend on the ability of study participants to recall 
their food consumption.62 FA biomarkers are considered as “concentration 
biomarker”. This means that the levels cannot be used to infer absolute intakes but 
may be useful for ranking individuals according to their habitual intakes, which is 
the main interest of observational cohort studies.62 

  
Factors affecting the utility of circulating FAs  

11..  LLiippiidd  ppoooollss  

There are various lipid pools in the human body that may be used for the 
assessment of FA composition, including subcutaneous abdominal adipose tissues, 
whole blood, blood plasma/serum, red blood cells and various types of white blood 
cells.63 Considering the interest of cohorts in long-term habitual intake, adipose 
tissue is often the preferred pool as a dietary biomarker of FAs because FAs 
turnover in adipose tissue is slow under energy balance. FA composition of adipose 
tissue is considered to reflect diet in the past 1 to 2 years.63,64 However, the use of 
adipose tissue in cohort studies is rather limited because the tissue sampling is 
regarded as more invasive for participants, more time-consuming and expensive to 
measure, therefore it is less feasible in the usually large cohorts. 

In cohort studies the most often reported pools for reflecting long-term habitual 
intakes of FAs are circulating FAs in total plasma or serum, plasma/serum fractions 
(or compartments) of cholesteryl esters and phospholipids and erythrocytes.63 
Circulating plasma FAs are considered to reflect dietary FAs of past weeks, 
although circulating cholesteryl esters can be influenced by recent diet.63 
Cholesteryl esters and phospholipids can be found in circulating lipoproteins,63 as 
illustrated in FFiigguurree  33. Total plasma as a lipid pool comprises cholesteryl esters, 
phospholipids, also triacylglycerols and non-esterified FAs (or free FAs) fractions. 
Triacylglycerols is found largely in very-low-density lipoprotein. The FA composition 
of triacylglycerols represents only recent diet, from hours to days, therefore 
circulating triacylglycerols FAs are less suitable to assess long-term diet.63 
Circulating non-esterified FAs are still rarely used as an indicator of habitual dietary 
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intakes in cohort studies.65 Because of the interest in long-term habitual diet, 
triacylglycerols and non-esterified FAs are not discussed in this Thesis.  

 

v

phospholipids

triacylglycerols

cholesteryl
esters

apolipoprotein

cholesterol

fatty
acid

 

FFiigguurree  33 An illustration of the structure of a circulating lipoprotein particle in blood plasma 
(not to scale). Phospholipids are located in the outer layer while cholesteryl esters can be 

found in the core. 

 
Studies with a specific interest in EPA and DHA often measure the FA composition 
of erythrocytes (red blood cells).66,67 Due to their 120-day turnover rate, erythrocytes 
are considered to reflect intake for a longer time span than total plasma or plasma 
fractions, although for LA it has been reported that plasma cholesteryl esters, 
phospholipids and erythrocytes reflect intakes over almost similar time spans (1-2 
weeks).68,69 However, erythrocyte FAs are more sensitive to degradation during 
laboratory and field storage than those of plasma, particularly the FAs with a longer 
(≥20 carbons) and a more unsaturated chain.70 Additional steps during sample 
preparation and measurement are needed to minimize oxidation of erythrocyte 
PUFAs.67 These reasons may explain why some cohort studies choose plasma over 
erythrocytes. The main focus in this Thesis is on habitual intake of LA, ALA, EPA, 
DHA and odd-chain FAs, therefore plasma fractions of cholesteryl esters and 
phospholipids, and total plasma were investigated.  

22..  AAnnaallyyttiiccaall  mmeetthhooddss  

Analytical methods include measurements techniques of circulating FA 
composition which can be varied among studies.62 In general, measurement of 
circulating FAs in plasma consists of the following steps: 1) extraction of lipids from 
plasma, 2) separation into different fractions if using a specific fraction, 3) 
transesterification of FAs into FA methyl esters and 4) measurement of FA methyl 
esters by a chromatograph equipped with a detector. The resulting identified 
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individual FAs are presented as proportion to total FAs, in weight or molar 
percentage. By adding internal standards to the sample, absolute amounts of 
specific FAs can be provided.64 Proton-nuclear magnetic resonance can also be 
used and this technique reports circulating FA data both in absolute concentrations 
and relative to total FAs.71 However, the number of FAs measured are limited; EPA, 
ALA and odd-chain FAs are not available.71 In observational studies, circulating 
individual FAs are generally measured and presented as a proportion of total 
FAs.2,3,72 Circulating FAs in absolute concentrations seem to be less correlated with 
diet.63,73 

33..  DDiieettaarryy  ffaaccttoorrss  

For FAs that are primarily obtained from the diet, their circulating levels are generally 
considered a good marker of their dietary intakes.64 In cohort studies of generally 
healthy populations that focus on habitual intakes, correlations between dietary and 
circulating FAs in various plasma lipid pools are around 0.4 to 0.5 for EPA and DHA, 
while for LA, correlations range from 0.2 to 0.6.63 Although ALA can only be obtained 
from the diet, results from isotope tracer studies have shown that much of ingested 
ALA is oxidized in the body74 and only very small amount of dietary ALA is 
incorporated in plasma fractions.75 For odd-chain FAs, correlations for 15:0 and 
dairy intake (correlation of 0.2-0.3) are slightly stronger than for 17:0 (correlation of 
0.1-0.2).72 However, others have also reported associations of odd-chain FAs with 
fruits and vegetables51 and ruminant meat intakes.76 Compared to cohort studies, 
correlations between dietary and circulating FAs are notably stronger in intervention 
studies where participants have well-controlled FA intakes, covering a wider range 
in dietary FAs for generating contrast in biomarker response. These studies are 
beyond the scope of this Thesis, which focusses on long-term habitual FA intake.  

44..  FFaaccttoorrss  rreellaatteedd  ttoo  mmeettaabboolliissmm  

Several factors may affect circulating FA composition through their influence on 
metabolism. Enzyme activities may be modified by sex hormones,77,78 smoking, 
genetic variations and health/disease status.63,64,79 The utility of circulating FAs as 
biomarker of dietary FAs have been studied mostly in cohorts of generally healthy 
individuals.80–85 In the two Dutch cohorts where approximately half of the 
participants had CVD or type 2 diabetes, the presence of cardiometabolic diseases 
was associated with lower circulating LA levels.73 Circulating LA was also found to 
be lower in 40 Finnish post-MI patients (67% on statin) when compared to 40 age-
matched healthy men, even though their consumption of soft margarines on bread 
were similar.86 
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When using circulating FAs as biomarkers of diet in CHD patients, it is important to 
consider how factors related to metabolism affect circulating FA composition, but 
data in this field are scanty. Patients with prior MI are usually treated with 
medications such as statin, a lipid-lowering drug. Statins lower the low-density 
lipoprotein levels by competitive inhibition of hepatic 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase, which is involved in the rate-limiting step of 
cholesterol synthesis.87 Changes in circulating lipoproteins may affect the 
circulating FA composition measured in cholesteryl esters and phospholipids since 
these fractions are components of circulating lipoproteins.63 Few trials have 
demonstrated a decline in circulating LA and ALA and an increase in longer-chain 
PUFAs such as 20:4 n-6 after statin treatment compared with placebo.88–90 Whether 
statin use also modifies the relation of circulating FAs with dietary FAs is not known.  

Another factor which affects circulating FA composition is alcohol intake through its 
chronic effects on metabolism.91 High alcohol intake is a risk factor for 
cardiometabolic diseases92,93 and mortality.92,94 Chronic high alcohol intake affects 
lipoprotein metabolism in the liver, notably resulting in reduced very-low-density 
lipoprotein and increased high-density lipoproteins concentration,95 and the 
regulation of several transcription factors involved in de novo lipogenesis.96 Higher 
alcohol intake has been associated with a lower circulating LA and higher 16:1 n-7 
and 18:1 n-9,97–102 and less consistently with a higher circulating n-3 FAs.98,101–103  

Circulating FAs may also be affected by underlying insulin resistance. Obesity and 
dyslipidemia are closely related to insulin resistance and are often present in 
patients with CHD. Low circulating LA has been associated with a lower type 2 
diabetes risk in cohorts of healthy individuals.3 However, a lower circulating LA 
together with higher circulating 18:3 n-6, 20:3 n-6 (desaturation products of LA, see 
Figure 2), and 16:1 n-7 also characterize the circulating FA composition of patients 
with non-alcoholic fatty liver disease.104 A recent cross-sectional study showed that 
circulating LA was also inversely associated with hepatic fat accumulation in 
healthy older individuals.105 It is known that hepatic de novo lipogenesis is increased 
in patients with conditions related to insulin resistance.11 These patterns of 
circulating FAs may be an early indication of impaired FA metabolism related to the 
liver, and this may influence relations between diet and circulating FAs.  
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TTeexxtt  bbooxx  33 Correlations between habitual dietary and circulating FAs are 
relatively strong for EPA and DHA (correlations of 0.4-0.5).63,106 Meanwhile, 
associations for LA63 and the odd-chain FAs72 are more modest (correlations of 
~0.2). Weak or no correlations between dietary and circulating ALA have been 
reported.63,106 However, these findings are mainly from cohort studies in 
generally healthy populations. It is not known to what extent circulating FAs 
reflect dietary intake in patient populations, especially in those with prevalent 
CHD. In these patients, however, circulating FA composition may also be 
affected by the disease, prevalent risk factors and cardiovascular medication 
such as statins. 
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OOBBJJEECCTTIIVVEE  AANNDD  OOUUTTLLIINNEE  OOFF  TTHHIISS  TTHHEESSIISS    

Polyunsaturated and odd-chain FAs are considered important for cardiometabolic 
health, but the role of these FAs in the secondary prevention of cardiometabolic 
disease is not yet clear. In observational studies, circulating FAs as biomarkers of 
specific FA intakes have repeatedly been studied in relation to type 2 diabetes and 
CVD. Circulating FAs may be influenced by metabolic processes and other factors, 
and little is known about their utility as biomarkers of FA intake in patients with CHD.  

 
Chapters in this Thesis are largely based on data from the Alpha Omega Cohort, 
which consists of 4837 Dutch post-MI patients with a clinically diagnosed MI ≤10 y 
before study enrolment.107,108 Baseline measurements were conducted in 2002-
2006. During the first 40 months of follow-up, patients were randomized to low 
doses of n-3 FAs (in margarines) or placebo, showing no effect on major 
cardiovascular events.108 Because of randomization, the n-3 FA supplementations 
cannot act as confounders when studying dietary/circulating FA associations with 
outcomes. Data collection comprised demographic factors, habitual diet (food-
frequency questionnaire), lifestyle factors, medical history and medication use, CVD 
risk factors and biomarkers in blood.107 The patients have been followed for cause-
specific mortality through 31 December 2018.  

The Thesis additionally includes baseline data (year 2005) from the cohort of 
Prospective Urban Rural Epidemiology (PURE) in South Africa. The PURE South 
Africa study is part of the international PURE study on the role of environment, 
nutrition and socioeconomic status in the development of chronic non-
communicable diseases.109 In total, 2010 healthy black South African adults aged 
>30 years from two urban and two rural communities in North West Province 
participated in the study.110 Data collection included demographic factors, habitual 
diet (food frequency questionnaire), lifestyle factors, cardiometabolic risk factors 
and markers of inflammation, liver function and glycemia in blood. 

    

The mmaaiinn  oobbjjeeccttiivvee of this Thesis is to examine the mutual relationship between 
dietary and circulating FAs, and their associations with cardiometabolic disease 
outcomes in stable CHD patients. The main focus is on polyunsaturated FAs 
LA, ALA, EPA and DHA, and the odd-chain FAs 15:0 and 17:0, which are FAs 
in the human diet that may be important for cardiometabolic disease prevention.  
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FFiigguurree  44 presents the outline of this Thesis. Grey dashed arrows represent the main 
relations of interest in this Thesis. Black arrows show the three specific objectives 
of this Thesis: 

a)  the relationship of habitual dietary intakes, i.e. FAs or dietary FA sources, 
with circulating FAs, and metabolic factors that may modify this relation 
(CChhaapptteerr  22  aanndd  33), 

b)  the relationship of habitual dietary intakes, i.e. FAs or dietary FA sources, 
with cardiometabolic outcomes (CChhaapptteerr  44,,  55  aanndd  66), 

c)  the relationship of circulating FAs with cardiometabolic outcomes, and 
metabolic factors that may modify this relation (CChhaapptteerr  44,,  55  aanndd  66). 

 

Circulating 
fatty acids

Disease or 
mortality 
outcome

Diet 
(true intake of fatty 

acids or foods)

Reported diet 
(by dietary 

assessment methods)

Metabolism
4, 5, 6

2, 3 4, 5, 6

a

b

c

 

FFiigguurree  44 Outline of this Thesis  

 

The Thesis consists of two parts. In the first part, the relationship of dietary and 
circulating FAs was investigated using cross-sectional analyses for which findings 
are presented in CChhaapptteerrss  22  aanndd  33. In CChhaapptteerr  22, the relations between dietary and 
circulating LA, ALA, EPA and DHA in three different plasma fractions were 
examined in the Alpha Omega Cohort. Potential influence of selected 
cardiometabolic risk factors, statins use and alcohol intake on the relations between 
dietary and circulating FAs were also examined. In CChhaapptteerr  33, relationships of dairy 
and fiber intakes with circulating odd-chain FAs measured in cholesteryl esters and 
phospholipids were studied in the Alpha Omega Cohort. We also investigated 
whether the relation between dairy intake and circulating odd-chain FAs is modified 
by fiber intake, and whether the relation of dietary fiber and circulating odd-chain 
FAs is modified by dairy intake.  

In the second part, the relationships of both dietary and circulating FAs with risk of 
cardiometabolic outcomes were evaluated, namely incident type 2 diabetes and 
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CHD mortality for which findings are presented in CChhaapptteerrss  44,,  55  aanndd  66. In CChhaapptteerr  
44, association of LA with the risk of type 2 diabetes was investigated in the Alpha 
Omega Cohort. Both dietary and circulating LA in plasma cholesteryl esters were 
assessed in relation to incident type 2 diabetes during a median follow up of ~40 
months, in which associations for dietary LA were obtained from a theoretical 
isocaloric substitution model replacing SFAs. Also, the influence of potential 
confounding or mediating effects of metabolic factors on the associations was 
examined. In CChhaapptteerr  55 we performed a cross-sectional study in the PURE South 
Africa cohort to examine the associations of dietary and circulating LA in plasma 
phospholipids in relation to markers of glucose metabolism and liver function. In 
CChhaapptteerr  66 we performed a prospective analysis in the Alpha Omega Cohort to 
investigate the relations of dietary and circulating EPA and DHA, and ALA with 
mortality risk during a median follow-up of 12 y. Finally in CChhaapptteerr  77 the main 
findings, interpretations, methodological considerations and implications of this 
Thesis are discussed, followed by directions for future research.  

  

   



16 GENERAL INTRODUCTION 

RREEFFEERREENNCCEESS  

1. FAO/WHO. Fats and fatty acids in human nutrition. Report of an expert consultation. Geneva: World 
Health Organization; 2010. 

2. Del Gobbo LC, Imamura F, Aslibekyan S, Marklund M, Virtanen JK, Wennberg M, Yakoob MY, 
Chiuve SE, dela Cruz L, Frazier-Wood AC, Fretts AM, Guallar E, Matsumoto C, Prem K, Tanaka T, 
Wu JHY, Zhou X, Helmer C, Ingelsson E, Yuan J-M, Barberger-Gateau P, Campos H, Chaves PHM, 
Djoussé L, Giles GG, Gómez-Aracena J, Hodge A, Hu FB, Jansson J-H, Johansson I, Khaw K-T, 
Koh W-P, Lemaitre RN, Lind L, Luben RN, Rimm EB, Risérus U, Samieri C, Franks PW, Siscovick 
DS, Stampfer M, Steffen LM, Steffen B, Tsai MY, van Dam RM, Voutilainen S, Willett WC, Woodward 
M, Mozaffarian D. Ω-3 polyunsaturated fatty acid biomarkers and coronary heart disease: Pooling 
project of 19 cohort studies. JAMA Intern Med. 2016;176:1155–1166. 

3. Wu JHY, Marklund M, Imamura F, Tintle N, Ardisson Korat AV, de Goede J, Zhou X, Yang W-S, de 
Oliveira Otto MC, Kröger J, Qureshi W, Virtanen JK, Bassett JK, Frazier-Wood AC, Lankinen M, 
Murphy RA, Rajaobelina K, Del Gobbo LC, Forouhi NG, Luben R, Khaw K-T, Wareham N, Kalsbeek 
A, Veenstra J, Luo J, Hu FB, Lin H-J, Siscovick DS, Boeing H, Chen T-A, Steffen B, Steffen LM, 
Hodge A, Eriksdottir G, Smith AV, Gudnason V, Harris TB, Brouwer IA, Berr C, Helmer C, Samieri 
C, Laakso M, Tsai MY, Giles GG, Nurmi T, Wagenknecht L, Schulze MB, Lemaitre RN, Chien K-L, 
Soedamah-Muthu SS, Geleijnse JM, Sun Q, Harris WS, Lind L, Ärnlöv J, Riserus U, Micha R, 
Mozaffarian D. Omega-6 fatty acid biomarkers and incident type 2 diabetes: pooled analysis of 
individual-level data for 39740 adults from 20 prospective cohort studies. Lancet Diabetes 
Endocrinol. 2017;5:965–974. 

4. Imamura F, Fretts A, Marklund M, Ardisson Korat AV, Yang W-S, Lankinen M, Qureshi W, Helmer 
C, Chen T-A, Wong K, Bassett JK, Murphy R, Tintle N, Yu CI, Brouwer IA, Chien K-L, Frazier-Wood 
AC, del Gobbo LC, Djoussé L, Geleijnse JM, Giles GG, de Goede J, Gudnason V, Harris WS, 
Hodge A, Hu F, InterAct C, Koulman A, Laakso M, Lind L, Lin H-J, McKnight B, Rajaobelina K, 
Risérus U, Robinson JG, Samieri C, Siscovick DS, Soedamah-Muthu SS, Sotoodehnia N, Sun Q, 
Tsai MY, Uusitupa M, Wagenknecht LE, Wareham NJ, Wu JHY, Micha R, Forouhi NG, Lemaitre RN, 
Mozaffarian D, Fatty A, Outcomes Research C. Fatty acid biomarkers of dairy fat consumption and 
incidence of type 2 diabetes: A pooled analysis of prospective cohort studies. PLoS Med. 
2018;15:e1002670. 

5. Ratnayake WMN, Galli C. Fat and fatty acid terminology, methods of analysis and fat digestion and 
metabolism: a background review paper. Ann Nutr Metab. 2009;55:8–43. 

6. Aro A, Antoine JM, Pizzoferrato L, Reykdal O, van Poppel G. Transfatty acids in dairy and meat 
products from 14 European countries: The TRANSFAIR study. J Food Compost Anal. 1998;11:150–
160. 

7. Oteng A-B, Kersten S. Mechanisms of action of trans fatty acids. Adv Nutr. 2019;11:697–708. 

8. Wolk A, Vessby B, Ljung H, Barrefors P. Evaluation of a biological marker of dairy fat intake. Am J 
Clin Nutr. 1998;68:291–295. 

9. Smedman AE, Gustafsson IB, Berglund LG, Vessby BO. Pentadecanoic acid in serum as a marker 
for intake of milk fat: relations between intake of milk fat and metabolic risk factors. Am J Clin Nutr. 
1999;69:22–9. 

10. Jensen RG. The composition of bovine milk lipids: January 1995 to December 2000. J Dairy Sci. 
2002;85:295–350. 



1

 

GENERAL INTRODUCTION 17 

11. Ameer F, Scandiuzzi L, Hasnain S, Kalbacher H, Zaidi N. De novo lipogenesis in health and 
disease. Metabolism. 2014;63:895–902. 

12. Burdge GC, Calder PC. Conversion of alpha-linolenic acid to longer-chain polyunsaturated fatty 
acids in human adults. Reprod Nutr Dev. 2005;45:581–597. 

13. Goyens PLL, Spilker ME, Zock PL, Katan MB, Mensink RP. Conversion of α-linolenic acid in 
humans is influenced by the absolute amounts of α-linolenic acid and linoleic acid in the diet and 
not by their ratio. Am J Clin Nutr. 2006;84:44–53. 

14. Mensink RP, World Health Organization. Effects of saturated fatty acids on serum lipids and 
lipoproteins: a systematic review and regression analysis. World Health Organization; 2016. 
Available at https://apps.who.int/iris/handle/10665/246104. Accessed August 3, 2020. 

15. Ference BA, Ginsberg HN, Graham I, Ray KK, Packard CJ, Bruckert E, Hegele RA, Krauss RM, 
Raal FJ, Schunkert H, Watts GF, Borén J, Fazio S, Horton JD, Masana L, Nicholls SJ, Nordestgaard 
BG, van de Sluis B, Taskinen M-R, Tokgözoglu L, Landmesser U, Laufs U, Wiklund O, Stock JK, 
Chapman MJ, Catapano AL. Low-density lipoproteins cause atherosclerotic cardiovascular 
disease. 1. Evidence from genetic, epidemiologic, and clinical studies. A consensus statement 
from the European Atherosclerosis Society Consensus Panel. Eur Heart J. 2017;38:2459–2472. 

16. Eckel RH, Jakicic JM, Ard JD, de Jesus JM, Houston Miller N, Hubbard VS, Lee IM, Lichtenstein 
AH, Loria CM, Millen BE, Nonas CA, Sacks FM, Smith SC Jr, Svetkey LP, Wadden TA, Yanovski 
SZ, Kendall KA, Morgan LC, Trisolini MG, Velasco G, Wnek J, Anderson JL, Halperin JL, Albert 
NM, Bozkurt B, Brindis RG, Curtis LH, DeMets D, Hochman JS, Kovacs RJ, Ohman EM, Pressler 
SJ, Sellke FW, Shen WK, Smith SC Jr, Tomaselli GF. 2013 AHA/ACC guideline on lifestyle 
management to reduce cardiovascular risk: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation. 
2014;129:S76-99. 

17. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, Cooney M-T, Corrà U, Cosyns 
B, Deaton C, Graham I, Hall MS, Hobbs FDR, Løchen M-L, Löllgen H, Marques-Vidal P, Perk J, 
Prescott E, Redon J, Richter DJ, Sattar N, Smulders Y, Tiberi M, van der Worp HB, van Dis I, 
Verschuren WMM, Binno S, Group ESD. 2016 European Guidelines on cardiovascular disease 
prevention in clinical practice: The Sixth Joint Task Force of the European Society of Cardiology 
and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by 
representatives of 10 societies and by invited experts) Developed with the special contribution of 
the European Association for Cardiovascular Prevention & Rehabilitation (EACPR). Eur Heart J. 
2016;37:2315–2381. 

18. Global Burden of Metabolic Risk Factors for Chronic Diseases Collaboration. Cardiovascular 
disease, chronic kidney disease, and diabetes mortality burden of cardiometabolic risk factors 
from 1980 to 2010: a comparative risk assessment. Lancet Diabetes Endocrinol. 2014;2:634–647. 

19. Timmis A, Townsend N, Gale CP, Torbica A, Lettino M, Petersen SE, Mossialos EA, Maggioni AP, 
Kazakiewicz D, May HT, De Smedt D, Flather M, Zuhlke L, Beltrame JF, Huculeci R, Tavazzi L, 
Hindricks G, Bax J, Casadei B, Achenbach S, Wright L, Vardas P. European Society of Cardiology: 
Cardiovascular Disease Statistics 2019. Eur Heart J. 2020;41:12–85. 

20. Leening MJ, Siregar S, Vaartjes I, Bots ML, Versteegh MI, van Geuns RJ, Koolen JJ, Deckers JW. 
Heart disease in the Netherlands: a quantitative update. Neth Heart J. 2014;22:3–10. 

21. Koopman C, Vaartjes I, van Dis I, Verschuren WMM, Engelfriet P, Heintjes EM, Blokstra A, Deeg 
DJH, Visser M, Bots ML, O’Flaherty M, Capewell S. Explaining the decline in coronary heart 
disease mortality in the Netherlands between 1997 and 2007. PLoS One. 2016;11:e0166139. 



18 GENERAL INTRODUCTION 

22. Johansson S, Rosengren A, Young K, Jennings E. Mortality and morbidity trends after the first year 
in survivors of acute myocardial infarction: a systematic review. BMC Cardiovasc Disord. 
2017;17:53. 

23. Jortveit J, Halvorsen S, Kaldal A, Pripp AH, Govatsmark RES, Langørgen J. Unsatisfactory risk 
factor control and high rate of new cardiovascular events in patients with myocardial infarction and 
prior coronary artery disease. BMC Cardiovasc Disord. 2019;19:71. 

24. Skulas-Ray AC, Wilson PWF, Harris WS, Brinton EA, Kris-Etherton PM, Richter CK, Jacobson TA, 
Engler MB, Miller M, Robinson JG, Blum CB, Rodriguez-Leyva D, Ferranti SD de, Welty FK. 
Omega-3 fatty acids for the management of hypertriglyceridemia: a science advisory from the 
American Heart Association. Circulation. 2019;140:e673–e691. 

25. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, Chapman MJ, De Backer 
GG, Delgado V, Ference BA, Graham IM, Halliday A, Landmesser U, Mihaylova B, Pedersen TR, 
Riccardi G, Richter DJ, Sabatine MS, Taskinen M-R, Tokgozoglu L, Wiklund O, Group ESD. 2019 
ESC/EAS Guidelines for the management of dyslipidaemias: lipid modification to reduce 
cardiovascular risk: The Task Force for the management of dyslipidaemias of the European Society 
of Cardiology (ESC) and European Atherosclerosis Society (EAS). Eur Heart J. 2019;41:111–188. 

26. Abdelhamid AS, Brown TJ, Brainard JS, Biswas P, Thorpe GC, Moore HJ, Deane KH, Summerbell 
CD, Worthington HV, Song F, Hooper L. Omega-3 fatty acids for the primary and secondary 
prevention of cardiovascular disease. Cochrane Database Syst Rev. 2020;3:CD003177. 

27. Mozaffarian D, Rimm EB. Fish intake, contaminants, and human health: Evaluating the risks and 
the benefits. JAMA. 2006;296:1885–1899. 

28. Kromhout D, Yasuda S, Geleijnse JM, Shimokawa H. Fish oil and omega-3 fatty acids in 
cardiovascular disease: do they really work? Eur Heart J. 2012;33:436–443. 

29. Micha R, Khatibzadeh S, Shi P, Fahimi S, Lim S, Andrews KG, Engell RE, Powles J, Ezzati M, 
Mozaffarian D. Global, regional, and national consumption levels of dietary fats and oils in 1990 
and 2010: A systematic analysis including 266 country-specific nutrition surveys. BMJ. 2014;348. 
doi:10.1136/bmj.g2272. 

30. Harika RK, Eilander A, Alssema M, Osendarp SJM, Zock PL. Intake of fatty acids in general 
populations worldwide does not meet dietary recommendations to prevent coronary heart disease: 
A systematic review of data from 40 countries. Ann Nutr Metab. 2013;63:229–238. 

31. Rimm EB, Appel LJ, Chiuve SE, Djoussé L, Engler MB, Kris-Etherton PM, Mozaffarian D, Siscovick 
DS, Lichtenstein AH. Seafood long-chain n-3 polyunsaturated fatty acids and cardiovascular 
disease: A science advisory from the American Heart Association. Circulation. 2018;138:e35–e47. 

32. Zengin E, Bickel C, Schnabel RB, Zeller T, Lackner K-J, Rupprecht H-J, Blankenberg S, 
Westermann D, Christoph Sinning for the AtheroGene–Study I. Risk factors of coronary artery 
disease in secondary prevention—Results from the AtheroGene—Study. PLoS One. 
2015;10:e0131434. 

33. Jernberg T, Hasvold P, Henriksson M, Hjelm H, Thuresson M, Janzon M. Cardiovascular risk in 
post-myocardial infarction patients: nationwide real world data demonstrate the importance of a 
long-term perspective. Eur Heart J. 2015;36:1163–1170. 

34. De Bacquer D, Dallongeville J, Kotseva K, Cooney MT, Pajak A, Deckers JW, Mayer O, Vanuzzo 
D, Lehto S, Fras Z, Östor E, Ambrosio GB, De Backer G, Wood D, Keil U, Sans S, Graham I, Pyörälä 
K. Residual risk of cardiovascular mortality in patients with coronary heart disease: The 
EUROASPIRE risk categories. Int J Cardiol. 2013;168:910–914. 



1

 

GENERAL INTRODUCTION 19 

35. Meyer KA, Kushi LH, Jacobs DR, Folsom AR. Dietary fat and incidence of type 2 diabetes in older 
Iowa women. Diabetes Care. 2001;24:1528–1535. 

36. Salmerón J, Hu FB, Manson JE, Stampfer MJ, Colditz GA, Rimm EB, Willett WC. Dietary fat intake 
and risk of type 2 diabetes in women. Am J Clin Nutr. 2001;73:1019–1026. 

37. van Dam RM, Willett WC, Rimm EB, Stampfer MJ, Hu FB. Dietary fat and meat intake in relation to 
risk of type 2 diabetes in men. Diabetes Care. 2002;25:417–424. 

38. Hodge AM, English DR, O’Dea K, Sinclair AJ, Makrides M, Gibson RA, Giles GG. Plasma 
phospholipid and dietary fatty acids as predictors of type 2 diabetes: interpreting the role of linoleic 
acid. Am J Clin Nutr. 2007;86:189–197. 

39. Patel PS, Sharp SJ, Jansen E, Luben RN, Khaw K-T, Wareham NJ, Forouhi NG. Fatty acids 
measured in plasma and erythrocyte-membrane phospholipids and derived by food-frequency 
questionnaire and the risk of new-onset type 2 diabetes: a pilot study in the European Prospective 
Investigation into Cancer and Nutrition (EPIC)–Norfolk cohort. Am J Clin Nutr. 2010;92:1214–1222. 

40. Brostow DP, Odegaard AO, Koh W-P, Duval S, Gross MD, Yuan J-M, Pereira MA. Omega-3 fatty 
acids and incident type 2 diabetes: the Singapore Chinese Health Study. Am J Clin Nutr. 
2011;94:520–526. 

41. Kröger J, Zietemann V, Enzenbach C, Weikert C, Jansen EH, Döring F, Joost H-G, Boeing H, 
Schulze MB. Erythrocyte membrane phospholipid fatty acids, desaturase activity, and dietary fatty 
acids in relation to risk of type 2 diabetes in the European Prospective Investigation into Cancer 
and Nutrition–Potsdam Study. Am J Clin Nutr. 2010;93:127–142. 

42. Ericson U, Hellstrand S, Brunkwall L, Schulz C-A, Sonestedt E, Wallström P, Gullberg B, Wirfält E, 
Orho-Melander M. Food sources of fat may clarify the inconsistent role of dietary fat intake for 
incidence of type 2 diabetes. Am J Clin Nutr. 2015;101:1065–1080. 

43. Dow C, Mangin M, Balkau B, Affret A, Boutron-Ruault M-C, Clavel-Chapelon F, Bonnet F, 
Fagherazzi G. Fatty acid consumption and incident type 2 diabetes: an 18-year follow-up in the 
female E3N (Etude Epidémiologique auprès des femmes de la Mutuelle Générale de l’Education 
Nationale) prospective cohort study. Br J Nutr. 2016;116:1807–1815. 

44. Zong G, Liu G, Willett WC, Wanders AJ, Alssema M, Zock PL, Hu FB, Sun Q. Associations between 
linoleic acid intake and incident type 2 diabetes among U.S. men and women. Diabetes Care. 
2019;42:1406–1413. 

45. Ginsberg BH, Brown TJ, Simon I, Spector AA. Effect of the membrane lipid environment on the 
properties of insulin receptors. Diabetes. 1981;30:773–780. 

46. Pilon M. Revisiting the membrane-centric view of diabetes. Lipids Health Dis. 2016;15:167. 

47. Sun Q, Ma J, Campos H, Hu FB. Plasma and erythrocyte biomarkers of dairy fat intake and risk of 
ischemic heart disease. Am J Clin Nutr. 2007;86:929–937. 

48. de Oliveira Otto MC, Nettleton JA, Lemaitre RN, Steffen LM, Kromhout D, Rich SS, Tsai MY, Jacobs 
DR, Mozaffarian D. Biomarkers of dairy fatty acids and risk of cardiovascular disease in the Multi-
ethnic Study of Atherosclerosis. J Am Heart Assoc. 2013;2:e000092. 

49. Santaren ID, Watkins SM, Liese AD, Wagenknecht LE, Rewers MJ, Haffner SM, Lorenzo C, Hanley 
AJ. Serum pentadecanoic acid (15:0), a short-term marker of dairy food intake, is inversely 
associated with incident type 2 diabetes and its underlying disorders. Am J Clin Nutr. 
2014;100:1532–1540. 



20 GENERAL INTRODUCTION 

50. Yakoob MY, Shi P, Willett WC, Rexrode KM, Campos H, Orav EJ, Hu FB, Mozaffarian D. Circulating 
biomarkers of dairy fat and risk of incident diabetes mellitus among US men and women in two 
large prospective cohorts. Circulation. 2016;133:1645–1654. 

51. Forouhi NG, Koulman A, Sharp SJ, Imamura F, Kröger J, Schulze MB, Crowe FL, Huerta JM, 
Guevara M, Beulens JWJ, van Woudenbergh GJ, Wang L, Summerhill K, Griffin JL, Feskens EJM, 
Amiano P, Boeing H, Clavel-Chapelon F, Dartois L, Fagherazzi G, Franks PW, Gonzalez C, 
Jakobsen MU, Kaaks R, Key TJ, Khaw K-T, Kühn T, Mattiello A, Nilsson PM, Overvad K, Pala V, 
Palli D, Quirós JR, Rolandsson O, Roswall N, Sacerdote C, Sánchez M-J, Slimani N, Spijkerman 
AMW, Tjonneland A, Tormo M-J, Tumino R, van der A DL, van der Schouw YT, Langenberg C, 
Riboli E, Wareham NJ. Differences in the prospective association between individual plasma 
phospholipid saturated fatty acids and incident type 2 diabetes: the EPIC-InterAct case-cohort 
study. Lancet Diabetes Endocrinol. 2014;2:810–818. 

52. Weitkunat K, Schumann S, Nickel D, Hornemann S, Petzke KJ, Schulze MB, Pfeiffer AFH, Klaus S. 
Odd-chain fatty acids as a biomarker for dietary fiber intake: a novel pathway for endogenous 
production from propionate. Am J Clin Nutr. 2017;105:1544–1551. 

53. Bingham S. Aspects of dietary survey methodology. Nutr Bull. 1985;10:90–103. 

54. Arab L, Akbar J. Biomarkers and the measurement of fatty acids. Public Health Nutr. 2002;5:865–
871. 

55. Macdiarmid J, Blundell J. Assessing dietary intake: Who, what and why of under-reporting. Nutr 
Res Rev. 1998;11:231–253. 

56. Kris-Etherton PM, Etherton TD. The impact of the changing fatty acid profile of fats on diet 
assessment and health. J Food Compost Anal. 2003;16:373–378. 

57. Ahuja JKC, Lemar L, Goldman JD, Moshfegh AJ. The impact of revising fats and oils data in the 
US Food and Nutrient Database for Dietary Studies. J Food Compost Anal. 2009;22:S63–S67. 

58. Cantwell MM. Assessment of individual fatty acid intake. Proc Nutr Soc. 2000;59:187–91. 

59. McNeill G, Peace H, Masson L. Letter to the Editor: Beware the fatty acid‐free sausage! J Hum 
Nutr Diet. 2004;17:71–72. 

60. Rajaram S. Health benefits of plant-derived α-linolenic acid. Am J Clin Nutr. 2014;100:443S-448S. 

61. Siró I, Kápolna E, Kápolna B, Lugasi A. Functional food. Product development, marketing and 
consumer acceptance—A review. Appetite. 2008;51:456–467. 

62. Jenab M, Slimani N, Bictash M, Ferrari P, Bingham SA. Biomarkers in nutritional epidemiology: 
applications, needs and new horizons. Hum Genet. 2009;125:507–525. 

63. Hodson L, Skeaff CM, Fielding BA. Fatty acid composition of adipose tissue and blood in humans 
and its use as a biomarker of dietary intake. Prog Lipid Res. 2008;47:348–380. 

64. Arab L. Biomarkers of fat and fatty acid intake. J Nutr. 2003;133:925S-932S. 

65. Azab SM, de Souza RJ, Teo KK, Anand SS, Williams NC, Holzschuher J, McGlory C, Phillips SM, 
Britz-McKibbin P. Serum non-esterified fatty acids have utility as dietary biomarkers of fat intake 
from fish, fish oil and dairy in women. J Lipid Res. 2020. doi:10.1194/jlr.D120000630. 

66. Harris WS. The omega-3 index as a risk factor for coronary heart disease. Am J Clin Nutr. 
2008;87:1997S-2002S. 

67. Brenna JT, Plourde M, Stark KD, Jones PJ, Lin Y-H. Best practices for the design, laboratory 
analysis, and reporting of trials involving fatty acids. Am J Clin Nutr. 2018;108:211–227. 



1

 

GENERAL INTRODUCTION 21 

68. Skeaff CM, Hodson L, McKenzie JE. Dietary-induced changes in fatty acid composition of human 
plasma, platelet, and erythrocyte lipids follow a similar time course. J Nutr. 2006;136:565–569. 

69. Hodson L, Eyles HC, McLachlan KJ, Bell ML, Green TJ, Skeaff CM. Plasma and erythrocyte fatty 
acids reflect intakes of saturated and n–6 PUFA within a similar time frame. J Nutr. 2014. 
doi:10.3945/jn.113.183749. 

70. Metherel AH, Stark KD. The stability of blood fatty acids during storage and potential mechanisms 
of degradation: A review. Prostaglandins Leukot Essent Fat Acids. 2016;104:33–43. 

71. Soininen P, Kangas AJ, Wurtz P, Tukiainen T, Tynkkynen T, Laatikainen R, Jarvelin M-R, Kahonen 
M, Lehtimaki T, Viikari J, Raitakari OT, Savolainen MJ, Ala-Korpela M. High-throughput serum NMR 
metabonomics for cost-effective holistic studies on systemic metabolism. Analyst. 2009;134:1781–
1785. 

72. Pranger IG, Joustra ML, Corpeleijn E, Muskiet FAJ, Kema IP, Oude Elferink SJWH, Singh-Povel C, 
Bakker SJL. Fatty acids as biomarkers of total dairy and dairy fat intakes: a systematic review and 
meta-analysis. Nutr Rev. 2019;77:46–63. 

73. Wanders AJ, Alssema M, De Hoon SEM, Feskens EJM, van Woudenbergh GJ, van der Kallen CJ, 
Zock PL, Refsum H, Drevon CA, Elshorbagy A, Schalkwijk CG, Stehouwer CDA, Dekker JM, 
van Greevenbroek MMJ. Circulating polyunsaturated fatty acids as biomarkers for dietary intake 
across subgroups: The CODAM and Hoorn Studies. Ann Nutr Metab. 2018;72:117–125. 

74. Brenna JT. Efficiency of conversion of alpha-linolenic acid to long chain n-3 fatty acids in man. 
Curr Opin Clin Nutr Metab Care. 2002;5:127–32. 

75. Goyens PLL, Spilker ME, Zock PL, Katan MB, Mensink RP. Compartmental modeling to quantify α-
linolenic acid conversion after longer term intake of multiple tracer boluses. J Lipid Res. 
2005;46:1474–1483. 

76. Allen NE, Grace PB, Ginn A, Travis RC, Roddam AW, Appleby PN, Key T. Phytanic acid: 
measurement of plasma concentrations by gas–liquid chromatography–mass spectrometry 
analysis and associations with diet and other plasma fatty acids. Br J Nutr. 2008;99:653–659. 

77. Giltay EJ, Gooren LJ, Toorians AW, Katan MB, Zock PL. Docosahexaenoic acid concentrations 
are higher in women than in men because of estrogenic effects. Am J Clin Nutr. 2004;80:1167–74. 

78. Bakewell L, Burdge GC, Calder PC. Polyunsaturated fatty acid concentrations in young men and 
women consuming their habitual diets. Br J Nutr. 2006;96:93–99. 

79. Lankinen M, Uusitupa M, Schwab U. Genes and dietary fatty acids in regulation of fatty acid 
composition of plasma and erythrocyte membranes. Nutrients. 2018;10:1785. 

80. Kuriki K, Nagaya T, Tokudome Y, Imaeda N, Fujiwara N, Sato J, Goto C, Ikeda M, Maki S, Tajima 
K, Tokudome S. Plasma concentrations of (n-3) highly unsaturated fatty acids are good biomarkers 
of relative dietary fatty acid intakes: a cross-sectional study. J Nutr. 2003;133:3643–50. 

81. Astorg P, Bertrais S, Laporte F, Arnault N, Estaquio C, Galan P, Favier A, Hercberg S. Plasma n-6 
and n-3 polyunsaturated fatty acids as biomarkers of their dietary intakes: a cross-sectional study 
within a cohort of middle-aged French men and women. Eur J Clin Nutr. 2008;62:1155–1161. 

82. Sun Q, Ma J, Campos H, Hankinson SE, Hu FB. Comparison between plasma and erythrocyte fatty 
acid content as biomarkers of fatty acid intake in US women. Am J Clin Nutr. 2007;86:74–81. 

83. Min Y, Blois A, Geppert J, Khalil F, Ghebremeskel K, Holmsen H. Dietary fat intake, circulating and 
membrane fatty acid composition of healthy Norwegian men and women. J Hum Nutr Diet. 
2014;27:69–75. 



22 GENERAL INTRODUCTION 

84. Ma J, Folsom AR, Shahar E, Eckfeldt JH. Plasma fatty acid composition as an indicator of habitual 
dietary fat intake in middle-aged adults. The Atherosclerosis Risk in Communities (ARIC) Study 
Investigators. Am J Clin Nutr. 1995;62:564–71. 

85. Hodge AM, Simpson JA, Gibson RA, Sinclair AJ, Makrides M, O’Dea K, English DR, Giles GG. 
Plasma phospholipid fatty acid composition as a biomarker of habitual dietary fat intake in an 
ethnically diverse cohort. Nutr Metab Cardiovasc Dis. 2007;17:415–426. 

86. Leskinen MH, Solakivi T, Kunnas T, Alho H, Nikkari ST. Serum fatty acids in postinfarction middle-
aged men. Scand J Clin Lab Invest. 2005;65:485–490. 

87. Schachter M. Chemical, pharmacokinetic and pharmacodynamic properties of statins: an update. 
Fundam Clin Pharmacol. 2005;19:117–125. 

88. Harris JI, Hibbeln JR, Mackey RH, Muldoon MF. Statin treatment alters serum n-3 and n-6 fatty 
acids in hypercholesterolemic patients. Prostaglandins Leukot Essent Fatty Acids. 2004;71:263–
269. 

89. Jula A, Marniemi J, Rönnemaa T, Virtanen A, Huupponen R. Effects of diet and simvastatin on fatty 
acid composition in hypercholesterolemic men: a randomized controlled trial. Arter Thromb Vasc 
Biol. 2005;25:1952–1959. 

90. Nyalala JO, Wang J, Dang A, Faas FH, Smith WG. Hypertriglyceridemia and hypercholesterolemia: 
Effects of drug treatment on fatty acid composition of plasma lipids and membranes. 
Prostaglandins Leukot Essent Fatty Acids. 2008;78:271–280. 

91. Simon JA, Fong J, Bemert JJT, Browner WS. Relation of smoking and alcohol consumption to 
serum fatty acids. Am J Epidemiol. 1996;144:325–334. 

92. Rehm J, Mathers C, Popova S, Thavorncharoensap M, Teerawattananon Y, Patra J. Global burden 
of disease and injury and economic cost attributable to alcohol use and alcohol-use disorders. 
Lancet. 2009;373:2223–2233. 

93. Foerster M, Marques-Vidal P, Gmel G, Daeppen J-B, Cornuz J, Hayoz D, Pécoud A, Mooser V, 
Waeber G, Vollenweider P, Paccaud F, Rodondi N. Alcohol drinking and cardiovascular risk in a 
population with high mean alcohol consumption. Am J Cardiol. 2009;103:361–368. 

94. Smyth A, Teo KK, Rangarajan S, O’Donnell M, Zhang X, Rana P, Leong DP, Dagenais G, Seron P, 
Rosengren A, Schutte AE, Lopez-Jaramillo P, Oguz A, Chifamba J, Diaz R, Lear S, Avezum A, 
Kumar R, Mohan V, Szuba A, Wei L, Yang W, Jian B, McKee M, Yusuf S. Alcohol consumption and 
cardiovascular disease, cancer, injury, admission to hospital, and mortality: a prospective cohort 
study. Lancet. 2015;386:1945–1954. 

95. Hannuksela ML, Rämet ME, Nissinen AET, Liisanantti MK, Savolainen MJ. Effects of ethanol on 
lipids and atherosclerosis. Pathophysiology. 2004;10:93–103. 

96. Jeon S, Carr R. Alcohol effects on hepatic lipid metabolism. J Lipid Res. 2020;61:470–479. 

97. Warnet JM, Cambien F, Vernier V, Pecoraro M, Flament C, Ducimetiere P, Jacqueson A, Richard 
JL, Claude JR. Relation between consumption of alcohol and fatty acids esterifying serum 
cholesterol in healthy men. BMJ. 1985;290:1859–1861. 

98. Cambien F, Warnet J-M, Vernier V, Ducimetiére P, Jacqueson A, Flament C, Orssaud G, Richard 
J-L, Claude J-R. An epidemiologic appraisal of the associations between the fatty acids esterifying 
serum cholesterol and some cardiovascular risk factors in middle-aged men. Am J Epidemiol. 
1988;127:75–86. 



1

 

GENERAL INTRODUCTION 23 

99. De Backer G, De Craene I, Rosseneu M, Vercaemst R, Kornitzer M. Relationship between serum 
cholesteryl ester composition, dietary habits and coronary risk factors in middle-aged men. 
Atherosclerosis. 1989;78:237–243. 

100. Burke V, Croft KD, Puddey IB, Cox KL, Beilin LJ, Vandongen R. Effects of alcohol intake on plasma 
fatty acids assessed independently of diet and smoking habits. Clin Sci. 1991;81:785–791. 

101. Laguzzi F, Risérus U, Marklund M, Vikström M, Sjögren P, Gigante B, Alsharari ZD, Hellénius ML, 
Cederholm T, Frumento P, de Faire U, Leander K. Circulating fatty acids in relation to alcohol 
consumption: Cross-sectional results from a cohort of 60-year-old men and women. Clin Nutr. 
2018;37:2001–2010. 

102. Würtz P, Cook S, Wang Q, Tiainen M, Tynkkynen T, Kangas AJ, Soininen P, Laitinen J, Viikari J, 
Kähönen M, Lehtimäki T, Perola M, Blankenberg S, Zeller T, Männistö S, Salomaa V, Järvelin M-R, 
Raitakari OT, Ala-Korpela M, Leon DA. Metabolic profiling of alcohol consumption in 9778 young 
adults. Int J Epidemiol. 2016;45:1493–1506. 

103. di Giuseppe R, de Lorgeril M, Salen P, Laporte F, Di Castelnuovo A, Krogh V, Siani A, Arnout J, 
Cappuccio FP, van Dongen M, Donati MB, de Gaetano G, Iacoviello L. Alcohol consumption and 
n-3 polyunsaturated fatty acids in healthy men and women from 3 European populations. Am J 
Clin Nutr. 2009;89:354–62. 

104. Puri P, Wiest MM, Cheung O, Mirshahi F, Sargeant C, Min HK, Contos MJ, Sterling RK, Fuchs M, 
Zhou H, Watkins SM, Sanyal AJ. The plasma lipidomic signature of nonalcoholic steatohepatitis. 
Hepatology. 2009;50:1827–38. 

105. Rosqvist F, Bjermo H, Kullberg J, Johansson L, Michaëlsson K, Ahlström H, Lind L, Risérus U. 
Fatty acid composition in serum cholesterol esters and phospholipids is linked to visceral and 
subcutaneous adipose tissue content in elderly individuals: a cross-sectional study. Lipids Health 
Dis. 2017;16:68. 

106. Serra-Majem L, Nissensohn M, Øverby NC, Fekete K. Dietary methods and biomarkers of omega 
3 fatty acids: a systematic review. Br J Nutr. 2012;107:S64–S76. 

107. Geleijnse JM, Giltay EJ, Schouten EG, de Goede J, Griep LMO, Teitsma-Jansen AM, Katan MB, 
Kromhout D. Effect of low doses of n-3 fatty acids on cardiovascular diseases in 4,837 post-
myocardial infarction patients: Design and baseline characteristics of the Alpha Omega Trial. Am 
Heart J. 2010;159:539-546.e2. 

108. Kromhout D, Giltay EJ, Geleijnse JM. n–3 Fatty acids and cardiovascular events after myocardial 
infarction. N Engl J Med. 2010;363:2015–2026. 

109. Teo K, Chow CK, Vaz M, Rangarajan S, Yusuf S. The Prospective Urban Rural Epidemiology (PURE) 
study: Examining the impact of societal influences on chronic noncommunicable diseases in low-, 
middle-, and high-income countries. Am Heart J. 2009;158:1-7.e1. 

110. Vorster HH, Kruger A, Wentzel-Viljoen E, Kruger HS, Margetts BM. Added sugar intake in South 
Africa: findings from the Adult Prospective Urban and Rural Epidemiology cohort study. Am J Clin 
Nutr. 2014;99:1479–1486. 

 

 

 

 





Nutrition, Metabolism and Cardiovascular Diseases 2019;29(4):343-350 

Kamalita Pertiwi, Dieuwertje E. Kok, Anne J. Wanders, Janette de Goede, 
Peter L. Zock, Johanna M. Geleijnse

Circulating n-3 fatty acids and 
linoleic acid as indicators of dietary 
fatty acid intake in post-myocardial 
infarction patients

Chapter 2



26  CIRCULATING OMEGA-3 AND LINOLEIC ACID 

AABBSSTTRRAACCTT    

BBaacckkggrroouunndd  aanndd  AAiimmss: Population-based studies often use plasma fatty acids (FAs) 
as objective indicators of FA intake, especially for n-3 FA and linoleic acid (LA). The 
relation between dietary and circulating FA in cardiometabolic patients is largely 
unknown. We examined whether dietary n-3 FA and LA were reflected in plasma 
lipid pools in post-myocardial infarction (MI) patients.  

MMeetthhooddss  aanndd  RReessuullttss: Patients in Alpha Omega Cohort filled out a 203-item food-
frequency questionnaire from which eicosapentaenoic acid (EPA), 
docosahexaenoic acid (DHA), alpha-linolenic acid (ALA), and LA intake were 
calculated. Circulating individual FA (% total FA) were assessed in cholesteryl 
esters (CE; n=4,066), phospholipids (PL; n=838), and additionally in total plasma 
for DHA and LA (n=739). Spearman correlation coefficients (rs) were calculated for 
dietary vs. circulating FA. Circulating FA were also compared across dietary FA 
quintiles, overall and in subgroups by sex, obesity, diabetes, statin use, and high 
alcohol intake.  
Patients were on average 69 years old and 79% was male. Moderate correlations 
between dietary and circulating levels were observed for EPA (rs ~0.4 in CE and PL) 
and DHA (rs ~0.5 in CE and PL, ~0.4 in total plasma), but not for ALA (rs ~0.0). Weak 
correlations were observed for LA (rs 0.1 to 0.2). Plasma LA was significantly lower 
in statin users and in patients with a high alcohol intake. 

CCoonncclluussiioonnss:: In post-MI patients, dietary EPA and DHA were well reflected in 
circulating levels. This was not the case for LA, which may partly be influenced by 
alcohol use and statins.    
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IINNTTRROODDUUCCTTIIOONN    

There is continuing interest in the use of circulating fatty acids (FA) as biomarkers 
of dietary FA intake in epidemiological studies,1,2 often in relation to cardiometabolic 
outcomes.3,4 Dietary FA that are frequently studied include n-3 FA, i.e. 
eicosapentaenoic acid (EPA, 20:5 n-3), docosahexaenoic acid (DHA, 22:6 n-3), 
alpha-linolenic acid (ALA, 18:3 n-3), and linoleic acid (LA, 18:2 n-6). LA intakes in 
Western diet generally range from 4 to 6 energy percent (en%), whereas intake of 
n-3 FA is much lower (mean intake of <500 mg/d for EPA+DHA and 1.0-1.5 g/d for 
ALA).5,6  

In cohorts of mainly healthy participants, correlations between dietary intake and 
plasma circulating levels are mostly moderate for EPA, DHA (0.4-0.6), and LA (0.2-
0.3), and generally weak for ALA (<0.1).1 However, circulating levels of FA, which 
are expressed as proportions of total FA, are not only affected by dietary intake but 
also by fatty acid metabolism. For example, the endogenous synthesis of saturated 
and monounsaturated fatty acids may affect the proportions of other FA.1,7 
Furthermore, metabolic impairments such as abdominal obesity, type 2 diabetes 
and/or impaired liver function may influence desaturase activity,8,9 and hence 
circulating levels of n-3 and n-6 FA. To what extent lipid-modifying agents (e.g. 
statins) and lifestyle factors, such as alcohol use, affect circulating FA is not yet 
clear.   

In our cohort of drug-treated post-myocardial infarction (MI) patients, we examined 
whether dietary LA and n-3 FA intake were reflected in circulating FA, using various 
plasma lipid pools (plasma cholesteryl esters, CE; plasma phospholipids, PL; total 
plasma). We also investigated whether these relations were modified by 
cardiometabolic risk factors, alcohol intake and statin use, which could have 
implications for using these biomarkers of intake in patient populations.  

 

MMEETTHHOODDSS   

Study design and population 

The Alpha Omega Cohort (AOC) is a prospective cohort study and a continuation 
of the Alpha Omega Trial, which has been described in detail elsewhere.10,11 Briefly, 
4,837 Dutch men and women aged 60-80 y who had an MI up to 10 years before 
study enrollment participated in a 3-year intervention study of n-3 fatty acid 
supplementation, which had no effect on recurrent cardiovascular events.11 The 



28  CIRCULATING OMEGA-3 AND LINOLEIC ACID 

study was approved by the medical ethics committee at the Haga Hospital (The 
Hague, The Netherlands) and all patients provided written informed consent before 
enrollment. 

The present study is a cross-sectional analysis of baseline data of the AOC (2002-
2006) (SSuupppplleemmeennttaall  FFiigguurree  SS11). Patients with missing food frequency 
questionnaire (FFQ) data (n=453) and patients with unreliable dietary data (n=238) 
were excluded, as previously described.12 Patients with missing data on plasma CE 
(n=75) or >5% unknown FA in CE (n=5) were also excluded. In total, 4,066 patients 
with complete data of dietary intake and measurements of plasma FA in CE were 
analyzed. Circulating FAs were additionally measured in PL in 838 patients (21% of 
the cohort) and in total plasma in 739 patients (18% of the cohort). 

  
Dietary assessment  

Patients filled out a 203-item FFQ, which was an extended and updated version of 
a previously biomarker-validated FFQ to estimate the intake of different types of fat 
and cholesterol. The FFQ has shown high reproducibility for assessing daily intake 
of food groups including edible fats and oils, with Spearman r up to 0.9. Intakes of 
total energy, total fat and saturated fat estimated by FFQ correlated well with 
estimates from the dietary history method (Pearson r ~0.8). Double data entry was 
performed and returned questionnaires were checked. In case of missing data on 
relevant parts of the FFQ, patients were called by dietitians for additional data 
collection. The FFQ included specific questions on types and brands of fats and 
oils used in food preparation. Food items were linked to the 2006 Dutch food 
composition table (NEVO)13 to calculate total energy (MJ/d) and nutrient intakes, 
including EPA, DHA, ALA and LA. Dietary intakes of EPA and DHA were expressed 
in mg/d, ALA in g/d and LA as % of total energy intake (en%). Additionally, individual 
n-3 FA were reported as en% and LA as g/d. Patients used no fish oil supplements, 
which was an exclusion criterion for the Alpha Omega Trial.10 The FFQ included 
detailed questions on alcoholic beverages from which total ethanol intake (g/d) was 
computed. Alcohol use was categorized as no intake (0 g/d), low intake (>0 to 10 
g/d), moderate intake (>10 to 20 g/d for women and >10 to 30 g/d for men), or high 
intake (>20 g/d for women and >30 g/d for men). 
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Risk factor assessment  

Demographic data and information on lifestyle factors, medical history and 
medication use were obtained by questionnaires. Physical activity was assessed 
with the validated Physical Activity Scale for the Elderly (PASE) and classified as 
low (no activity or only light activity, defined as ≤ 3 metabolic equivalents (METs)), 
medium (>0 to <5 days per week of moderate or vigorous activity, >3 METs), or 
high (≥5 days per week of moderate or vigorous activity, >3 METs).14 Medication 
was coded according to the Anatomical Therapeutic Chemical (ATC) Classification 
system, with codes C10AA and C10B for statins.15 Patients underwent a physical 
examination at home or in the hospital by trained research nurses. Body mass index 
(BMI) was calculated as weight (kg) divided by height squared (m2). Obesity was 
defined as BMI ≥30 kg/m2. A total of 30 mL of venous blood was drawn from each 
patient, of which 10 mL was collected in EDTA tubes for FA composition analysis. 
If patients had their last meal ≥8 hours before blood sampling, they were considered 
fasted. Samples for plasma FA composition analysis were stored at -80°C. Serum 
lipids and plasma glucose were measured using standard kits as described 
previously.10 Diabetes mellitus was considered present in case of a self-reported 
physician’s diagnosis, use of anti-diabetes medication, or plasma glucose ≥7.0 
mmol/L (fasting) or ≥11.1 mmol/L (non-fasting).16 

 
Measurement of FA in plasma CE and PL  

Circulating FA in CE and PL pools were analyzed at the Division of Human Nutrition 
and Health, Wageningen University, the Netherlands. Briefly, extracted total lipids 
from plasma samples were separated into CE and PL by solid phase extraction 
silica columns. FA were transesterified into fatty acid methyl esters and analyzed 
by gas chromatography. FA were identified by comparing retention times with FA 
standards, and expressed as weight percentage relative to total FA (% total FA). 
Laboratory analyses of FA in CE took place in different years. We observed stable 
FA over 6-9 years of storage at -80°C, shown by high intraclass correlation 
coefficients (r>0.90) for EPA, DHA, ALA and LA. Others have also observed stable 
FA in CE, PL and triglycerides over a time span of 10-12 years when stored at -
80°C.17,18 Detailed laboratory and quality control methods are described in 
SSuupppplleemmeennttaall  MMeetthhooddss  and  SSuupppplleemmeennttaall  TTaabbllee  11.  
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Measurement of FA in total plasma  

Stored plasma EDTA samples (300 µl) were sent in 2014 to Nightingale Health, Ltd 
(Helsinki, Finland; formerly Brainshake, Ltd) for profiling of metabolic markers. A 
high-throughput proton nuclear magnetic resonance (1H-NMR) metabolomics 
platform was used to quantify 231 metabolic measures, including selected FA 
(linoleic acid and DHA) as reported in detail elsewhere.19 Linoleic acid and DHA 
were expressed as relative to the total FA content in total plasma (% of total FA) and 
in absolute concentrations (in mmol/L). To monitor quality of the measurements, two 
control samples, of which one sample represented human plasma, were placed in 
each box of 96 samples. The measurement CV, as reported by the Nightingale 
Health, was calculated for a control sample over 10 boxes and was <5% for both 
LA and DHA.20 

   
Statistical analysis  

Normality of distribution of values for all variables was checked visually using 
histograms and Q-Q plots. Patient characteristics were computed as means ± 
standard deviation (SD) for normally distributed variables, medians (interquartile 
range) for non-normally distributed variables, and percentages for categorical 
variables. Dietary and circulating FA were expressed as medians (interquartile 
range) because of skewed distributions, and as mean ± SD (linoleic acid only).  

Dietary FA were related to circulating levels in different plasma lipid pools by means 
of Spearman rank correlation coefficients (rs) and partial rs, adjusting for age (y), 
sex, and total energy intake. Fisher’s z transformation was used to obtain 95% 
confidence interval (95% CI) for correlation coefficients. Circulating FA were also 
reported in quintiles of dietary FA to obtain insight in potential dose-response 
relationships. Least-squares means and 95% CI of circulating FA in quintiles of 
dietary FA were obtained by multivariable linear regression, adjusting for age, sex, 
total energy intake, obesity (absent vs. present), physical activity (low, medium, or 
high), smoking status (current, former, or never), fasting status at blood collection 
(yes or no), total serum cholesterol (mmol/L), measurement year (for CE), high 
alcohol intake, and prevalent diabetes. No adjustment was made for statin use to 
avoid multicollinearity with serum cholesterol, which was already in the model. 
Missing data on adjustment variables were 5.9% of total sample. All analyses were 
done using complete cases. The median values of intake in quintiles of dietary FA 
were used as explanatory variables to calculate p-for-trend. 
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For plasma FA in CE (n=4,066), analyses in quintiles of dietary FA intake were 
repeated in strata of sex, obesity (absent vs. present), prevalent diabetes (absent 
vs. present), statin use (no vs. yes), and high alcohol intake (>30 vs. ≤30 g/d in men; 
>20 vs. ≤20 g/d in women), while holding all other variables at the observed 
population mean. Partial Spearman correlations (rs) between dietary and circulating 
FA were also obtained in these subgroups. Analyses were carried out with SAS 9.4 
(Cary, NC, USA). A two-sided p-value <0.05 was considered statistically significant.  

 

RREESSUULLTTSS    

The cohort with CE data was 69±6 years old and mostly male (79%). Most patients 
were treated with cardiovascular drugs, including statins (86%). Twenty percent 
had diabetes, 23% had obesity, and 16% had a high alcohol intake (TTaabbllee  11). 
Patient characteristics in subcohorts of other lipid pools were roughly similar, 
except for use of statins, use of antihypertensive drugs, serum lipids and fasting 
status, which were slightly different in patients with PL data. 

 
Relation between intake and circulating n-3 FA 

In our study population, median dietary intake of EPA+DHA was 108 mg/d (0.05 
energy%) and intake of ALA was 0.45 energy%. Circulating EPA was comparable 
in CE (median: 1.06% of total FA) and PL (1.13%). DHA was higher in PL (4.49%) 
than in CE (0.67%) and total plasma (1.24%). Median circulating ALA was 0.49% in 
CE and 0.14% in PL (TTaabbllee  22). Individual circulating n-3 FA were strongly positively 
correlated across different plasma lipid pools (all rs ≥0.80; SSuupppplleemmeennttaall  TTaabbllee  22).  

Moderate correlations between dietary and circulating EPA and DHA were 
observed in crude analysis and in analysis with adjustment for age, sex and total 
energy intake (TTaabbllee  22). Partial correlations were 0.37-0.39 for EPA and 0.43-0.50 
for DHA (TTaabbllee  22). Partial correlations between dietary and circulating ALA were 
weak (rs -0.02 in CE; TTaabbllee  22), as was the correlation between dietary ALA and 
circulating EPA (rs -0.06 in CE; data not in Table). Partial correlations obtained in a 
subsample that had fasted >12 hours showed similar results (0.35-0.38 for EPA, 
0.38-0.42 for DHA, and ~0.01 for ALA in CE; data not in Table). FFiigguurree  11 shows 
results from multivariable linear regression analysis, with additional adjustment for 
obesity, physical activity, smoking status, high alcohol intake and prevalent 
diabetes. A positive dose-response relation between dietary and circulating levels 
(in CE) was observed for EPA and DHA, whereas for ALA no association was found 
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(FFiigguurree  11). Similar associations were observed in PL and total plasma 
(SSuupppplleemmeennttaall  FFiigguurreess  22--33).     

Sex, obesity and diabetes did not affect overall circulating levels of n-3 FA 
(SSuupppplleemmeennttaall  FFiigguurreess  44--88). Statin users, however, had higher circulating EPA and 
DHA and lower circulating ALA compared to non-statin users. Circulating EPA (but 
not DHA and ALA) was also higher in patients with a high alcohol intake. In all 
subgroups, there was a dose-response relation between dietary and circulating 
EPA and DHA (but not for ALA), comparable to the total cohort. Correlation 
coefficients between dietary and circulating n-3 FA were also comparable to the 
total cohort in most subgroups (SSuupppplleemmeennttaall  TTaabbllee  33). In patients with a high 
alcohol intake, however, dietary ALA was more strongly correlated with circulating 
ALA in PL compared to the total cohort, but this may be a chance finding due to 
small sample size. 
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TTaabbllee  11 Characteristics of patients of the Alpha Omega Cohort by availability of FA in different plasma 
lipid poolsa  

 Cholesteryl esters  
(n=4,066) 

Phospholipids  
(n=838) 

Total plasma 
(n=739) 

Age (y)  69.0 ± 5.6 69.1 ± 5.7 70.0 ± 5.8 
Men, n (%)  3,226 (79.3) 652 (77.8) 578 (78.2) 
BMI (kg/m2)b  27.7 ± 3.8 27.9 ± 4.0 27.6 ± 3.8 
   Obesity, n (%)b,c 947 (23.3) 201 (24.0) 166 (22.5) 
Total daily energy intake (MJ)d  8.0 ± 2.0  8.0 ± 2.0  8.0 ± 2.1  
Alcohol intake, n (%)e    

No  198 (4.9) 55 (6.6) 40 (5.4) 
Low  2,157 (53.1) 443 (52.9) 379 (51.3) 
Moderate 1,065 (26.2) 215 (25.7) 202 (27.3) 
High 646 (15.9) 125 (14.9) 118 (16.0) 

Smoking status, n (%)b    
Never  660 (16.2) 142 (17.0) 117 (15.8) 
Former  2,740 (67.4) 571 (68.2) 496 (67.1) 
Current  665 (16.4) 124 (14.8) 126 (17.1) 

Physical activity, n (%)b,f     
Low 1,646 (40.7) 310 (37.2) 342 (46.5) 
Medium 1,531 (37.8) 345 (41.4) 253 (34.4) 
High 868 (21.5) 178 (21.4) 140 (19.1) 

Medication use, n (%)    
Statins  3,494 (85.9) 750 (89.5) 630 (85.3) 
Anti-hypertensive drugs 3,644 (89.6) 789 (94.2) 668 (90.4) 
Anti-diabetes drugs 593 (14.6) 126 (15.0) 116 (15.7) 

Prevalent diabetes, n (%)g 811 (20.0) 182 (21.7) 164 (22.2) 
Plasma glucose (mmol/L)b 5.60 (5.06-6.59) 5.98 (5.38-6.97) 5.64 (5.10-6.67) 
Serum lipids (mmol/L)h      

Total cholesterol  4.71 ± 0.96 4.45 ± 0.90 4.72 ± 0.98 
LDL cholesterol 2.57 ± 0.82  2.26 ± 0.75 2.59 ± 0.83 
HDL cholesterol  1.28 ± 0.34 1.37 ± 0.34 1.28 ± 0.35 
Triglycerides  1.66 (1.21-2.31) 1.59 (1.18-2.31) 1.63 (1.18-2.30) 

Fasting at blood collection, n 
(%)i  

1,390 (35.5) 226 (28.2) 249 (35.1) 

a Values are shown as mean ± standard deviation, median (interquartile range) or n (%);  
b Missing values for <1% of patients; 
c Obesity defined as BMI ≥30 kg/m2; 
d To convert MJ to kcal, multiply by 238.8; 
e Categorized as “no: 0 g/d”, “low: >0 to 10 g/d”, “moderate: >10 to 20 g/d for women and >10 to 30 g/d for men”, 
and “high: >20 g/d for women and >30 g/d for men”; 
f Categorized as "low: no activity or only light activity (≤ 3 METs)”, "medium: >0 to <5 days per week of moderate or 
vigorous activity (>3 METs)”, and "high: ≥5 days per week of moderate or vigorous activity”; 
g Defined as a self-reported physician’s diagnosis, use of anti-diabetes medication, or plasma glucose ≥7.0 mmol/L 
(fasting) or ≥11.1 mmol/L (non-fasting); 
h Missing values for 61 patients for total cholesterol, HDL-C and TG, and for 253 patients for LDL-C;  
i Defined as consumption of the last meal ≥8 hours before blood sampling; missing values for 155 patients. 
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FFiigguurree  11 Relation between dietary and circulating (A) EPA, (B) DHA, (C) ALA, and (D) LA in 
plasma cholesteryl esters (n=4,066).  

Least-squares means and 95%CI were adjusted for age, sex, total energy intake, obesity, physical 
activity, smoking status, fasting status, total serum cholesterol, measurement year, alcohol intake, and 
prevalent diabetes. Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; 
Q1:0.1-23.4, Q3:51.3-84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89); LA 
(en%; Q1:1.2-3.8, Q3: 4.8-5.9, Q5:7.2-19.3). P-for-trend <0.001 for EPA, DHA, and LA, and 0.80 for ALA.  
ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids; LA, 
linoleic acid.   
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Relation between intake and circulating linoleic acid 

Dietary linoleic acid intake was 5.7±2.2 en% (12.1±5.5 g/d) and levels of circulating 
linoleic acid were 49.9±5.0 % in CE, 18.7±3.0 % in PL, and 26.3 ±3.6 % in total 
plasma. Correlations for linoleic acid across different plasma lipid pools ranged 
from 0.71 to 0.85, with the strongest correlation between CE and total plasma (rs= 
0.85). Partial correlations between dietary and circulating linoleic acid (TTaabbllee  22))  
were <0.2 for all plasma lipid pools, with some evidence for a dose-response 
relationship (FFiigguurree  11DD). Partial correlations in subsample that had fasted >12 hours 
showed similar results (rs=0.06-0.16; data not in Table). When dietary linoleic acid 
was expressed as % of total fat, the partial correlation with linoleic acid in CE was 
0.13, and when expressed in g/d, it was 0.15 (data not shown in Table). 

Subgroup analyses for dietary and circulating linoleic acid (in CE) are shown in 
FFiigguurree  22AA--EE..  Men had somewhat higher circulating linoleic acid than women. 
Circulating linoleic acid did not strongly differ between obese and non-obese or 
diabetic and non-diabetic patients. However, circulating linoleic acid was 
substantially lower in statin users (FFiigguurree  22DD) and in patients with a high alcohol 
intake (FFiigguurree  22EE). In all subgroups, there was a dose-response relation between 
dietary and circulating linoleic acid in CE, comparable to the total cohort (FFiigguurree  
22AA--EE). The partial correlations between dietary and circulating linoleic acid within 
subgroups were also comparable to the total cohort, although some fluctuations 
were seen in PL and total plasma, resulting from smaller sample sizes 
(SSuupppplleemmeennttaall TTaabbllee  44).  
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FFiigguurree  22 Relation between dietary and circulating linoleic acid (LA) in cholesteryl esters in 
strata of (A) sex, (B) obesity, (C) diabetes, (D) statin use, and (E) alcohol intake.  

Least-squares means and 95%CI were adjusted for age, sex, total energy intake, obesity, physical 
activity, smoking status, fasting status, total serum cholesterol, measurement year, alcohol intake, and 
prevalent diabetes. When stratified by statin use, total serum cholesterol was not included as adjustment 
variable in the model. LA intake ranges (en%): Q1:1.2-3.8, Q3: 4.8-5.9, Q5:7.2-19.3. P-for-trend <0.001 
in all subgroups of sex, obesity, statin use, and prevalent diabetes, and in patients without high alcohol 
intake; P-for-trend=0.003 in patients with high alcohol intake. P-values for interaction terms: sex, p=0.60; 
obesity, p=0.47; diabetes, p=0.79; statin use, p=0.18; alcohol intake, p=0.85. 
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DDIISSCCUUSSSSIIOONN    

In our cohort of post-MI patients, we observed moderate correlations between 
intake and circulating levels of EPA and DHA (0.4-0.5), and no correlations for ALA, 
which was consistent across various plasma lipid pools. Correlations between 
dietary and circulating linoleic acid were weak (<0.2). Circulating levels of LA 
appeared to be lower for statin users and patients with a high alcohol intake.  

Circulating FA have repeatedly been used as biomarkers of FA intake in (relatively) 
healthy populations.1,4 For individual n-3 FA, the present study in post-MI patients 
showed similar correlations between dietary and circulating levels to those in 
population-based studies. In previous reviews1,21 and in the more recent Multi-
Ethnic Study of Atherosclerosis (MESA) cohort,22 correlations varied between 0.2 
and 0.5 for EPA and DHA. For ALA, weak correlations between dietary and 
circulating levels were also reported by others.21,22 Rapid oxidation of ingested 
ALA23 and dietary measurement error may explain this finding. Conversion of ALA 
into EPA is not a likely explanation because the correlation between ALA intake and 
plasma EPA was only weak in our cohort.     

We have shown dose-response relationships between dietary and circulating EPA 
and DHA in CE irrespective of cardiometabolic risk factors and statin use. In four 
longitudinal UK and Finnish cohorts, statin use was associated with only a small 
increase in circulating proportion of DHA in total plasma.24 In Australian adults, 
associations between dietary and circulating EPA and DHA in PL varied by sex, but 
were not modified by history of MI (3% of total participants), presence of diabetes 
(4%), lipid-lowering medication use (3%), or alcohol intake.25 

Correlations between dietary and circulating linoleic acid in the Alpha Omega 
Cohort were considerably weaker than in other studies, which were mostly 
conducted in non-patient populations (r=0.20-0.34).25–29 The unit for linoleic acid 
intake may possibly affect the size of the correlation. However, in our study, 
expressing dietary linoleic acid as % total fat instead of energy% did not result in 
stronger correlation. Our findings are in line with the MESA study that showed a 
weak correlation (r=0.13) between dietary linoleic acid, expressed in g/d, and 
circulating linoleic acid measured in phospholipids.22 Part of our cohort was not in 
fasting state during blood sampling. However, this cannot explain the absence of a 
correlation since we obtained similar results in a subsample of the cohort that had 
fasted >12 hours. This finding is in line with the study by Hodge et al. in 4439 
Australian adults25 who also found that fasting status did not modify the association 
between dietary and circulating unsaturated FA. The average level and range of 
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linoleic acid intake in our cohort was comparable to that of the general older Dutch 
population30 and to that of other populations with Western diets.25–29 Therefore, we 
consider lack of contrast in linoleic acid intake not a likely explanation for the weak 
correlation with circulating linoleic acid.  

In our study, patients with high alcohol intake had lower mean circulating linoleic 
acid than patients who consumed less alcohol, despite having the same dietary 
linoleic acid intake. In several other studies, alcohol intake was inversely associated 
with circulating linoleic acid and directly with palmitic acid (16:0).28,31 Palmitic acid 
and linoleic acid are two major FA in CE, PL and total plasma.1 Circulating palmitic 
acid does not reflect only palmitic acid intake but also its endogenous synthesis. 
Changes in palmitic acid will indirectly affect the measured proportion of linoleic 
acid, since they are expressed as relative concentrations in lipid pools.32  

We observed generally lower circulating linoleic acid levels in statin users 
compared to non-users, despite similar linoleic acid intake. A decrease in 
circulating linoleic acid levels associated with statin use was also observed in total 
serum of four population-based cohorts.24 Hodge et al.,25 however, did not find that 
use of lipid-lowering drugs (3% of cohort) modified the association between dietary 
and circulating FA in 4439 Australian adults. In vitro research in human white blood 
cells suggested that statins may enhance the activity of desaturase enzymes, which 
converts LA into arachidonic acid (20:4 n-6). However, the underlying mechanisms 
remain unclear.33  

Around 20% of our cohort suffered from diabetes. For a given linoleic acid intake, 
linoleic acid in CE tended to be lower in diabetic patients than in other patients. In 
a cross-sectional analysis of 70-year-old Swedish men, a lower linoleic acid in CE 
was associated with reduced insulin sensitivity,34 and another study observed a 
lower plasma CE linoleic acid in patients with non-alcoholic fatty liver disease 
compared to age- and sex-matched healthy individuals.9 Diabetic patients may be 
at higher risk of liver dysfunction, which could possibly affect circulating linoleic 
acid and its correlation with dietary intake. However, we did not assess insulin 
resistance or liver dysfunction to confirm this hypothesis.  

Correlations between dietary and circulating FA partly depend on the dietary 
assessment method. We used an FFQ that provided very detailed information on 
sources of fat and types and brands of fats and oils used for food preparation. Using 
this FFQ, we found a strong inverse association of dietary unsaturated FA (replacing 
saturated and trans FA) with cardiovascular mortality in the Alpha Omega Cohort.12 
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In the current analysis, we also found expected correlations of dietary with 
circulating n-3 FA, further supporting the validity of this FFQ.  

A limitation needs to be considered while interpreting our results. The proportion of 
patients in different subgroups was unbalanced (e.g. only 14% non-statin users). 
This complicated the comparison of correlation coefficients in different subgroups 
and formal testing of interaction. Our results in subgroups therefore need 
confirmation in other studies.    

To conclude, circulating EPA and DHA in various plasma lipid pools are good 
indicators of dietary intake in a cohort of post-MI patients, whereas circulating ALA 
is not. Concerning linoleic acid, circulating levels may not well reflect dietary linoleic 
acid intake. This may partly be due to alcohol use and/or statins.  

 

LLiisstt  ooff  aabbbbrreevviiaattiioonnss  

ALA, alpha-linolenic acid; CE, cholesteryl esters; DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid; FA, fatty acids; MI, myocardial infarction; PL, phospholipids 
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SSUUPPPPLLEEMMEENNTTAARRYY  MMAATTEERRIIAALLSS  

SSuupppplleemmeennttaall  MMeetthhooddss  

Measurements of fatty acid composition in cholesteryl esters (CE) and 
phospholipids (PL) in Alpha Omega Cohort 

 
Analysis of fatty acids 

A volume of 650 µl plasma was pipetted into a tube. Total lipids were extracted from 
the plasma samples with an isopropanol/hexane mixture (2:3, v/v) and centrifuged. 
The upper hexane layer was removed and dried under nitrogen atmosphere. 
Afterwards, the total lipids were separated into CE and PL fractions using silica 
column SPE 500 mg (Sopachem Isolute 460-0050-B, Sopachem BV, the 
Netherlands). Subsequently, fatty acids (FA) in each fraction were transesterified 
into FA methyl esters (FAME) using boron trifluoride-methanol. FAME samples of 
0.5 µl were injected in splitless mode into a model 6890 gas chromatograph 
equipped with a model 7683 auto sampler (Agilent, Santa Clara, CA) and a flame-
ionization detector. The column used for chromatography was a CP WAX 58 CB 
column (25 m x 0.25 mm i.d. and film thickness of 0.21 µm) (Agilent, Santa Clara, 
CA). Hydrogen was used as the carrier gas. Injector and detector temperatures 
were kept at 275°C and 265°C, respectively. Initial temperature of the oven was 
60°C and this temperature was held for 1.5 minutes. The temperature was 
programmed to rise by 30°C/minutes to 180°C, 1.2°C/minutes to 215°C,  and 
40°C/min to 245°C. The final temperature was held for 10 minutes. Total run time 
was 45 minutes. FA were identified by comparing elution time of the peak of each 
FAME with FA standards of known composition (Nu-chek Prep, Elysian, MN). The 
sum of the all detected area under the peak was considered 100%. In total, 38 FA 
were identified and quantified, ranging from 12:0 to 24:1. FA were expressed as 
weight percentage relative to total FA measured in the chromatogram.   

FA in CE were measured in different years: 2003-2004 (321 samples), 2006 (770 
samples), 2012 (314 samples), and 2016 (2,661 samples), and PL FA were all 
measured in 2016. A plasma control pool was used to monitor analytical 
performance of the FA analyses over different batches. In each run of 38 samples, 
a control sample was analyzed in duplicate. Within-run and between-run CV of the 
control pool were calculated as measure of repeatability. For CE measurements in 
2003-2012, the CV (in %) for within- and between-run were 0.4 and 1.1 for LA, 1.0 
and 4.7 for ALA, 1.5 and 4.9 for EPA, 1.4 and 6.7 for DHA, respectively. For 
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measurements of CE in 2016, within- and between-run CV were 0.6 and 1.2 for 
linoleic acid, and 3.5 and 7.6 for DHA. For PL, the CV for within- and between-run 
were 0.9 and 1.0 for linoleic acid, 1.6 and 4.2 for DHA, respectively.  

 
Effect of long-term storage in -80°C to FA composition in CE  

Thirty-five blood samples were randomly selected from baseline samples provided 
by patients in the Alpha Omega Trial (AOT). Sixteen of these samples were 
collected in 2003 and 19 samples in 2006. These samples were analyzed for FA 
composition in CE directly after collection. All of the blood samples were again 
analyzed for FA composition in 2012. Effects of 6-9 years of storage at -80°C were 
investigated by comparing circulating FA measured in 2003 or 2006 and in 2012. 
Here, we reported results for selected FA that are within the scope of the current 
analysis: eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), alpha-
linoleic acid (ALA) and linoleic acid.  

Variance components (between- and within-subject variance) were estimated using 
PROC VARCOMP with restricted maximum likelihood method, assuming a one-way 
random effect model ANOVA. Within- and between-subject CV and intraclass 
correlation coefficients (ICC) as reliability coefficient were calculated using the 
estimated variance components. ICC represents the proportion of total variation 
attributed to differences between subjects. All analyses were done using SAS 9.3 
(SAS Institute, Cary, NC). 

Patients included in the analysis for effect of storage time were on average 70.2 
(±SD 5.8) years old and 66% were male. The within-subject CV ranged from 1.3 
(linoleic acid) to 8.7 (ALA) while between-subject CV ranged from 9.6 (linoleic acid) 
to 83.6 (EPA). All FA had high ICC (>0.90) (Supplemental Table 1).  
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SSuupppplleemmeennttaall  TTaabbllee  11 Stability of individual n-3 fatty acids and linoleic acid in cholesteryl esters after 6-
9 years of storage at -80°C in 35 plasma samples from the Alpha Omega Cohort 

FFaattttyy  aacciiddss  

MMeeaann  vvaalluueess  ((±±  SSDD))  ooff  ffaattttyy  
aacciidd  ((%%  ttoottaall  ffaattttyy  aacciiddss))  

  CCVV  ((%%))  

IICCCC  IInniittiiaall  aannaallyyssiiss  RReeppeeaatt  
aannaallyyssiissaa  

  WWiitthhiinn--  
ssuubbjjeecctt  

BBeettwweeeenn--
ssuubbjjeecctt  

EPA       
 2003 1.38 ± 0.81 1.40 ± 0.80  2.1 58.0 0.99 
 2006 1.22 ± 0.99 1.26 ± 1.08  6.6 83.6 0.99 

DHA       
 2003 0.76 ± 0.20 0.74 ± 0.22  2.9 27.9 0.99 
 2006 0.63 ± 0.28 0.65 ± 0.29  3.4 44.5 0.99 

ALA       
 2003 0.49 ± 0.14 0.52 ± 0.15  5.6 27.8 0.96 
 2006 0.58 ± 0.17 0.58 ± 0.17  8.7 28.6 0.91 

Linoleic acid        
 2003 48.6 ± 5.04 49.2 ± 5.25  1.5 10.5 0.98 
 2006 51.2 ± 5.04 50.9 ± 4.87  1.3 9.6 0.98 

a Represents measured values (in % of total fatty acids) after long-term (6-9 years) storage at -80°C. 
ALA, alpha-linolenic acid; CV, coefficient of variation; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ICC, 
intraclass correlation coefficient. 

 
  
  

SSuupppplleemmeennttaall  TTaabbllee  22 Correlation coefficients for circulating n-3 FA and linoleic acid across different 
plasma lipid pools 

  CCEE  vvss  PPLL    

((nn==883388))  

CCEE  vvss  ttoottaall  ppllaassmmaa    

((nn==773399))  

PPLL  vvss  ttoottaall  ppllaassmmaa  

((nn==115511))  

EPA 0.93 (0.92, 0.94) n/a† n/a† 

DHA  0.93 (0.92, 0.94) 0.88 (0.87, 0.90)a 

0.70 (0.66, 0.74)b 

0.92 (0.88, 0.94)a 

0.70 (0.61, 0.77)b 

ALA 0.80 (0.78, 0.83) n/a† n/a† 

Linoleic acid  0.84 (0.81, 0.85) 0.85 (0.83, 0.87)a 

0.50 (0.43, 0.54)b 

0.71 (0.61, 0.78)a 

0.45 (0.31, 0.57)b 

All values are Spearman rank correlation coefficients and 95% CI. P-value for all the correlations is <0.001.  
† EPA and ALA were not measured in total plasma and correlation coefficients could not be calculated.  
a Fatty acid in total plasma is expressed as % of total fatty acids.  
b Fatty acid in total plasma is expressed as absolute amount (mmol/L).   
ALA, alpha-linolenic acid; CE, cholesteryl esters; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PL, 
phospholipids; n/a, not available.    
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SSuupppplleemmeennttaall FFiigguurree 11 Flow diagram for population for analysisa

a Phospholipids subsample and total plasma subsample overlapped for 151 samples.  
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SSuupppplleemmeennttaall  FFiigguurree  22AA--DD  Relation between dietary and circulating (A) EPA, (B) DHA, (C) 
ALA, and (D) linoleic acid in plasma phospholipids.  

Least-squares means and 95%CI were adjusted for age, sex, obesity, physical activity, smoking status, 
fasting status, total serum cholesterol, total energy intake, alcohol intake, and prevalent diabetes.  
Intake ranges: EPA (mg/d; Q1:0.0-8.0, Q3:31.5-53.7, Q5:94.3-648.1); DHA (mg/d; Q1:0.5-23.8, Q3:56.7-
88.8, Q5:146.3-1061.6); ALA (g/d; Q1:0.24-0.62, Q3:0.80-1.06, Q5:1.44-3.55); LA (en%; Q1:1.5-4.0, Q3: 
5.0-5.9, Q5:7.2-16.7). ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic 
acid; FA, fatty acids; LA, linoleic acid.  
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SSuupppplleemmeennttaall  FFiigguurree  33AA--DD  Relation between dietary and circulating DHA (A, B) and linoleic 
acid (C, D) in total plasma.  

Least-squares means and 95%CI were adjusted for age, sex, obesity, physical activity, smoking status, 
fasting status, total serum cholesterol, total energy intake, alcohol intake, and prevalent diabetes. Intake 
ranges: DHA (mg/d; Q1:0.6-20.4, Q3:46.6-80.2, Q5:122.0-962.4); LA (en%; Q1:1.3-3.8, Q3: 4.8-5.8, 
Q5:7.3-19.3). DHA, docosahexaenoic acid; FA, fatty acids; LA, linoleic acid.   
 

   

Q1 Q2 Q3 Q4 Q5
Quintiles of  DHA intake (mg/d)

0.11

0.13

0.15

0.17

0.19

0.21

Ci
rc

ul
at

in
g 

DH
A
 (m

m
ol

/L
)

Q1 Q2 Q3 Q4 Q5
Quintiles of  LA intake (en%)

24.8

25.3

25.8

26.3

26.8

27.3

27.8

Ci
rc

ul
at

in
g 

LA
 (%

 to
ta

l F
A

)

Q1 Q2 Q3 Q4 Q5
Quintiles of  DHA intake (mg/d)

0.9

1.1

1.3

1.5

1.7

Ci
rc

ul
at

in
g 

DH
A
 (%

 to
ta

l F
A

)

Q1 Q2 Q3 Q4 Q5
Quintiles of  LA intake (en%)

2.75

2.85

2.95

3.05

3.15

3.25

3.35

Ci
rc

ul
at

in
g 

LA
 (m

m
ol

/L
)

A  B 

C  D 



56  CIRCULATING OMEGA-3 AND LINOLEIC ACID 

 

 

 

 
  
SSuupppplleemmeennttaall  FFiigguurree  44AA--CC Relation between dietary and circulating (A) EPA, (B) DHA, (C) 
ALA in cholesteryl esters by sex.  

Least squares means and 95%CI were adjusted for age, obesity, physical activity, smoking status, 
fasting status, total serum cholesterol, measurement year, total energy intake, alcohol intake, and 
prevalent diabetes. Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; 
Q1:0.1-23.4, Q3:51.3-84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, 
alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids.  
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SSuupppplleemmeennttaall  FFiigguurree  55AA--CC Relation between dietary and circulating (A) EPA, (B) DHA, (C) 
ALA in cholesteryl esters by presence of obesity.  

Least squares means and 95%CI were adjusted for age, sex, physical activity, smoking status, fasting 
status, total serum cholesterol, measurement year, total energy intake, alcohol intake, and prevalent 
diabetes. Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, 
Q3:51.3-84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-
linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acid. 
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SSuupppplleemmeennttaall  FFiigguurree  66AA--CC  Relation between dietary and circulating (A) EPA, (B) DHA, (C) 
ALA in cholesteryl esters by prevalent diabetes.  

Least squares means and 95%CI were adjusted for age, sex, obesity, physical activity, smoking status, 
fasting status, total serum cholesterol, measurement year, total energy intake, and alcohol intake. Intake 
ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, Q3:51.3-84.3, 
Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-linolenic acid; DHA, 
docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids. 
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SSuupppplleemmeennttaall  FFiigguurree  77AA--CC  Relation between dietary and circulating (A) EPA, (B) DHA, (C) 
ALA in cholesteryl esters by statin use.  

Least squares means and 95%CI were adjusted for age, sex, obesity, physical activity, smoking status, 
fasting status, measurement year, total energy intake, high alcohol intake, and prevalent diabetes. Intake 
ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, Q3:51.3-84.3, 
Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-linolenic acid; DHA, 
docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids. 
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SSuupppplleemmeennttaall  FFiigguurree  88AA--CC  Relation between dietary and circulating (A) EPA, (B) DHA, (C) 
ALA in cholesteryl esters by alcohol intake.  

Least squares means and 95%CI were adjusted for age, sex, obesity, physical activity, smoking status, 
fasting status, total serum cholesterol, measurement year, total energy intake, and prevalent diabetes. 
High alcohol intake, yes: >30 g/d in men, >20 g/d in women; no: ≤30 g/d in men, ≤20 g/d in women. 
Intake ranges: EPA (mg/d; Q1:0.0-8.3, Q3:28.7-50.9, Q5:85.6-692.0); DHA (mg/d; Q1:0.1-23.4, Q3:51.3-
84.3, Q5:134.5-1061.6); ALA (g/d; Q1:0.19-0.63, Q3:0.83-1.07, Q5:1.46-3.89). ALA, alpha-linolenic acid; 
EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; FA, fatty acids. 
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AABBSSTTRRAACCTT   

BBaacckkggrroouunndd: Circulating odd-chain fatty acids pentadecanoic (15:0) and 
heptadecanoic acid (17:0) are considered to reflect dairy intake. In cohort studies, 
higher circulating 15:0 and 17:0 were associated with lower type 2 diabetes risk. A 
recent randomized controlled trial in humans suggested that fiber intake also 
increased circulating 15:0 and 17:0, potentially resulting from fermentation by gut 
microbes. We examined the associations of dairy and fiber intake with circulating 
15:0 and 17:0 in patients with a history of myocardial infarction (MI).  

MMeetthhooddss: We performed cross-sectional analyses in a subsample of 869 Dutch 
post-MI patients of the Alpha Omega Cohort who had data on dietary intake and 
circulating fatty acids. Dietary intakes (g/d) were assessed using a 203-item food 
frequency questionnaire. Circulating 15:0 and 17:0 (as % of total fatty acids) were 
measured in plasma phospholipids (PL) and cholesteryl esters (CE). Spearman 
correlations (rs) were computed between intakes of total dairy, dairy fat, fiber, and 
circulating 15:0 and 17:0.  

RReessuullttss: Patients were on average 69 years old, 78% was male and 21% had 
diabetes. Total dairy intake comprised predominantly milk and yogurt (69%). Dairy 
fat was mainly derived from cheese (47%) and milk (15%), and fiber was mainly 
from grains (43%). Circulating 15:0 in PL was significantly correlated with total dairy 
and dairy fat intake (both rs=0.19, p<0.001), but not with dietary fiber intake (rs=0.05, 
p=0.11). Circulating 17:0 in PL was correlated both with dairy intake (rs=0.14 for 
total dairy and 0.11 for dairy fat, p<0.001), and fiber intake (rs=0.19, p<0.001). 
Results in CE were roughly similar, except for a weaker correlation of CE 17:0 with 
fiber (rs=0.11, p=0.001). Circulating 15:0 was highest in those with high dairy intake 
irrespective of fiber intake, while circulating 17:0 was highest in those with high dairy 
and fiber intake.  

CCoonncclluussiioonnss: In our cohort of post-MI patients, circulating 15:0 was associated with 
dairy intake but not fiber intake, whereas circulating 17:0 was associated with both 
dairy and fiber intake. These data suggest that cardiometabolic health benefits 
previously attributed to 17:0 as a biomarker of dairy intake may partly be explained 
by fiber intake. 
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IINNTTRROODDUUCCTTIIOONN  

Circulating odd-chain fatty acids (OCFA) pentadecanoic (15:0) and heptadecanoic 
acid (17:0) have been used as biomarkers of dairy and dairy fat intake in 
observational studies.1,2 The reason is that fatty acids primarily coming from 
exogenous sources are usually considered good candidates as biomarkers for 
intake3 and more objective than self-reported dietary assessment. Since OCFA are 
considered to be solely produced in rumen of ruminants and cannot be produced 
by the human body, they have been proposed as good candidate biomarkers for 
dairy fat and/or total dairy intake.4–6 A recent meta-analysis of 18 observational 
studies showed that intake of dairy and dairy fat were more correlated with 
circulating proportions of 15:0 (with correlation coefficients (r) of 0.20 and 0.33, 
respectively) than 17:0 (r=0.10 and 0.19, respectively).1  

Higher circulating 15:0 and 17:0 have been associated with lower risk of 
cardiometabolic outcomes, such as type 2 diabetes7–9 and cardiovascular 
disease.10–12 A recent pooled analysis of 16 prospective cohort studies showed that 
higher circulating 15:0 and 17:0 were associated with 20% and 35% lower risk of 
type 2 diabetes, respectively, by comparing individuals with circulating 15:0 or 17:0 
in the 90th to those in the 10th cohort-specific percentile.2 In these studies, the 
beneficial associations between circulating 15:0 and 17:0 and cardiometabolic risk 
were often attributed to dairy intake only. 

In a randomized controlled trial in sixteen healthy participants, supplementation of 
inulin, a fermentable fiber, increased the level of circulating OCFA in plasma 
phospholipids (PL).13 In the European Prospective Investigation into Cancer and 
Nutrition (EPIC) Inter-Act study, both intake of dairy and fruits and vegetables, which 
are important sources of fiber, were associated with the sum of circulating 15:0 and 
17:0 in PL, with correlations between 0.1-0.2.7 Another observational study showed 
associations of circulating PL 15:0 with ruminant meat intake (r=0.4) and dairy fat 
(r=0.5).14 These data suggest that circulating OCFA may not only reflect dairy 
and/or dairy fat intakes, but also intakes of other foods.  

Our primary aim in the present analyses was to examine the associations of dairy, 
dairy fat and fiber intakes with circulating 15:0 and 17:0 in a cohort of Dutch post-
myocardial infarction patients.   
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MMEETTHHOODDSS  

Study design and population 

Cross-sectional analyses were carried out in baseline data of the Alpha Omega 
Cohort (years 2002-2006) as described previously.15,16 This cohort consists of 4837 
Dutch patients aged 60 through 80 who had a myocardial infarction (MI) up to 10 
years before study enrollment. The medical ethics committee at the Haga Hospital 
(The Hague, The Netherlands) approved the study and all patients provided written 
informed consent. The present analysis included 869 patients with complete and 
reliable data on dietary intake and plasma fatty acids both in PL and cholesteryl 
esters (CE) ((AAddddiittiioonnaall  ffiillee  11::  FFiigguurree  SS11)). 

    
Dietary assessment 

Habitual dietary intake was assessed with a 203-item food frequency questionnaire 
(FFQ) which was an extended version of a previously validated FFQ to estimate fatty 
acids and cholesterol intake.17,18 The FFQ contained 42 items on various dairy 
products for which questions were grouped by fat contents: whole, semi-skimmed 
or skimmed. Total dairy included intake of milk, yogurt, cheese, dairy desserts, 
cream, milk for coffee and creamers, butter and ice-cream. Intakes of different dairy 
products in grams/day were calculated by multiplying consumption frequencies 
and portion sizes. Intake of milk and creamers from non-dairy sources such as soy 
milk and non-dairy creamers were not included. Daily intake of total energy (kcal/d; 
including alcohol), foods (g/d) and nutrients, including dairy fat (g/d), were 
calculated after linkage of intake data to the 2006 Dutch food composition table 
(NEVO).19  

Dairy products were divided in two groups based on their fat content. Low-fat dairy 
included semi-skimmed (fat content ≤1.8 g/100 ml) and skimmed (fat content 
≤1.5g/100 ml) milk, buttermilk, yogurt drink and other low-fat dairy products. High-
fat dairy included full-fat dairy products (fat content >3.0 g/100 g for solids or >1.8 
g/100 ml for liquids), all types of cheese, dairy-based coffee creamer, butter, cream 
and ice-cream ((AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS11)).   

Total fiber intake was calculated by summing up intakes of fiber from all dietary 
sources (excluding dietary supplements) (Additional file 1: Table S2). Dietary fiber 
included plant constituents that cannot be digested by human enzymes in stomach 
and small intestine, e.g. lignin, cellulose, hemicellulose and pectin, as measured 
using the recommended Association of Official Analytical Chemists method.19 Total 
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meat included beef, pork, chicken, turkey, lamb, mutton and other meats. Ruminant 
meat included intake of beef, lamb and mutton. Total fish included fatty fish, lean 
fish and shellfish. Intakes of foods and food groups were expressed as g/d. 

 
Data collection on risk factors  

Information about demographic factors, lifestyle characteristics and medication use 
were obtained by self-administered questionnaires as previously described.15 The 
validated Physical Activity Scale for the Elderly was used to assess the physical 
activity level of the patients.20 Alcohol intake (ethanol, in g/d) was assessed with the 
FFQ and categorized as ‘no’ (0 g/d), ‘low’ (>0 to 10 g/d), ‘moderate’ (>10 to 20 g/d 
in women; >10 to 30 g/d in men) or ‘high’ (>20 g/d in women; >30 g/d in men). 
Medications were coded according to the Anatomical Therapeutic Chemical 
Classification system, with codes C10AA and C10B for statins, C02 for 
antihypertensive drugs and A10 for antidiabetic drugs.21 Physical examination took 
place at home or in the outpatient clinic by trained research nurses. Body mass 
index was calculated from measured weight divided by height squared (kg/m2). A 
fasted or non-fasted venous blood sample (30 mL) was drawn from each patient. 
Fasting was defined as at least 8 hours since the last meal. Serum lipids and plasma 
glucose were measured at baseline using standard kits as previously described.15 
Diabetes was considered present if patients reported a physician’s diagnosis of 
diabetes, used anti-diabetes medication, or had plasma glucose ≥7.0 mmol/L 
(fasting) or ≥11.1 mmol/L (non-fasting).22 Blood samples were stored at -80°C for 
future analysis. 

 
Measurement of odd-chain fatty acids  

Circulating OCFA 15:0 and 17:0 were measured in plasma PL and CE. Laboratory 
procedures for measuring fatty acid composition in plasma PL and CE in the Alpha 
Omega Cohort have been described in detail previously.23 In short, plasma total 
lipids from 10 mL EDTA blood samples were extracted and separated into plasma 
PL and CE fraction of fatty acids by using solid phase extraction method. 
Subsequently, fatty acids in each fraction were trans-esterified into fatty acid methyl 
esters. Fatty acid composition in plasma PL and CE were measured using gas 
chromatography equipped with a flame ionization detector. In total, 38 fatty acids 
were detected by comparison to pure fatty acid standards. For each plasma fraction, 
circulating individual fatty acids were expressed as proportion of total fatty acids 
measured (% total fatty acids).  
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Statistical analysis 

Patient characteristics were expressed as crude means (± standard deviation, SD) 
or medians (interquartile range, IQR) for continuous variables and numbers 
(percentage) for categorical variables. Spearman’s rank correlation (rs) was used 
to measure the associations of total dairy, dairy fat and total fiber intakes with 
circulating 15:0 and 17:0, for PL and CE separately. Partial correlation coefficients 
were calculated with adjustment for age, sex and total energy intake and their 95% 
confidence intervals (CI) were obtained by Fisher’s z transformation. Additionally, 
we assessed the dose-response association of dairy or fiber intake with circulating 
15:0 and 17:0 using restricted cubic splines with three knots placed at 5th, 50th and 
95th percentile, adjusted for age, sex and total energy intake. To examine whether 
correlations between dairy and 15:0 and 17:0 were modified by dietary fiber, partial 
correlations were obtained in strata of low and high total fiber intake (<21.2 g/d 
versus ≥21.2 g/d, based on median energy-adjusted intake). Likewise, partial 
correlations between dietary fiber and circulating OCFA were calculated for strata 
of energy-adjusted total dairy intake (median= 301 g/d) and dairy fat (median= 12.0 
g/d). We also assessed circulating 15:0 and 17:0 in combined subgroups of dairy 
and fiber intake: ‘low dairy-low fiber’, ‘low dairy-high fiber’, ‘high dairy-low fiber’ and 
‘high dairy-high fiber’ by using generalized linear models (normal distribution, 
identity link function) with robust standard errors, also adjusted by age, sex and 
total energy intake.    

Because ruminant meat and fish can contain 15:0 and 17:0, we also calculated 
partial correlations of intakes of total meat, ruminant meat and total fish with 
circulating 15:0 and 17:0 in PL and CE. SAS 9.4 (Cary, NC, USA) was used for all 
analyses, and a two-sided p-value <0.05 was considered as statistically significant. 
The %RCS_Reg macro was used to perform restricted cubic splines analyses.24  
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RREESSUULLTTSS    

Patients were on average 69.2 (SD= 5.7) years old and enrolled in the study ~3 year 
after MI (TTaabbllee  11). Of the cohort, 78% were male, 21% had diabetes and 24% was 
obese. Most patients (>85%) used cardiovascular medication, including statins and 
anti-hypertensive drugs.  

Median total dairy intake was 294 g/d, which was predominantly low-fat dairy (73%) 
(TTaabbllee  22). Total dairy mainly comprised milk (median= 150 g/d), followed by yogurt 
(56 g/d), dairy desserts (e.g. quark and custard; 22 g/d), and cheese (20 g/d). 
Median intake of dairy fat was 11.1 g/d (19% of the total fat intake), of which 1.3 g/d 
was from milk and 4.5 g/d was from cheese. Median total fiber intake was 21.0 g/d, 
which was mainly derived from grains (43% of total fiber). Median intakes of total 
meat, ruminant meat and total fish were 59 g/d, 17 g/d and 14 g/d, respectively.  

Circulating proportions of 15:0 were comparable in PL and CE, while for 17:0, 
proportions in PL were higher than in CE (Table 1). Proportions of 15:0 and 17:0 
within each fraction were correlated (crude rs in PL= 0.56, in CE= 0.47; all p<0.001; 
data not in Table). 
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TTaabbllee  11 Characteristics of patients in the subsample of Alpha Omega Cohort for the present analysisa 
 Value 

Age (y)  69.2 ± 5.7 
Men, n (%) 678 (78.0)  
Body mass index (kg/m2) 27.8 ± 4.0 

Obese, n (%)b 205 (23.6) 
Smoking status, n (%)c  

Never  150 (17.3) 
Former  595 (68.6) 
Current  123 (14.2) 

Physical activity, n (%)c,d   
Low 327 (37.9) 
Medium 356 (41.3) 
High 179 (20.8) 

Alcohol intake, n (%)e   
No  58 (6.7) 
Low  464 (53.4) 
Moderate 223 (25.7) 
High 124 (14.3) 

Time since last myocardial infarction (y) 3.0 (1.4-5.9) 
Prevalent diabetes, n(%)f 186 (21.4) 
Medication use, n (%)   

Statins  772 (88.8) 
Anti-hypertensive  818 (94.1) 
Anti-diabetes  129 (14.8) 

Serum lipids (mmol/L)  
Total cholesterolc  4.43 ± 0.89 
LDL cholesterolg 2.25 ± 0.75 
HDL cholesterolc 1.37 ± 0.35 
Triglyceridesc 1.59 (1.18-2.31) 
  

Odd-chain fatty acids (% total fatty acids)  
Phospholipids 15:0 0.14 (0.12-0.16) 
Phospholipids 17:0 0.38 ± 0.08 
Cholesteryl esters 15:0 0.16 ± 0.04 
Cholesteryl esters 17:0 0.08 (0.07-0.10) 

a Values are mean ± standard deviation or median (interquartile range) or n (%).   
b Obesity defined as body mass index ≥30 kg/m2. 
c Missing values for <1% of patients. 
d Categorized as "low: no activity or only light activity (≤ 3 METs), "medium: >0 to <5 days per week of moderate or 
vigorous activity (>3 METs), and "high: ≥5 days per week of moderate or vigorous activity. 
e Categorized as “no: 0 g/d”, “low: >0 to 10 g/d”, “moderate: >10 to 20 g/d for women and >10 to 30 g/d for men”, and 
“high: >20 g/d for women and >30 g/d for men”. 
f Defined as a self-reported physician’s diagnosis, use of anti-diabetes medication, or plasma glucose ≥7.0 mmol/L 
(fasting) or ≥11.1 mmol/L (non-fasting). 
g Missing values for 44 patients for LDL cholesterol. 
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MET, metabolic equivalent.   
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TTaabbllee  22 Reported intake of dairy products, dairy fat, total fiber and other foods in AOC subsamplea,b  

 Mean ± SD Median (Q1-Q3) 
Total dairy  343 ± 248 294 (191-418) 
High-fat dairy 92 ± 98 65 (37-113) 
Low fat dairy  251 ± 224 201 (110-321) 
   
Milk 161 ± 183 150 (21-167) 
Yogurt  75 ± 85 56 (18-128) 
Cheese  26 ± 26 20 (9-32) 
Cream  1 ± 2 0 (0-1) 
Butter 1 ± 5 0 (0-0) 
Dairy desserts 45 ± 66 22 (13-58) 
Ice-cream  10 ± 19 9 (0-13) 
Milk for coffee and creamers  23 ± 52 5 (0-25) 
   
Dairy fat   13.6 ± 9.8 11.1 (7.3-17.2) 
Fat from milk 2.1 ± 3.0 1.3 (0.3-2.5) 
Fat from yogurt  0.8 ± 1.2 0.3 (0.1-1.4) 
Fat from cheese 6.4 ± 6.4 4.5 (2.3-7.7) 
Fat from cream 0.2 ± 0.4 0.0 (0.0-0.3) 
Fat from butter 0.9 ± 4.0 0.0 (0.0-0.0) 
Fat from dairy desserts 1.6 ± 2.6 0.5 (0.0-2.0) 
Fat from ice-cream 0.7 ± 1.4 0.7 (0.0-1.0) 
Fat from milk for coffee and creamer  0.9 ± 1.5 0.3 (0.0-1.2) 
   
Total fiber  21.5 ± 6.9 21.0 (16.7-25.1) 
Total meat  52 ± 34  59 (30-72) 
Ruminant meat  18 ± 15 17 (6-26) 
Total fish  17 ± 19 14 (4-17) 

a Intake (not energy-adjusted) is reported in grams/day;  
b Individual dairy products were listed in Additional file 1: Table S1. 
AOC, Alpha Omega Cohort; Q, quartile.  
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Associations of circulating 15:0 and 17:0 with dietary intake 

Circulating 15:0 in both PL and CE was significantly correlated with intake of total 
dairy and dairy fat; partial rs ranged from 0.19 to 0.26 (TTaabbllee  33). Circulating 15:0 in 
both PL and CE were not significantly associated with total fiber intake (partial rs 

≤0.05). Circulating 17:0 in PL was significantly correlated with intakes of total dairy 
(partial rs=0.14), dairy fat (partial rs = 0.11), and total fiber intake (partial rs = 0.19). 
Correlations with 17:0 in CE were similar for total dairy, dairy fat and total fiber. 
However, the correlation of total fiber with 17:0 in CE (partial rs = 0.11) was smaller 
than for PL. Dose-response analysis using restricted cubic splines showed that 
associations of PL 15:0 and 17:0 with total dairy were non-linearly shaped. For CE, 
only the association between 15:0 and total dairy intake was non-linear (Additional 
file 1: Figure S2-S4). No correlations were observed between circulating OCFA and 
other food groups, except for a weak correlation of 15:0 in CE with total fish intake 
(partial rs = 0.09) (Table 3), which persisted when only the fish eaters (n=680) were 
included in the analysis (partial rs = 0.10; not shown in Table). Additional 
adjustments for medications and presence of type 2 diabetes did not appreciably 
change the results ((AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS33)). However, in sensitivity analysis 
including only patients without type 2 diabetes (n=683), PL 17:0 was weakly 
correlated with ruminant meat intake (p=0.013) and the correlation of CE 15:0 with 
fish intake was no longer statistically significant ((AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS44)).  

In patients with a high fiber intake, partial correlations of dairy intake with circulating 
OCFA were smaller than in those with a low fiber intake (TTaabbllee  44). In patients with a 
high total dairy intake, partial correlations of total fiber intake with circulating 17:0 in 
PL and CE were smaller than in patients with a low total dairy intake, and total fiber 
intake was not correlated with 15:0 in patients with higher intakes of total dairy or 
dairy fat (TTaabbllee  55). Assessment of the circulating 15:0 and 17:0 in different strata of 
dairy and fiber showed that patients with low or high fiber intake had similar mean 
circulating PL 15:0 when their dairy intake was high (FFiigguurree  11). The highest mean 
circulating PL 17:0 was observed for patients with both high dairy and high fiber 
intake, while patients with either low dairy-high fiber intake or high dairy-low fiber 
intake had similar mean circulating PL 17:0. Results in CE were similar (data not 
shown). 
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FFiigguurree  11  Circulating phospholipids 15:0 (A) and 17:0 (B) in dairy and fiber intake strataa,b 

a Low dairy intake: <301 g/d; high dairy intake: ≥301 g/d; 
b Low fiber intake: <21.2 g/d; high fiber intake: ≥21.2 g/d; 
*p<0.05; **p<0.01; ***p<0.001 

  

DDIISSCCUUSSSSIIOONN  

In the present analyses of 869 post-MI patients of the Alpha Omega Cohort, total 
dairy and dairy fat intake were modestly correlated with circulating 15:0, but total 
fiber intake was not. However, both dairy and fiber intake were correlated with 
circulating 17:0. Correlations between dairy intake and circulating 15:0 and 17:0 
were stronger when fiber intake was low. Likewise, correlations between fiber intake 
and circulating 15:0 and 17:0 were stronger when dairy intake was low. Circulating 
17:0 was highest in patients with both high dairy and high fiber intake, while 
circulating 15:0 was highest in patients with high dairy intake, regardless of their 
fiber intake.  

The strengths of the correlations of total dairy and dairy fat intake with circulating 
OCFA were comparable to those reported in a recent meta-analysis of 18 
observational studies, mainly in general populations.1 This meta-analysis reported 
weaker correlations with total dairy and dairy fat intake for 17:0 as compared to 15:0, 
which is confirmed by our data. Only few studies have reported correlations 
between circulating OCFA and intakes of both dairy and fiber-rich foods. Consistent 
with our findings, a cross-sectional study of 301 healthy Swedish men aged 60-64 
years showed significant correlations of 17:0 in PL with intake of dairy fat (r=0.23) 
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and total fiber (r=0.27).25 However, in contrast to our observations, PL 15:0 in these 
Swedish men was also significantly correlated with fiber intake (r=0.20). In an EPIC-
InterAct subcohort of almost 16,000 European adults, intakes of both dairy and fruits 
and vegetables were correlated with the sum of PL 15:0 and 17:0 (r=0.1-0.2).7 As 
the proportion of 17:0 in PL tends to be 2-3 times higher than that of 15:0, the 
observed correlation with fruits and vegetables (key sources of fiber) were likely 
driven by 17:0, which would be in line with our findings. A cross-sectional analysis 
in 423 Finnish children aged 6-8 years old26 found weak but significant correlations 
of 0.1 for 17:0 in PL and intakes of various high-fat dairy products such as milk (≥1% 
fat) and cheese (>17% fat) as well as for 17:0 in PL and intake of grain products 
high in fiber (≥5% fiber). No association was found between 15:0 in PL and intake 
of high-fiber grain products in these Finnish children, which is also in agreement 
with our present study.  

A randomized controlled trial that studied the effects of fiber intake on circulating 
PL 15:0 and 17:0 in sixteen healthy participants found an increase of 17% in 
circulating 15:0 and an increase of 11% in circulating 17:0 after one week daily 
supplementation of 30 g inulin (a fermentable fiber). Although the average increase 
was larger for 15:0, it was more consistent for 17:0, with increases in PL 17:0 
observed in almost all participants after inulin supplementation.13 Based on these 
findings, the authors suggested that fermentation of fiber by gut microbiota could 
increase formation of propionate, a short chain FA, which would lead to hepatic 
synthesis of longer chain OCFA, in particular 17:0. The authors hypothesized that 
circulating OCFA could be a biomarker of fiber intake.13 Our exploratory analyses 
showed that associations of dairy intake with circulating OCFA, particularly 17:0 in 
PL, were weaker in patients with a relatively high fiber intake. These findings 
suggest that circulating PL 17:0 may not adequately reflect dairy intake in 
populations with higher fiber intake. We also observed weaker correlations between 
circulating OCFA and fiber in patients with a relatively high dairy intake, which 
suggests that circulating OCFA may reflect fiber intake better when dairy intake in 
the population is low. It is noteworthy that in our exploratory analyses, circulating 
17:0 was highest with high intakes of both dairy and fiber, and similar for high fiber 
or high dairy separately. Together, these findings imply that both dairy and fiber 
affect circulating proportions of OCFA, especially 17:0. This may also explain, for 
example, the lower correlation of 17:0 with dairy in high fiber subgroup. Higher fiber 
intake may contribute to higher circulating 17:0 from fiber, which could weaken the 
correlation of 17:0 with dairy intake.   

Our findings may have implications for biomarker studies of nutrition and 
cardiometabolic diseases. Consistent inverse associations have been reported 
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between circulating proportions of OCFA and cardiovascular-related 
outcomes,2,11,27 especially for 17:0, which would amount to an estimated 35% lower 
risk of type 2 diabetes according to a pooled analysis of 16 prospective cohort 
studies.2 Observed risk reductions with higher levels of circulating OCFA have 
mainly been attributed to dairy intake.2,7 Our findings suggest that these 
associations, especially for 17:0 in PL, may be partly due to intake of dietary fiber.  

We did not observe significant correlations between meat or ruminant meat intake 
and circulating OCFA, while fish intake was only weakly correlated with 15:0. This 
is not in line with an analysis from the EPIC-Oxford study, which reported a 
correlation of 0.4 between intake of ruminant meat and concentrations of 15:0 in 
PL.14 This is and also not in line with an analysis from the EPIC study in 16 European 
regions, which reported ecological correlations with 17:0 in PL of 0.4 for red meat 
and 0.7 for fish intake.28 However, the latter analysis used mean values of intake 
and circulating OCFA in 16 European regions instead of individual data,28 and such 
aggregate data analysis is limited in adjustment for potential confounders. In our 
Alpha-Omega cohort, the intake of ruminant meat (18 g/d) was considerably lower 
than in the EPIC-Oxford cohort (30 g/d), which may be an alternative explanation 
why we did not observe an association with circulating OCFA. Furthermore, dairy 
intake in our cohort was relatively high, which reduces the relative contribution of 
ruminant meat to circulating OCFA. However, we did find a weak positive correlation 
between 15:0 in CE and fish, despite that median fish intake was low (14 g/d). 
Dietary fiber and fish were associated with higher circulating odd-chain fatty acids 
in our Dutch cohort, despite a relatively low fiber and fish intake. These findings 
need to be confirmed by other studies, preferably randomized controlled trials in 
populations with higher fiber and fish intake.    

The present analysis has several strengths. We collected information about dairy 
intake using an FFQ that had been specifically designed for estimating fatty acid 
intakes.17,18 Fatty acids intake estimated by the FFQ were highly correlated to 
estimates by dietary history (Pearson’s correlation of ~0.8 for saturated and total 
fatty acids in g/d). We analyzed circulating OCFA both in PL and CE, which are two 
commonly used plasma fractions in epidemiological studies. Stability of FA 
composition over 6-9 years of storage in -80°C was confirmed and inter- and intra-
assay variation for measurement of various fatty acids was <8% in CE and <5% in 
PL.23 We examined circulating OCFA in relation to dairy intake in subgroups with 
high and low fiber intake. To the best of our knowledge, this approach has not been 
explored in other studies of circulating OCFA as biomarkers of dairy intake.  
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A limitation of our current study is that we could not accurately estimate the intake 
of specific types of dietary fiber, because the Dutch food composition table 
(NEVO,19) mainly reports on total fiber content of foods. Fiber intake in our cohort 
(~22 g/d) was in line with a Dutch survey in 2010-2012 among 739 individuals aged 
70 years or older, showing mean fiber intakes of 22 g/d in men and 19 g/d in 
women.29 These fiber intakes are below the recommended amount of 25 g/d for the 
Netherlands.30 Possibly, if fiber intakes had been higher in our cohort, stronger 
associations with circulating odd-chain fatty acids could have been observed. 
Despite this limitation, we still observed correlations between circulating 17:0 and 
fiber, consistent with other studies. Another limitation is the cross-sectional nature 
of the study, meaning that observed associations cannot be interpreted as causal 
relationships. Higher fiber intake may be a proxy of better adherence to healthy diet 
and the possibility of residual confounding from other aspects of healthy diet cannot 
be fully excluded. Our cohort consisted of post-MI patients and 21% of our cohort 
had diabetes. The circulating FA composition may be affected by existing chronic 
conditions, such as insulin resistance, via changes in FA metabolism.31 
Nevertheless, means and ranges of circulating proportion of OCFA in PL and CE in 
these patients were similar to other studies in generally healthy populations.1 
Analyses on the differences in means of circulating 15:0 and 17:0 between 
combined groups of dairy and fiber intake were not prespecified and should 
therefore be considered exploratory.   

 

CCOONNCCLLUUSSIIOONN  

In this population of post-MI patients with a relatively high dairy consumption, 
circulating proportions of 15:0 were associated with dairy intake, but not fiber intake, 
whereas circulating 17:0 were associated with both dairy and fiber intake. The utility 
of 17:0 as a biomarker of dairy intake may depend on the amount of fiber consumed, 
and likewise, its utility as a marker of fiber intake may depend on the amount of 
dairy consumed. The data suggest that cardiometabolic health benefits previously 
attributed to biomarkers of dairy intake, especially 17:0, may partly be attributable 
to dietary fiber intake.  
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LLiisstt  ooff  aabbbbrreevviiaattiioonnss    

CE: cholesteryl esters 
EPIC: European Prospective Investigation into Cancer and Nutrition 
FA: fatty acids 
FFQ: food frequency questionnaire 
MI: myocardial infarction 
OCFA: odd-chain fatty acids 
PL: phospholipids 
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SSUUPPPPLLEEMMEENNTTAARRYY  MMAATTEERRIIAALLSS  

TTaabbllee  SS11 Individual dairy products included and grouping into high fat or low fat dairy for the present 
analysis of Alpha Omega Cohort  

DDaaiirryy  pprroodduuccttss  SSppeecciiffiicc  ddaaiirryy  ffoooodd  pprroodduuccttss  HHiigghh  ffaatt  oorr  llooww  ffaatt  ddaaiirryy  
Milk  Full fat milk High fat dairy 
  Full fat chocolate milk High fat dairy 
  Semi-skimmed and skimmed milk Low fat dairy 
  Semi-skimmed and skimmed chocolate 

milk 
Low fat dairy 

  Buttermilk Low fat dairy 
    
Yogurt  Full fat yogurt  High fat dairy 
  Semi-skimmed and skimmed yogurt Low fat dairy 
  Yogurt drink Low fat dairy 
      
Dairy desserts Full fat quark  High fat dairy 
 Semi-skimmed and skimmed quark Low fat dairy 
  Full fat custard  High fat dairy 
  Semi-skimmed and skimmed custard Low fat dairy 
  Other desserts with cream  High fat dairy 
  Full fat pudding  High fat dairy 
  Low fat pudding  Low fat dairy 
  Dessert porridge  Low fat dairy 
      
Cream Whipped cream  High fat dairy 
  Cream with warm meals (crème fraiche, 

sour cream) 
High fat dairy 

      
Cheese All types  High fat dairy 
   
Milk for coffee and 
creamers 

Full fat milk added to coffee  High fat dairy 

 Semi-skimmed milk added to coffee Low fat dairy 
 Full fat powdered milk for coffee High fat dairy 
 Skimmed powdered milk for coffee Low fat dairy 
 Full fat dairy based coffee creamers High fat dairy 
 Skimmed dairy based coffee creamers High fat dairy 
   
Butter Salted High fat dairy 
 Unsalted   High fat dairy 
   
Ice-cream   High fat dairy 
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TTaabbllee  SS22 Food sources of dietary fiber for the present analysis of Alpha Omega Cohort  
Fiber types  Food sources included  Mean ± SD Median (IQR) 
Grain fiber  Bread (whole wheat, white bread, multigrain, 

rye), buns, toast   
9.3 ± 3.6 9.0 (6.5-11.7) 

  Granola, cornflakes, fiber-rich breakfast 
products  

  

  Rice, noodles, pasta     
  Biscuits, cookies, pancakes, savory pie   
     
Fruits fiber Citrus fruits, apples, pears, bananas, 

strawberries, blueberries, cherries, grapes, 
peaches, nectarines, plums, apricot, kiwi, 
grapefruit, dried fruit, other fruit 

3.9 ± 3.6 2.7 (1.3-5.8) 

  Apple sauce   
  Orange juice, apple juice, grapefruit juice, 

other juices  
  

     
Vegetable fiber  Endives, spinach, purslane, sprouts, 

cauliflower, broccoli, other cabbage, carrots, 
leek, chicory, kohlrabi, beets, mushrooms, 
bell pepper, onion, tomatoes, lettuce, 
crudités, other vegetables   

2.0 ± 1.1 1.8 (1.3-2.5) 

 Tomato juice, vegetable juice   
  Onion soup, tomato soup, other soup with 

vegetables  
  

     
Potato fiber  Boiled potatoes, mashed potatoes, baked 

potatoes, hotchpot, potato salad, other 
potatoes, fries, potato chips  

3.7 ± 1.8 3.6 (2.4-4.6) 

    
Beans, legumes, 
nuts fiber  

Peas, broad beans, green beans, legumes, 
legume soup, various nuts 

1.6 ± 1.1 1.0 (0.5-1.6) 

    
Other source 
(unknown) 

 1.0 ± 0.8 0.8 (0.5-1.3) 
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TTaabbllee  SS33 Spearman correlation coefficients for relation between intake and circulating odd-chain fatty 
acids additionally adjusted for medications and presence of type 2 diabetes 

 Fractions Pentadecanoic acid 
(15:0) 

Heptadecanoic acid 
(17:0) 

Dairy         
Total dairy  Phospholipids 0.19 (0.13, 0.25)*** 0.15 (0.09, 0.22)*** 
 

Cholesteryl esters 0.24 (0.17, 0.30)*** 0.13 (0.07, 0.20)*** 

Dairy fat Phospholipids 0.20 (0.13, 0.26)*** 0.12 (0.05, 0.18)*** 

 Cholesteryl esters 0.26 (0.20, 0.32)*** 0.11 (0.05, 0.18)*** 

    

Total fiber  Phospholipids 0.07 (-0.00, 0.13) 0.19 (0.12, 0.25)*** 
 Cholesteryl esters 0.04 (-0.03, 0.10) 0.11 (0.04, 0.17)** 
Other foods    

Total meat Phospholipids -0.01 (-0.08, 0.05) 0.01 (-0.05, 0.08) 

 Cholesteryl esters -0.04 (-0.10, 0.03) 0.02 (-0.05, 0.09) 

Ruminant meat  Phospholipids 0.06 (-0.01, 0.13) 0.05 (-0.01, 0.12) 

 Cholesteryl esters 0.05 (-0.01, 0.12) 0.05 (-0.02, 0.11) 

Total fish Phospholipids 0.02 (-0.05, 0.08) 0.06 (-0.00, 0.13) 

 Cholesteryl esters 0.09 (0.02, 0.16)** 0.02 (-0.05, 0.87) 

Partial rs are Spearman’s correlation coefficients between dietary intakes and individual circulating odd-chain fatty acids 
adjusted for age, sex, total energy intake, anti-hypertensive medication use, statins use and presence of type 2 diabetes.  
*p<0.05; **p<0.01; ***p<0.001. 
 

TTaabbllee  SS44 Spearman correlation coefficients for relation between intake and circulating odd-chain fatty 
acids including only patients without type 2 diabetes (n=683) 

 Fractions Pentadecanoic acid 
(15:0) 

Heptadecanoic acid 
(17:0) 

Dairy         
Total dairy  Phospholipids 0.17 (0.09, 0.24)*** 0.14 (0.06, 0.21)*** 
 

Cholesteryl esters 0.23 (0.15, 0.30)*** 0.17 (0.10, 0.24)*** 

Dairy fat Phospholipids 0.20 (0.12, 0.27)*** 0.10 (0.03, 0.18)** 

 Cholesteryl esters 0.27 (0.20, 0.34)*** 0.15 (0.07, 0.22)*** 

    

Total fiber  Phospholipids 0.03 (-0.04, 0.11) 0.18 (0.11, 0.25)*** 
 Cholesteryl esters 0.02 (-0.06, 0.09) 0.09 (0.01, 0.16)* 
Other foods    

Total meat Phospholipids 0.02 (-0.06, 0.09) 0.07 (-0.01, 0.14) 

 Cholesteryl esters -0.01 (-0.09, 0.06) 0.03 (-0.04, 0.11) 

Ruminant meat  Phospholipids 0.06 (-0.01, 0.14) 0.10 (0.02, 0.17)* 

 Cholesteryl esters 0.05 (-0.03, 0.12) 0.03 (-0.04, 0.11) 

Total fish Phospholipids 0.01 (-0.09, 0.06) 0.05 (-0.02, 0.13) 

 Cholesteryl esters 0.07 (-0.01, 0.14) 0.01 (-0.06, 0.09) 

Partial rs are Spearman’s correlation coefficients between dietary intakes and individual circulating odd-chain fatty acids 
adjusted for age, sex and total energy intake;  
*p<0.05; **p<0.01; ***p<0.001. 
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FFiigguurree SS11 Flow diagram for population for analysis  

 

 

 

 

 

n = 4837

n = 4365

Implausible energy intake, n = 19

Missing dietary data, n = 453

Complete dietary data
n = 4384

SSuubbssaammppllee wwiitthh 
pphhoosspphhoolliippiiddss aanndd 
cchhoolleesstteerryyll eesstteerrss 

mmeeaassuurreemmeenntt 
n = 869

Plasma phospholipids not 
available, n = 3476
Plasma phospholipids
unknown>5%, n = 20
Plasma cholesteryl esters
unknown>5%, n = 0
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FFiigguurree  SS22 Associations of circulating 15:0 (A, B) and 17:0 (C, D) with dairy intake (energy-
adjusted grams/day) evaluated by restricted cubic splines.  

Solid lines and grey areas are central estimates of circulating 15:0 or 17:0 and 95% confidence interval 
with adjustment for age, sex, and total energy intake. Knots were located at 5th, 50th and 95th percentile, 
represented by dashed vertical lines; Reference value was set at 5th percentile of dairy intake which was 
77 g/day. CE, cholesteryl esters; PL, phospholipids.   
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FFiigguurree  SS33 Associations of circulating 15:0 (A, B) and 17:0 (C, D) with dairy fat intake (energy 
adjusted grams/day) evaluated by restricted cubic splines.  

Solid lines and grey areas are central estimates of circulating 15:0 or 17:0 and 95% confidence interval 
with adjustment for age, sex, and total energy intake. Knots were located at 5th, 50th and 95th percentile, 
represented by dashed vertical lines. Reference value was set at 5th percentile of dairy fat intake which 
was 3.2 g/day. CE, cholesteryl esters; PL, phospholipids.   
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FFiigguurree  SS44 Associations of circulating 15:0 (A, B) and 17:0 (C, D) with fiber intake (energy-
adjusted grams/day) evaluated by restricted cubic splines. 

Solid lines and grey areas are central estimates of circulating 15:0 or 17:0 and 95% confidence interval 
with adjustment for age, sex, and total energy intake. Knots were located at 5th, 50th and 95th percentile, 
represented by dashed vertical lines. Reference value was set at 5th percentile of fiber intake which was 
13.3 g/day. CE, cholesteryl esters; PL, phospholipids.  
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AABBSSTTRRAACCTT   

OObbjjeeccttiivvee: To study plasma and dietary linoleic acid in relation to type 2 diabetes 
risk in post-myocardial infarction (MI) patients. 

RReesseeaarrcchh  DDeessiiggnn  aanndd  MMeetthhooddss: We included 3,257 patients aged 60-80 y (80% 
male) with a median time since MI of 3.5 years from the Alpha Omega Cohort and 
were initially free of type 2 diabetes. At baseline (2002-2006), plasma LA was 
measured in cholesteryl esters and dietary LA was estimated with a 203-item food-
frequency questionnaire. Incident type 2 diabetes was ascertained through self-
reported physician diagnosis and medication use. Hazard ratios (HR, with 95% CI) 
were calculated by Cox regressions, in which dietary LA isocalorically replaced 
sum of saturated (SFA) and trans fatty acids (TFA).  

RReessuullttss: Mean (±SD) circulating and dietary LA was 50.1±4.9 % and 5.9±2.1 en%, 
respectively. Plasma and dietary LA were weakly correlated (Spearman r= 0.13, P 
<0.001). During a median follow-up of 41 months, 171 patients developed type 2 
diabetes. Plasma LA was inversely associated with type 2 diabetes risk (quintile 
[Q]5 vs. Q1: 0.44 [0.26, 0.75]; per 5%: 0.73 [0.62, 0.86]). Substitution of dietary LA 
for SFA+TFA showed no association with type 2 diabetes risk (Q5 vs. Q1: 0.78 [0.36, 
1.72]; per 5 en%: 1.18 [0.59, 2.35]). Adjustment for markers of de novo lipogenesis 
attenuated plasma LA associations. 

CCoonncclluussiioonnss: In our cohort of post-MI patients, plasma LA was inversely related to 
type 2 diabetes risk, whereas dietary LA was not related. Further research is needed 
to assess whether plasma LA indicates metabolic state rather than dietary LA in 
these patients. 
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IINNTTRROODDUUCCTTIIOONN 

Dietary guidelines for the prevention of coronary heart disease (CHD) promote the 
replacement of trans fatty acids (TFA) and saturated fatty acids (SFA) by cis 
unsaturated fat, especially polyunsaturated fatty acids (PUFA).1 Linoleic acid 
(18:2n-6, LA) is the predominant type of dietary PUFA with a contribution of 4-6% to 
total energy intake (en%) in Western diets.2  

The importance of PUFA for the prevention of type 2 diabetes is not yet clear. 
Results from population-based studies showed inconsistent associations between 
type 2 diabetes risk and dietary LA,3–8 also when studied as total omega-6 FA,9,10 or 
as total PUFA.11,12 Inverse associations were found when SFA was theoretically 
replaced by PUFA11,12 and not when PUFA replaced total carbohydrates.4,9 
However, a recent analysis using data from three cohorts in the United States 
observed that isocaloric replacement by LA for either SFA, TFA or carbohydrates 
were all associated with lower type 2 diabetes risk.8 Inconsistencies might also be 
due to incomplete adjustment for relevant confounders, such as total energy 
intake3,5 or dietary fiber.7,10  

Plasma LA has been investigated as biomarker of dietary LA.13 Moderate 
correlations (0.2-0.3) between dietary, assessed by food frequency questionnaire, 
and plasma LA have been reported in non-patient populations, but correlations up 
to 0.7 were also reported when dietary history or multiple-day food records were 
used.13 Plasma LA has been used to investigate associations of LA with type 2 
diabetes risk in mostly general populations.14,15 A pooling study of 8 European 
population-based cohorts with ~27,000 individuals showed a relative risk (RR) of 
0.54 for incident type 2 diabetes in the upper versus lower quintile of plasma 
phospholipids LA.14 This was confirmed in a larger pooling study including 20 
prospective cohort studies of ~40,000 individuals, which showed an RR of 0.57 
when comparing extreme quintiles of circulating LA in various lipid compartments.15  

Plasma LA is not only influenced by dietary LA but also endogenous metabolic 
processes. Liver fat accumulation has been associated with lower plasma LA and 
higher plasma palmitic acid in an elderly population without diabetes.16 Higher 
delta-6-desaturase (D6D) activity, estimated by ratio of 18:3n-6 to LA in blood 
fractions, predicted worsening of glycaemia.17 

Patients who have had myocardial infarction (MI) and diabetes had higher risk for 
recurrent cardiovascular events and mortality as compared to patients who did not 
have diabetes.18,19 In the Alpha Omega Cohort, we showed that a better dietary fat 
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quality, studied by using theoretical replacement of SFA plus TFA by PUFA 
(predominantly LA), was related to a 34% lower risk of CVD mortality, on top of 
advanced drug treatment.20 Whether having better dietary fat quality or plasma fatty 
acid composition could also lower type 2 diabetes risk in these patients is still 
unknown. We therefore examined the associations of both plasma LA measured in 
cholesteryl esters and dietary LA (replacing SFA plus TFA) and the incidence of 
type 2 diabetes during ~3 years of follow-up in our cohort of post-MI patients.  

 

RREESSEEAARRCCHH  DDEESSIIGGNN  AANNDD  MMEETTHHOODDSS  

Patients and study design 

The Alpha Omega Cohort is a prospective observational study of 4837 drug-treated 
Dutch patients aged 60-80 years with a verified clinically diagnosed MI up to 10 y 
before study enrollment. The Alpha Omega Cohort is registered with 
ClinicalTrials.gov, NCT03192410. Baseline measurements took place between 
2002 and 2006, as described in detail elsewhere21,22 These patients were free living, 
mostly men (78%), and some also reported a history of stroke (7%) or type 2 
diabetes (17%). Most of the patients were treated with statins (86%) and 
antihypertensive medications (89%).22 During the first 40 months of follow-up, 
patients took part in an intervention study (Alpha Omega Trial) with low doses of 
omega-3 PUFA (treatment groups: alpha-linolenic acid, eicosapentaenoic acid + 
docosahexaenoic acid, alpha-linolenic acid + eicosapentaenoic acid + 
docosahexaenoic acid, and placebo), which had no effect on major cardiovascular 
events.21 Patients were monitored for type 2 diabetes incidence (outcome for the 
current study) for the duration of the intervention study.  

The current analysis excluded patients with prevalent type 2 diabetes at baseline 
(n=1014). Prevalent type 2 diabetes at baseline was defined when a patient 
reported having received the diagnosis from a physician, was taking antidiabetic 
drugs, or had an elevated plasma glucose level (≥7.0 mmol/L if fasted for ≥4h or 
≥11.1 mmol/L if not fasted).21 We further excluded patients with missing data on 
plasma cholesteryl esters or patients with >5% of unknown FA (n=61) and missing 
dietary data or extreme energy intake (<800 or >8,000 kcal/d for men, <600 or 
>6,000 kcal/d for women) (n=334). Additionally, we excluded 171 patients with 
extreme unsaturated FA intakes (<2.5th or >97.5th percentile) to obtain reliable risk 
estimates when analyzing FA intake on a continuous scale, as reported previously.20 
A total of 3257 patients remained for analysis (SSuupppplleemmeennttaarryy  FFiigguurree  SS11). 
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Dietary data collection 

Dietary intake data were collected at baseline by a 203-item food frequency 
questionnaire (FFQ). The FFQ was an extended version of a reproducible, validated 
104-item questionnaire that was specifically designed for estimating FAs and 
cholesterol intake.23,24 The original FFQ showed good relative validity for LA intake 
when compared to dietary history interviews (Pearson r = 0.65).23 Patients were 
instructed to report their usual food intake over the past month, including the type 
of food, frequency, amount, and preparation methods if applicable. For example, 
when patients indicated that they consumed baked potatoes, they were also asked 
to indicate which type and brand of fat was used for preparation. A trained dietician 
checked the returned FFQs and obtained additional information by telephone for 
items that were unclear or missing. Double data entry was performed, and 
inconsistencies were solved. Total energy and nutrient intakes were calculated from 
food consumption data using the 2006 Dutch food consumption database 
(NEVO).25  Dietary intake of LA and other macronutrients were expressed as 
percentages of energy (en%), excluding calories from alcohol. 

  
Assessment of plasma FAs 

Samples of 30 mL venous blood, either fasting or non-fasting, were drawn at the 
patients’ home or at the hospital. Blood was collected in EDTA containing 
vacutainers, packed in a sealed envelope and sent over postal mail to a central 
laboratory.26 FA were measured in plasma cholesteryl esters. Detailed procedures 
of FA measurement have been described previously.27 In short, lipids from EDTA 
plasma were separated by solid phase extraction silica columns to obtain 
cholesteryl esters fraction (Chrompack, Middelburg, the Netherlands). Cholesteryl 
esters FA were identified by gas chromatography through comparison with known 
standards (Nu-chek prep, Inc. Elysian, MN, USA). Individual FAs were expressed 
as percentage of total FAs. For LA, the within-run and between-run coefficient of 
variation was ≤0.6% and ≤1.2%, respectively. 

 
Ascertainment of incident type 2 diabetes 

Type 2 diabetes was ascertained based on a self-reported physician’s diagnosis 
and/or the initiation of antidiabetic medication. Type 2 diabetes was assessed after 
12 months, 24 months, at midterm examination (20 months) and at the end of the 
Alpha Omega Trial phase, with a median (interquartile range [IQR]) follow-up of 
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40.7 (36.8-41.5) months, through telephone calls and questionnaires. The date of 
diagnosis or start of medication use was reported by the patients. If this information 
was missing, the midpoint between two interview dates was used (10% of cases). 
Diagnosis of incident type 2 diabetes was not based on plasma glucose 
concentrations because blood samples were only collected for part of the cohort 
during the follow-up. 

 
Other measurements 

Body mass index (BMI) was calculated as measured weight (kg) divided by the 
squared height (m2). Educational level was assessed in four categories, as primary 
education, lower secondary education, higher secondary or lower tertiary 
education, and higher tertiary education. Smoking status was reported in three 
categories as never, former, or current. Alcohol intake, estimated from the FFQ, was 
categorized as no (ethanol intake of 0 g/d), low (>0-10 g/d), moderate (>10-20 g/d 
for women or >10-30 g/d for men), or high (>20 g/d for women or >30 g/d for men). 
Physical activity was assessed by using the validated Physical Activity Scale for the 
Elderly28 and categorized as low (no activity or only light activity, ≤ 3 metabolic 
equivalents (METs)), intermediate (>0 to <5 days/week of moderate or vigorous 
activity, >3METs), or high (≥5 days/week of moderate or vigorous activity, >3METs). 
Medication use was coded according to the Anatomical Therapeutic Chemical 
Classification System. Codes were A10 for antidiabetic drugs, C02, C03, C07, C08 
and C09 for antihypertensive drugs, C10AA and C10B for statins and B01 for 
antithrombotic drugs.29 Blood lipids and glucose were analyzed by standard kits 
using a Hitachi 912 Autoanalyzer (Roche Diagnostics, Basel, Switzerland).22 Blood 
was collected in fasting state in 44.5% of the cohort (4 to <12 hours for 414 patients 
and ≥12 hours for 1035 patients). Prediabetes was defined as plasma glucose 
between 6.1 and 6.9 mmol/L after ≥4 hours of fasting. Family history of type 2 
diabetes was considered present when patients reported at least one parent with 
type 2 diabetes. To describe overall diet quality of these patients, we computed a 
healthy nutrient and food score using information from the FFQ, as reported 
previously.30 

   
Statistical analysis 

Baseline characteristics are presented as mean and SD for normally distributed 
variables, median and IQR for skewed variables, or percentage for categorical 
variables. Spearman correlation was computed between dietary and plasma LA. 
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Survival time in years was computed from the date of study enrollment until 1) onset 
of type 2 diabetes, 2) death, or 3) end of follow-up. Associations of dietary and 
plasma LA with incident type 2 diabetes were analyzed using Cox proportional 
hazard analysis. Proportional hazards assumption was tested by log-log plots and 
by including time-dependent covariates in the Cox models; all assumptions were 
met. Hazard ratios (HRs) and 95% CIs were calculated in quintiles of dietary or 
plasma LA and the lowest quintile was set as the reference category. The P value 
for trend across quintiles was obtained by assigning each patient median dietary 
or plasma LA values for the category, and we modeled this value as continuous in 
the Cox models. Analyses were repeated with LA on a continuous scale (per 5 en% 
increase in dietary LA; per 5% increase in plasma LA). Per 5% increase for 
continuous analysis was chosen mainly because it approximated the range 
between the extreme quintiles of dietary or plasma LA in the present analysis or was 
also used by other studies.6,12 Missing values for covariables (n=1 for smoking, n=2 
for BMI, n=13 for education level, n=16 for physical activity) were imputed with sex-
specific median (continuous variable) or mode (categorical variable) to retain all 
patients in the analyses. 

The following models were used: Model 1 adjusted for age (y), sex and Alpha 
Omega Trial treatment code (four categories); model 2 additionally adjusted for 
physical activity (3 categories), smoking status (three categories), educational level 
(four categories), BMI (kg/m2), family history of type 2 diabetes (yes/no), total energy 
intake excluding calories from alcohol (kcal/d), alcohol intake (four categories), 
dietary fiber (g/d) and dietary cholesterol (mg/d). For dietary LA, we additionally 
investigated a replacement of sum of SFA and TFA by LA in an isocaloric 
substitution model (model 3). In model 3, we simultaneously included the 
percentages of energy from linoleic acid, carbohydrates, protein, and the remaining 
FA types: n-3 PUFA and cis-MUFA in the model, and left SFA and TFA out of the 
model. Coefficients for dietary LA from this Cox model may be interpreted as 
estimated effect of replacing a certain percentage of energy contributed by 
SFA+TFA for equivalent energy from LA, holding constant the total energy intake 
and other macronutrients. Restricted cubic spline analyses were carried out to 
evaluate the linearity of the associations in the fully adjusted models. Knots were 
positioned at the 5th, 50th and 95th percentile, and value at 5th percentile of dietary 
or plasma LA was considered as the reference value.31  

Subgroup analyses were carried out by sex, age (<65 or ≥65 y), obesity (BMI <30 
or ≥30 kg/m2) as previously examined in other studies4,6,12,15 and time since MI (≤5 
or >5 y). Additionally, we investigated alcohol intake (no, low, moderate or high) 
and statin use (yes or no) since in this cohort we observed a lower plasma LA in 
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statin users and patients with high alcohol intake as compared to patients without 
these characteristics.27 Potential effect modification by these variables were 
statistically tested by including interaction terms with plasma LA in model 2. 
Sensitivity analyses for dietary and plasma LA were carried out by excluding 
patients with prediabetes at baseline.  

In order to explore additional confounding or mediating effects of metabolic factors 
on the association between plasma LA and type 2 diabetes incidence, we added 
the following covariables to the fully adjusted model (one at a time) in post-hoc 
analyses: triacylglycerols (mmol/L); palmitic acid (16:0, %) and palmitoleic acid to 
palmitic acid ratio (16:1n-7/16:0) as markers for de novo lipogenesis; and oleic acid 
(18:1n-9, %), as the other major FA present in cholesteryl esters and may be derived 
from de novo lipogenesis.   

Finally, to explore associations between FA metabolism and incident type 2 
diabetes, we examined associations of selected markers of FA metabolism with 
incident type 2 diabetes by using these markers as exposure variable in model 2. 
We selected plasma 16:0, 18:1n-9, the ratio of palmitic acid to LA (16:0/18:2n-6) as 
markers for liver fat content,16,32 the ratio of arachidonic acid to dihomo-gamma-
linolenic acid (20:4n-6/20:3n-6) as an estimation of delta-5-desaturase (D5D) 
activity, and the ratio gamma-linolenic acid to LA (18:3n-6/18:2n-6) as estimated 
D6D activity.  

All analyses were performed using SAS 9.4 statistical software (SAS Institute, Cary, 
NC, USA). Two-sided P-values <0.05 were considered statistically significant. 

 

RREESSUULLTTSS  

Patients were on average 68.9 ± 5.5 y old, had a BMI of 27.4 ± 3.5 kg/m2  (75% 
overweight or obese), and 80.5% were men. Median (IQR) time since MI for these 
patients was 3.5 (1.6-6.3) years. Most of the patients used antithrombotic drugs 
(97.7%), antihypertensive drugs (89.0%), or statins (86.4%). Dietary and plasma LA 
were weakly correlated (r = 0.13, P <0.001). Median dietary LA increased from 3.5 
to 8.8 en% across dietary quintiles, with a smaller range (5.6 to 6.3 en%) across 
plasma quintiles (TTaabbllee  11). Median proportions of plasma LA increased from 49.3 
to 51.2% of total FA across quintiles of dietary LA, whereas this range was larger 
(43.9 to 56.3% of total FA) across quintiles of plasma LA. During a median follow-
up of 41 months (10277 person-years), 171 cases of type 2 diabetes occurred. No 
patients were lost during follow-up. 
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Dietary LA 

Patients with higher dietary LA had a lower BMI and were more likely to be men and 
to be current smokers. The proportion of patients with high alcohol intake, using 
statins, and the concentrations of plasma glucose and serum triacylglycerols did 
not vary across quintiles of dietary LA. Those in the higher quintiles of dietary LA 
had higher intake of total energy, proportion of energy from total fat, SFA, and cis 
MUFA, and lower protein and carbohydrates. Fiber intake was similar across 
quintiles (TTaabbllee  11). 

Dietary LA was not associated with type 2 diabetes risk after adjusting for 
demographic, lifestyle characteristics, dietary fiber and dietary cholesterol (model 
2) (HRQ5vsQ1: 0.88; 95% CI: 0.54, 1.44; P-trend = 0.97) (TTaabbllee  22). When SFA and TFA 
were theoretically replaced by LA, dietary LA was not associated with type 2 
diabetes risk across quintiles (HRQ5vsQ1: 0.78; 95% CI: 0.36, 1.72; P-trend = 0.84) 
and continuously (HRper 5 en%: 1.18; 95% CI: 0.59, 2.35; P = 0.64). Exclusion of 
patients with prediabetes yielded similar results as in the total sample.  
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Plasma LA 

Patients with higher plasma LA had lower BMI, lower plasma glucose and serum 
triacylglycerol concentrations. They were less likely to be current smokers, to have 
high alcohol intake, and to be statin users as compared to those in the lower 
quintiles. Patients with higher plasma LA also had higher total energy intake, 
percentage of energy from PUFA, and dietary fiber intake (Table 1).  

After multivariable adjustments, there was a strong inverse association between 
plasma LA across quintiles (HRQ5vsQ1: 0.44; 95% CI: 0.26, 0.75; P-trend = 0.001) 
(TTaabbllee  33). In continuous analyses, each 5% higher plasma LA was associated with 
27% lower risk of type 2 diabetes (HR: 0.73; 95% CI: 0.62, 0.86; P<0.001). Results 
from restricted cubic splines analysis indicated a possible linear relation (P non-
linearity = 0.36; FFiigguurree  11). Association between plasma LA and incident type 2 
diabetes were modified by sex (P interaction= 0.009), with inverse association 
being more pronounced in women (SSuupppplleemmeennttaarryy  TTaabbllee  SS11). In this cohort, women 
had a lower median (IQR) alcohol intake (2.7 [0.0-9.6] g/d) than men (9.8 [3.0-22.1] 
g/d). Age, BMI, alcohol intake and statin use did not modify the associations.  

In sensitivity analyses including only patients without prediabetes at baseline 
(n=3073), the associations were similar to the main analysis, as shown in results 
across quintiles (HRQ5vsQ1: 0.50; 95% CI: 0.28, 0.88; P for trend=0.014) and on a 
continuous scale (HRper 5%: 0.76; 95% CI: 0.63, 0.91; P=0.003) (SSuupppplleemmeennttaarryy  
TTaabbllee  SS22).  
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A

B

 

FFiigguurree  11 Associations of (A) dietary LA (replacing SFA + TFA) and (B) plasma LA with incident 
type 2 diabetes in 3257 post-MI patients.  

Solid lines are risk estimates evaluated by restricted cubic splines from Cox models, showing the shape of associations 
on a continuous scale with three knots located at the 5th, 50th and 95th percentiles. The y-axis shows the multivariable 
hazard ratios for type 2 diabetes incidence for any dietary or plasma LA value, compared to the reference values set 
at 5th percentile of dietary LA (3.0 en%) or 5th percentile of plasma LA (41.9%). Grey areas indicate 95% confidence 
intervals. Results are presented for the fully adjusted models for dietary LA (model 3; adjusted for variables in model 2 
(age, sex, Alpha Omega Trial treatment code, physical activity, smoking status, educational level, BMI, family history 
of type 2 diabetes, total energy intake excluding alcohol, alcohol consumption, dietary fiber, dietary cholesterol) plus 
dietary protein, carbohydrates, n-3 PUFA, cis-MUFA) and plasma LA (model 2). Distribution of values of dietary or 
plasma LA were displayed in a histogram under each spline; en%, percentage of total energy intake, excluding energy 
from alcohol. 
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CCOONNCCLLUUSSIIOONNSS  

In the present study, a 5% increase in plasma LA in cholesteryl esters was linearly 
associated with a 27% lower risk of type 2 diabetes in a high-risk population of post-
MI patients, independent of age, sex, BMI, family history and lifestyle 
characteristics. Dietary LA was not associated with type 2 diabetes risk. 

Our findings for dietary LA are not in line with previous observational studies 
replacing SFA with PUFA in a theoretical substitution which found inverse 
associations with incident type 2 diabetes in cohorts of women.11,12 A recent analysis 
using data from three US cohorts showed that substitution of 5% energy from dietary 
LA for SFA and 2% energy for TFA was associated with 14% and 17% lower risk of 
type 2 diabetes, respectively, and that these associations were consistently 
observed in men and in women.8 A meta-analysis of 13 randomized controlled 
feeding trials showed that isocaloric replacement of PUFA for SFA or 
carbohydrates, where primarily n-6 FA was used as the intervention arm, decreased 
insulin resistance but did not affect glucose concentrations.33 Total PUFA also 
includes n-3 FA, which influence may be limited but cannot be excluded.34  

Our findings for plasma LA are in line with previous studies in mostly general 
populations. Two recent large prospective studies, including a comparative meta-
analysis14 and a pooled analysis,15 consistently showed that increasing proportions 
of LA in different blood fractions, including cholesteryl esters, are associated with a 
lower risk of type 2 diabetes. A possible explanation for the association between 
higher plasma LA and lower type 2 diabetes risk is through the increase of the 
unsaturation degree of the membrane lipids. Higher degree of unsaturation may 
increase membrane fluidity and number of insulin receptors and decrease receptor 
affinity, which could result in higher insulin sensitivity.35,36 We also observed that the 
inverse association between plasma LA and type 2 diabetes risk was more 
pronounced in women. However, this effect measure modification by sex was not 
observed in other studies.4,14,15 We suspected that the stronger inverse association 
in women could be due to that alcohol intake of male patients in this cohort was 
higher than the intake of the female patients. Furthermore, when the association 
between plasma LA and type 2 diabetes risk was examined in patients with different 
alcohol intake categories, patients with no alcohol intake were shown to have the 
lowest type 2 diabetes risk, although the interaction term did not reach significance. 
Possible influence of other factors related to metabolic condition in these patients 
on the association of LA and type 2 diabetes risk will be further discussed below.  
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In earlier population-based studies that examined both plasma and dietary LA 
within the same cohort, generally inverse associations with type 2 diabetes were 
found for plasma LA, while for dietary LA the associations varied.3–5 To explain the 
inconsistent observations between plasma and dietary LA, the authors of the earlier 
studies attributed the null association for dietary LA to the subjective nature of the 
dietary assessment method, which is suggested to provide a lower ability to detect 
true associations than objective LA biomarkers.4,5 Another possible explanation was 
the existence of metabolic differences between individuals who later develop type 
2 diabetes and not.3,4  

In relation to the dietary assessment method, dietary intake data used in the present 
analyses were collected by a validated FFQ specifically designed for the 
assessment of FA intake. We also recently showed that replacing dietary SFA and 
TFA by unsaturated FA was associated with a lower risk of mortality from CHD in 
the same cohort.20 This further supported the qualitative validity of our FFQ to rank 
patients adequately according to their FA intake. Explanation for the inconsistent 
observations for plasma and dietary LA in the present study may therefore not solely 
be related to the dietary assessment method, but also to other factors, such as 
metabolic conditions influencing plasma composition of FA.  

Populations at higher risk for type 2 diabetes may already have altered plasma FA 
composition, including a decrease in plasma LA proportion. In our population of 
post-MI patients, those with low plasma LA had a more adverse metabolic risk 
profile with higher BMI, plasma glucose and serum triacylglycerol concentrations. 
They also consumed more alcohol and often were statin users. Previously, we 
reported a generally weak correlation between dietary and circulating LA 
(Spearman correlation <0.20) and that this weak correlation might be in part due to 
alcohol and/or statins use.27 The more adverse metabolic profile observed in 
patients with low plasma LA was not observed for dietary LA.   

It is possible that the patients with a more adverse metabolic risk profile had an 
impaired liver function, such as in non-alcoholic fatty liver disease, and this may 
explain why we observed an increased risk of type 2 diabetes in patients with a low 
plasma LA. Non-alcoholic fatty liver disease has been strongly associated with an 
increased risk of type 2 diabetes.37 In non-alcoholic fatty liver disease, de novo 
lipogenesis is up-regulated and/or FA oxidation is down-regulated.38 These 
processes may promote a larger proportion of plasma SFA and MUFA, leading to a 
smaller plasma LA proportion.13 In addition, insulin resistance has been associated 
with high D6D activity and low plasma LA proportion.4 Indeed, in the post-hoc 
analyses of the present cohort, we found that higher proportion of the FA in the de 
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novo lipogenesis pathway, oleic acid and palmitic acid, and higher estimated D6D 
activity were associated with increased type 2 diabetes risk. Furthermore, 
adjustments for markers of de novo lipogenesis (palmitic acid, oleic acid, ratio of 
palmitoleic acid to palmitic acid) also attenuated associations of plasma LA. These 
changes in FA composition due to the impaired metabolism may additionally 
explain the weak correlation between plasma and dietary LA in our population.  

This study has some limitations. The Alpha Omega Cohort is a rather homogenous 
population of predominantly male post-MI patients, therefore range of dietary LA 
and plasma LA proportion might not be comparable to other studies in healthy 
populations. Nevertheless, the range of dietary and plasma LA in this patient 
population were quite similar to studies in generally healthy populations.3–6,8,15 Other 
limitations are the relatively short follow up time (median of 41 months) and the self-
reported diagnosis of incident type 2 diabetes, that might have led to an 
underestimation of the number of cases and attenuation of associations.  

To conclude, in this cohort of post-MI patients, plasma LA, but not dietary LA, was 
associated with lower type 2 diabetes risk. Our results suggested that metabolic 
conditions affecting plasma LA, rather than dietary LA intake, may be responsible 
for this association. Further research on the factors affecting plasma LA and its utility 
as a biomarker of LA intake in patient populations is warranted.   
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SSUUPPPPLLEEMMEENNTTAARRYY  MMAATTEERRIIAALLSS  

SSuupppplleemmeennttaarryy  TTaabbllee  SS11 Hazard ratios and 95%CI of plasma linoleic acid and incident type 2 diabetes 
(per 5%) in subgroups* 

Subgroups HR (per 5 %) P for interaction 
Sex   

Men (n=2621) 0.81 (0.67, 0.96)  
Women (n=636) 0.47 (0.33, 0.68) 0.009 

Age   
<65 y (n=966) 0.84 (0.62, 1.12)  
≥65 y (n=2291) 0.69 (0.57, 0.83)  0.28 

Body mass index   
<30 kg/m2 (n=2604) 0.72 (0.60, 0.87)  
≥30 kg/m2 (n=653) 0.72 (0.53, 0.97) 0.96 

Alcohol intake†    
     No (n=132) 0.49 (0.25, 0.96)  
     Low (n=1672) 0.70 (0.56, 0.87)  

 Moderate (n=907) 0.88 (0.64, 1.21)  
 High (n=546) 0.72 (0.49, 1.06) 0.42 

Statin use    
Yes (n=2815) 0.70 (0.58, 0.83)  
No (n=442) 0.94 (0.62, 1.43) 0.19 

Time since myocardial infarction   
>5 years (n=1190) 0.78 (0.60, 1.02)  
≤5 years (n=2038) 0.71 (0.58, 0.86) 0.68 

* Hazard Ratios with 95% confidence intervals were obtained by Cox regression analysis, using the fully adjusted 
model (model 2, described in text, Statistical Analysis). 
† Categorized as “no: 0 g/d”, “low: >0 to 10 g/d”, “moderate: >10 to 20 g/d for women and >10 to 30 g/d for men”, 
and “high: >20 g/d for women and >30 g/d for men”.
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SSuupppplleemmeennttaall FFiigguurree SS11 Flow diagram for selecting the population of analysis from the 
Alpha Omega Cohort. 
CE, cholesteryl esters; FA, fatty acids; UFA, unsaturated fatty acids. 

n = 3823

n = 3762

n = 4837

n = 3428

n = 3257

Prevalent type 2 diabetes (n = 1014)

Missing data on FA composition of plasma 
CE (n = 56)
Plasma CE unknown>5% (n = 5)

Dietary missings (n = 319) 
Extreme energy intake (n = 15)

Extreme UFA (n = 171)
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AABBSSTTRRAACCTT  

BBaacckkggrroouunndd:: The relation between dietary and circulating linoleic acid (18:2 n-6, 
LA), glucose metabolism and liver function is not yet clear. Associations of dietary 
and circulating LA with glucose metabolism and liver function markers were 
investigated.  

MMeetthhooddss:: Cross-sectional analyses in 633 black South Africans (aged >30 years, 
62% female, 51% urban) without type 2 diabetes at baseline of the Prospective 
Urban Rural Epidemiology study. A cultural-sensitive 145-item food-frequency 
questionnaire was used to collect dietary data, including LA (percentage of energy; 
en%). Blood samples were collected to measure circulating LA (% total fatty acids 
(FA); plasma phospholipids), plasma glucose, glycosylated hemoglobin (HbA1c), 
serum gamma-glutamyl transferase (GGT), alanine (ALT) and aspartate 
aminotransferase (AST). Associations per 1 standard deviation (SD) and in tertiles 
were analyzed using multivariable regression.    

RReessuullttss:: Mean (±SD) dietary and circulating LA was 6.8 (±3.1) en% and 16.0 (±3.5) % 
total FA, respectively. Dietary and circulating LA were not associated with plasma 
glucose or HbA1c (β per 1 SD: -0.005 to 0.010, P>0.20). Higher dietary LA was 
generally associated with lower serum liver enzymes levels. One SD higher 
circulating LA was associated with 22% lower serum GGT (β (95% confidence 
interval): -0.25 (-0.31, -0.18), P<0.001), but only ≤9% lower for ALT and AST. 
Circulating LA and serum GGT associations differed by alcohol use and locality.  

CCoonncclluussiioonn:: Dietary and circulating LA were inversely associated with markers of 
impaired liver function, but not with glucose metabolism. Alcohol use may play a 
role in the association between LA and liver function.  
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IINNTTRROODDUUCCTTIIOONN  

Circulating linoleic acid (18:2 n-6, LA) has been inversely associated with the risk 
of type 2 diabetes (T2D) in cohorts of mostly healthy Caucasian populations,1 
whereas the association between dietary linoleic acid and T2D risk remains 
equivocal.2–5 This discrepancy has been mainly attributed to the limitation of self-
reported dietary LA assessment. However, endogenous fatty acids (FA) metabolism 
affecting circulating LA proportion may also play a role.  

The proportion of circulating LA is not only influenced by dietary LA, but also by 
endogenous FA metabolism, which may be affected by various factors such as 
obesity and liver impairment.6,7 A lower circulating LA was observed in non-
alcoholic fatty liver disease patients as compared to healthy individuals.8 Circulating 
LA has also been inversely associated with hepatic fat deposition.9 These findings 
suggest that low proportions of circulating LA may indicate impairment of liver 
function.  

The influence of dietary LA on glucose metabolism and liver function is not yet clear. 
Meta-analyses of randomized controlled feeding trials showed that increasing the 
intake of polyunsaturated fatty acids (PUFA) (mainly LA) potentially affects glucose 
metabolism.10,11 On the other hand, a high dietary n-6 FA or n-6/n-3 ratio has been 
considered to promote the development of fatty liver through inflammation,12 
although evidence from two systematic reviews and meta-analyses of randomized 
controlled trials in humans showed that increasing dietary n-6 FA did not result in 
higher concentration of inflammatory markers.13,14 

Studies on LA and markers related to T2D risk have been performed mainly in 
Caucasian populations. Populations with African ancestry may have different 
distributions of genetic variants related to long-chain PUFA metabolism.15 Therefore, 
this study aimed to investigate associations of both dietary and circulating LA with 
markers of glucose metabolism and liver function in the South African leg of the 
Prospective Urban and Rural Epidemiological (PURE) study.  

 

SSUUBBJJEECCTTSS  AANNDD  MMEETTHHOODDSS 

Study population  

The PURE North-West Province South Africa (PURE-NWP-SA) is a cohort of black 
South African participants and part of the larger international PURE study. The 
design, selection and recruitment of participants for the PURE-NWP-SA study have 
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been described previously.16 In brief, apparently healthy black South African adults 
aged >30 years old were recruited from two urban and two rural communities in 
North-West Province. Of 3,750 adults who completed the screening questionnaire, 
2,010 attended baseline measurements in 2005. All participants gave written 
consent to participation and the study was approved by the Ethics Committee of 
the North-West University (04M10 and NW-00016-10-A1).16     

Baseline PURE-NWP-SA cohort data were used for the present cross-sectional 
study. Participants without information on dietary LA intake or with implausible 
energy intake (<3,347 kilojoules (kJ) [<800 kilocalories (kcal)] or >16,736 kJ 
[>4,000 kcal] for men; <2,092 kJ [<500 kcal] or >14,644 kJ [>3,500 kcal] for 
women)17 or missing plasma FA were further excluded. Missing or unreliable plasma 
glucose (values <2.5 mmol/L) and glycosylated hemoglobin (HbA1c) were 
excluded. Finally, participants with prevalent diabetes, defined as self-reported 
diagnosis of type 2 diabetes or use of anti-diabetes drugs, were excluded. A total 
of 633 participants were included in the present analyses (AAddddiittiioonnaall  ffiillee  11::  FFiigguurree  
SS11).  

 
Dietary assessment  

Information on usual diet was collected with a cultural-sensitive 145-item quantified 
food-frequency questionnaire (QFFQ). This questionnaire, covering dietary intake 
in the previous month, was developed and validated in a similar population.18–20 
Dietary FA intakes at baseline (expressed as grams/day (g/d) and a percentage of 
energy (en%)) were calculated by using the South African food composition 
database.21 In addition, information from the QFFQ and food composition database 
were used to calculate total daily intakes of energy (kJ), macronutrients (en%), 
dietary fiber (g/d) and cholesterol (mg/d). 

 
Circulating plasma phospholipid FA measurement 

Venous blood samples were collected from participants after 8-10 h of fasting by a 
trained nurse, prepared in conditions required for further processing and stored at 
-80°C until analysis.16 Before analysis, frozen EDTA samples were thawed and total 
lipids were extracted by using a modified Folch method22 from the plasma samples. 
Phospholipids FA fraction was isolated by using thin-layer chromatography. FA 
composition of plasma phospholipids was analyzed using quadrupole gas 
chromatography electron ionization mass spectrometry at the Centre of Excellence 
for Nutrition laboratory, Potchefstroom, South Africa as previously described in 
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detail.23 A total of 26 FA were quantified as a percentage of total FA identified in the 
sample (g/100 g total FA; % total FA) including LA and arachidonic acid (20:4n-6). 
Delta-6-desaturase activity was also estimated by calculating the ratio of circulating 
dihomo-gamma-linolenic acid to LA (20:3n-6/18:2n-6). 

 
Markers of glucose metabolism and liver function  

Plasma glucose (mmol/L) in the fasting state was measured by using Synchron® 
System (Beckman Coulter Co., Fullerton, CA, USA). HbA1c was assessed in EDTA-
treated whole blood by using a D-10 Hemoglobin testing system (Bio-Rad 
Laboratories, Hercules, CA, USA). Serum liver enzymes (gamma-glutamyl 
transferase (GGT), alanine aminotransferase (ALT), aspartate aminotransferase 
(AST); U/L) were determined using Sequential Multiple Analyzer Computer 
Konelab20i auto analyzer (Thermo Fischer Scientific, Vantaa, Finland). 

 
Other measurements  

Information about demographics, socioeconomic status, lifestyle and physical 
activity was collected using structured questionnaires that were standardized for 
the international PURE study.16 Locality was identified as rural or urban based on 
the communities where the participants resided. Physical activity index (PAI) was 
calculated (maximum score of 10.0) and participants were categorized into having 
‘low’(1<PAI≤3.33), ‘moderate’ (3.34≤PAI≤6.67), or ‘high’ (PAI ≥6.68) physical 
activity.24,25 Participants had to indicate their level of education obtained and their 
responses were recoded into a dichotomous variable of ‘no school or primary’ or 
‘secondary or higher’. Participants’ smoking status was recorded as ‘non-smoker’ 
or ‘past or current smoker’. Alcohol intake was assessed by using the QFFQ and 
expressed as g/d of pure ethanol.26 Alcohol intake was also categorized into ‘no’ (0 
g/d), ‘light’ (>0-10 g/d (women); >0-20 g/d (men)), ‘moderate’ (>10-20 g/d (women); 
>20-30 g/d (men)), or ‘high’(>20 g/d (women); >30 g/d (men)).  

Height, weight and waist circumference were measured using standardized 
procedure as described previously.16 Body mass index (BMI) was calculated by 
dividing weight by height squared (kg/m2). Obesity was considered present when 
BMI ≥30 kg/m2. Other biochemical analyses such as total cholesterol (mmol/L), 
high-density lipoprotein cholesterol (HDL-C; mmol/L), triglycerides (TG; mmol/L), 
high-sensitivity C-reactive protein (mg/L) were determined in serum.27 Interleukin-6 
(pg/ml) was measured using ultrasensitive enzyme immunoassays (Elecsys 2010, 
Roche, Basel, Switzerland).28  Low-density lipoprotein cholesterol (LDL-C; mmol/L) 
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was estimated using the equation: LDL-C = total cholesterol − HDL-C − 
triglycerides/adjustable factor. In this modification of the Friedewald equation 
specific adjustable factors are used to estimate VLDL-C, depending on the levels 
of triglycerides and non-HDL-C.29 Values of serum HDL-C ≤1.0 mmol/L for men or 
≤1.3 mmol/L for women were considered low and serum triglycerides >1.7 mmol/L 
was considered as high. Systolic and diastolic blood pressure (in mmHg) were 
measured twice on the right upper arm in a seating position with 5 min between 
measurements as previously reported.27 Use of medications (anti-diabetes, anti-
hypertensive drug) was recorded at study sites by interviewers. Hypertension was 
considered present if blood pressure was ≥140/90 mmHg or using antihypertensive 
medication. The human immunodeficiency virus (HIV) status of participants was 
assessed according to the South African National Department of Health protocol as 
previously described.16 

  
Statistical analysis  

Participants’ characteristics were examined in the total sample and by categorizing 
the participants into tertiles according to their dietary or circulating LA values. Linear 
trends across dietary or circulating LA were calculated by assigning median values 
of dietary or circulating LA for the tertile and modelling these as a continuous 
variable in the regression models. The distribution of values for all variables, the 
residuals and homogeneity of variances were examined before performing the main 
analyses. The outcome variables (plasma glucose, HbA1c, serum GGT, ALT and 
AST) were log-transformed before analysis to achieve normality of residuals and 
homogeneity of variances.  

To assess the relationship between dietary and circulating LA, Spearman rank 
correlation (r) between dietary and circulating LA was calculated and adjusted for 
age, sex and total energy intake. Least-squares means and 95% confidence 
interval (CI) of circulating LA (% total FA) across tertiles of dietary LA (en%) were 
calculated by using linear regression, adjusted for age, sex and total energy intake, 
also in subgroups by sex (men vs. women), age (<65 vs. ≥65 y), obesity (present 
vs. absent), glycemic status (plasma glucose <6.1 vs. ≥6.1 mmol/L), and alcohol 
use (‘no’: intake=0 g/d vs. ‘yes’: intake >0 g/d).  

Association of dietary or circulating LA with glycemic and liver function measures 
were evaluated per 1 SD and in dietary or circulating LA tertiles by using 
multivariable linear regression. Model 1 included age and sex. Model 2 was 
additionally adjusted for education level, locality, smoking status, physical activity, 
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alcohol intake (g/d), total energy intake (kJ/d) and BMI (kg/m2). Model 3 was further 
adjusted for available carbohydrates (en%), saturated FA (en%), trans-FA (g/d) and 
dietary fiber (g/d). Dietary factors were considered but not included in the fully 
adjusted model for circulating LA (model 2) because no indication was found for 
confounding of circulating LA associations by these factors. Missing values in 
covariables (education level, n=15; smoking status, n=1; physical activity, n=22) 
were imputed by using sex-specific modes. Potential effect modification by sex, 
age, locality, obesity, and alcohol use was evaluated by using stratified analyses 
and by including product terms in the fully adjusted model (model 3 for dietary LA 
and model 2 for circulating LA). Stratified analyses by alcohol use were conducted 
in two categories (yes vs. no) due to the relatively small sizes of moderate and high 
alcohol intake subgroups. 

In sensitivity analyses, participants with a high alcohol intake (alcohol >20 g/d for 
women and >30 g/d for men), with liver enzymes values indicating possible alcohol 
abuse (serum GGT >80 U/L and AST-to-ALT ratio ≥ 2:1) or having elevated plasma 
glucose (fasting plasma glucose ≥6.1 mmol/L) were excluded. All analyses were 
performed in SAS version 9.4 (Cary, NC, USA). A two-sided P value <0.05 was 
considered as statistically significant.  

 

RREESSUULLTTSS    

The total sample of 633 subjects was on average 53 years, 63% was women and 
51% resided in urban communities (TTaabbllee  11). Fifty-eight percent of the participants 
were considered hypertensive and 43% had either high serum triglycerides or low 
HDL-C levels. Mean (±SD) dietary LA intake was 6.8 (±3.1) en% and circulating LA 
was 16.0 (±3.5) % total FA. Liver function markers values were available for 613 
participants (97%), whose characteristics were not different from the total sample 
(AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS11). The proportion of participants reporting no alcohol 
intake was lower in urban (48.6%) than in rural communities (66.2%), whereas 
proportions of participants with high alcohol intake and with obesity were similar in 
both communities (AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS22).  

Dietary LA was weakly associated with circulating LA (r=0.14, P<0.001). Margarine 
and vegetable oils, sources of dietary LA, were also associated with circulating LA 
with adjusted Spearman’s correlations of 0.10 (P=0.011) and 0.10 (P=0.009), 
respectively (AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS33). Dose-response associations of circulating 
with dietary LA intake were evident, despite differences in sex, age or presence of 
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obesity. Dose-response associations were observed for participants with normal 
plasma glucose, but not in participants with elevated plasma glucose. Within 
categories of similar LA intake, individuals with alcohol intake >0 g/d had a lower 
mean circulating LA than individuals reporting no alcohol intake (AAddddiittiioonnaall  ffiillee  11::  
FFiigguurree  SS22). 

 
Dietary LA and glucose metabolism and liver function markers 

Participants with higher dietary LA had on average a higher BMI, were more likely 
to reside in urban communities and were less likely to consume alcohol than those 
with lower dietary LA (TTaabbllee  22). Mean (±SD) circulating LA ranged from 15.5 (±3.5) 
to 16.4 (±3.5) % total FA across dietary LA tertiles. Participants with higher dietary 
LA did not have significantly higher high-sensitivity C-reactive protein, interleukin-6 
or circulating arachidonic acid than those in the lower dietary LA tertiles (Table 2). 

Dietary LA was not associated with plasma glucose or HbA1c after multivariable 
adjustments of demographic, lifestyle and dietary factors (TTaabbllee  33). Participants in 
the highest dietary LA tertile had significantly lower geometric mean (95% CI) serum 
GGT than participants in the lowest tertile (T3 vs. T1: 48.8 (42.8, 55.6) vs. 65.2 (57.0, 
74.5), P-trend=0.008). Dietary LA was not significantly associated with serum ALT 
across tertiles (T3 vs. T1: 16.6 (15.2, 18.1) vs. 19.1 (17.4, 20.9), P-trend=0.06). 
Geometric mean serum AST was lower with higher dietary LA (T3 vs. T1: 25.0 (22.8, 
27.5) vs. 30.2 (27.4, 33.2), P-trend=0.018).  In continuous analysis per one SD, 
however, the associations between dietary LA and log-serum GGT, ALT or AST 
were not statistically significant (Table 3). 
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TTaabbllee  11 Baseline characteristics of participants of PURE-NWP-SA included in the present analyses 
(n=633) 

 Total sample  
Age (y)  53.0 ± 10.4 
Men  240 (37.9) 
Body mass index (kg/m2)  24.9 ± 6.9  

Obesity 143 (22.6) 
Locality (urban) 325 (51.3) 
Education levela  

No school or primary 247 (40.0) 
Secondary or higher 371 (60.0) 

Smoking statusa  
Non-smoker 284 (44.9) 
Past or current smoker 348 (55.1) 

Physical activitya   
Low 5 (0.8) 
Moderate 265 (43.4) 
High 341 (55.8) 

Fasting plasma glucose (mmol/L) 4.90 (4.40-5.40) 
HbA1c (%) 5.60 (5.30-5.90) 
Serum lipids (mmol/L)    

Total cholesterol  5.19 ± 1.31 
LDL cholesterol 3.03 ± 1.13 
HDL cholesterol  1.58 ± 0.64   
Triglycerides  1.13 (0.84-1.69) 

Liver enzymes activity (U/L)  
Gamma-glutamyl transferase  45.8 (29.7-88.0) 
Alanine transaminase  17.0 (12.6-24.4) 
Aspartate aminotransferase  25.0 (18.8-35.0) 

HIV-positivea 5 (0.8) 
Dietary variables  
Daily total energy intake (kJ)  7,356 ± 3,031 
Available carbohydrate (en%)  58.8 ± 9.2 
Protein (en%)  12.4 ± 2.3 
Total fat (en%)  24.2 ± 8.7 

Saturated fatty acids (en%)  5.9 ± 3.0 
Monounsaturated fatty acids (en%)  6.4 ± 3.3 
Polyunsaturated fatty acids (en%)  7.4 ± 3.2 
n-3 fatty acids (mg/d)a 312 (193-474) 
Trans-fatty acids (g/d)  0.18 (0.07-0.49) 

Dietary cholesterol (mg/d) 149 (82-251) 
Dietary fiber (g/d) 20.4 ± 9.2 
Alcohol consumptionc (g/d) 0 (0-12.3) 

No 362 (57.2) 
Light 128 (20.2) 
Moderate 43 (6.8) 
High 100 (15.8) 

Values are mean ± SD, median (Q1-Q3), or n (%). 

a Missing values for 15 participants for education level, 1 participant for smoking status, 22 participants for physical 
activity level, 1 participant for HIV status and 1 participant for n-3 fatty acids. 
b Available for n=613.  
c Alcohol consumption categories: ‘No’: 0 g/d; ‘Light’: >0 to 10 g/d (women), >0 to 20 g/d men;  ‘Moderate’: >10-20 g/d 
(women), >20-30 g/d (men); ‘High’: >20 g/d (women), >30 g/d (men). 
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Circulating LA and glucose metabolism and liver function markers 

Mean (±SD) dietary LA ranged from 6.5 (±3.2) to 7.4 (±3.0) en% across circulating 
phospholipids LA tertiles. Participants with higher circulating LA were younger and 
less likely to consume alcohol. Circulating LA was inversely associated with serum 
triglycerides and inflammatory markers C-reactive protein and interleukin-6 (Table 
2).  

Circulating LA was not significantly associated with plasma glucose or HbA1c 
(TTaabbllee  44). One SD increase in circulating LA (3.5% total FA) was associated with a 
0.25 lower (95% CI: -0.31, -0.18; P<0.001) log-serum GGT after adjustment for 
demographic and lifestyle factors, total energy intake and BMI (Table 4). Circulating 
LA was also inversely associated with log-serum ALT (β= -0.050 (95% CI: -0.096, -
0.003), P=0.036) and AST (β= -0.090 (95% CI: -0.139, -0.041), P<0.001). In tertiles, 
circulating LA was also significantly inversely associated with serum GGT (T3 vs. 
T1: 42.3 (37.9, 47.2) vs. 77.2 (69.1, 86.4), P-trend<0.001) and AST (T3 vs. T1: 24.8 
(22.9, 26.9) vs. 30.2 (27.8, 32.8), P-trend<0.001). 

Associations of circulating LA with serum GGT were modified by alcohol use 
(P<0.001) and locality (P<0.001). Stronger inverse associations of circulating LA 
with GGT were observed for participants who reported any alcohol consumption 
compared to those who reported no consumption, and for participants residing in 
the urban compared to those in the rural communities (AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS44). 
Similar effect modification by locality was observed for associations of circulating 
LA with serum ALT (P=0.006) and AST (P=0.001).  

 
Sensitivity analysis 

Excluding participants reporting high alcohol intake did not appreciably change the 
results (AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS55). When participants with an indication of alcohol 
abuse were excluded, associations of circulating LA with serum GGT, ALT and AST 
were attenuated (AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS66). Exclusion of participants with elevated 
plasma glucose levels resulted in a significant inverse association of dietary LA with 
log-serum GGT; the β (95% CI) per one SD was -0.105 (-0.204, -0.006; P=0.038) 
after exclusion as compared to -0.084 (-0.179, 0.010; P=0.08) before exclusion 
(AAddddiittiioonnaall  ffiillee  11::  TTaabbllee  SS77).  
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DDIISSCCUUSSSSIIOONN  

In this cross-sectional study in 633 black South African men and women, dietary 
and circulating LA were not significantly associated with plasma glucose or HbA1c. 
However, both higher circulating and dietary LA were associated with lower levels 
of GGT. One SD higher circulating LA was associated with a 22% lower serum GGT 
and participants in the highest tertile of dietary LA had the lowest levels of serum 
GGT, a marker of liver function that is associated with insulin resistance and hepatic 
fat accumulation.  

Only a few studies have reported on the relation of dietary and circulating LA with 
markers of glucose metabolism. As LA is the predominant type of dietary PUFA in 
many populations, including Africans,30 comparison of the results of the current 
study was also made with other studies using data on intake of n-6 or PUFA. The 
findings of no associations between dietary LA and glucose metabolism markers in 
the present study are in line with findings from previous studies in Caucasians. 
Dietary PUFA (mainly from plant source) was not associated with fasting glucose or 
HbA1c in 5,675 Dutch men and women aged 45-65 years without diabetes.31 
Analyses of baseline data of two different trials in healthy middle-aged adults in 
Finland32 and adults with metabolic syndrome in Spain33 also showed no association 
of PUFA or LA intake with risk of impaired glucose metabolism. Two recent 
systematic reviews and meta-analyses of randomized controlled trials concluded 
that dietary n-6 or PUFA had some effect on insulin concentration but little or no 
effect on fasting glucose,11,34 also when plant-based PUFA replaced saturated fatty 
acids intake in populations without diabetes.11 

As with dietary LA, circulating LA was not associated with glucose metabolism 
markers in the present study. In contrast, the investigators of the Hoorn study of 667 
Dutch Caucasian participants reported a weak inverse association between 
circulating LA in serum and plasma glucose. However, no association between 
circulating LA and HbA1c was observed in the Hoorn study,35 consistent with 
findings of the present study. In the Hoorn study, about half of the participants had 
impaired glucose metabolism,35 while in this current study only 9% had elevated 
plasma glucose. In normal glucose metabolism plasma glucose is under tight 
regulation,36 which may explain null findings in the current study.  

For dietary LA, generally either no or weak associations with liver enzymes were 
observed in the present study. However, circulating LA was inversely associated 
with serum liver enzymes, most notably serum GGT. Concentrations of liver enzyme 
GGT have previously been associated with hepatic fat accumulation and insulin 
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resistance.37,38 In the Coronary Artery Risk Development in Young Adults study (44% 
black participants), mean dietary PUFA intake at baseline and year 7 tended also 
to be inversely related to serum GGT in year 10 of follow-up, although not 
statistically significant. However, there was no information on whether this 
association differed in the subgroup of black participants.39 Results of a 10-week 
randomized controlled trial in Swedish individuals (15% had diabetes) with 
abdominal obesity showed that intervention with a diet high in n-6 PUFA (14 en% 
from LA) resulted in lower liver fat as compared to an isocaloric diet high in 
saturated fatty acids.40 In the present study, exclusion of participants with elevated 
plasma glucose resulted in a somewhat stronger inverse association of dietary LA 
with serum GGT. 

No other study seems to have specifically examined the association of circulating 
LA and serum GGT, but there is some evidence that circulating LA could be 
associated with liver fat accumulation.9,41,42 First, in the European Prospective 
Investigation into Cancer and Nutrition-Potsdam study, higher delta-6-desaturase 
activity, resulting in lower circulating LA, was associated with higher serum GGT.41 
The authors suggested that the association of delta-6-desaturase activity with T2D 
risk might be mediated by liver fat accumulation. Second, higher circulating LA was 
associated with lower visceral adipose tissue in a study of 287 elderly subjects, and 
also with lower fat in a subgroup of 73 of these subjects9. In another study in 24 
overweight men, circulating LA was moderately inversely correlated with visceral 
fat thickness.42 A possible mechanism relating LA to liver function is through its 
influence on de novo lipogenesis by attenuating effects of insulin on FA synthase 
activity and expression.43 Another possible mechanism may be related to oxidative 
stress, as elevated serum GGT is a marker of high oxidative stress.44  

A weak association between dietary and circulating LA in the present study may 
partly explain the present study finding that dietary LA was weaker associated with 
GGT than circulating LA. It is possible that alcohol intake plays a role here. 
Previously, in a cohort of Dutch post-myocardial infarction patients, weak 
correlations of dietary with circulating LA and lower circulating LA with higher 
alcohol intakes at similar intakes of LA45 were reported, which were also observed 
in the present study. High alcohol intake is an established cause of liver fat 
accumulation46 and higher alcohol intake has been associated with lower circulating 
LA in several cross-sectional studies.47–49 It is, therefore, possible that the inverse 
association between circulating LA and GGT in this study may reflect alcohol 
influence. However, when participants whose liver enzyme values indicated alcohol 
abuse were excluded, the associations of LA and serum GGT were somewhat 
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attenuated but remained significant. This suggests that the observed association 
cannot be entirely explained by alcohol. 

The stronger associations between LA and GGT in urban than in rural areas is 
difficult to explain. A possible explanation might be related to alcohol use in the 
current study population. The urbanization process in South Africa has been linked 
to a change in alcohol consumption pattern.50 A difference in obesity status is not a 
likely explanation because average BMI and proportion of individuals with obesity 
in urban and rural communities were similar. 

         
Study strengths and limitations 

A novel aspect of the present study is the investigation on the associations of LA 
with glucose metabolism and liver function in a black South African population, 
while most other studies investigated white Caucasian populations. The current 
finding that LA was inversely associated with serum GGT may be relevant because 
the Atherosclerosis Risk in Communities study51 showed that GGT is a strong 
predictor of T2D risk in a black population as compared to ALT or AST.  

The present study also contributes to evidence on the relation of dietary fat quality 
with T2D risk in South Africans. The current recommendation for South Africans is 
to consume 5-8% energy from n-6 PUFA.52 Intake in the population seems to be 
within this range, which was confirmed by the data in the present study. However, 
most of the evidence underlying the South African dietary guidelines on dietary fat 
quality is based on studies in Caucasian populations.52 The present study findings 
suggest that a higher dietary LA is also associated with better liver function in a 
black population, which support the current South African recommendation of 
dietary n-6 PUFA.  

An important limitation of the present study is its cross-sectional design, which limits 
inferences on causal relationships. An additional limitation is that assessment of 
alcohol intake by QFFQ may not be accurate. The finding that the association of 
circulating LA with serum GGT was stronger in alcohol consumers than in non-
consumers warrants further investigation using a more sophisticated tool to assess 
alcohol intake. Another limitation of the current study is lack of insulin data. 
Availability of this data would add more information on insulin resistance in this 
population. 
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CCOONNCCLLUUSSIIOONN    

In this population of apparently healthy black South Africans, dietary and circulating 
LA were weakly correlated. Dietary LA and circulating LA were not significantly 
related to markers of glucose metabolism. However, dietary LA and in particular 
circulating LA were inversely related to serum GGT. This suggests that a low LA 
intake is related to an impaired liver function and may in this way affect long-term 
insulin resistance, which would explain the inverse relation between circulating LA 
and T2D risk observed in prospective cohort studies. The role of alcohol in the 
association between circulating LA and liver function warrants further research.   
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SSUUPPPPLLEEMMEENNTTAARRYY  MMAATTEERRIIAALLSS  

TTaabbllee  SS11 Characteristics of patients in the subsample of participants with available liver enzyme 
valuesa,b 

 Values for subsample of 613 
Age (y)  53.0 ± 10.4 
Men  232 (37.8) 
Body mass index (kg/m2)  24.8 ± 6.9 

Obesity 137 (22.4) 
Locality (urban) 318 (51.9) 
Education level (no school or primary)a 238 (39.8) 
Smoking statusa  

Non-smoker 275 (44.9) 
Past or current smoker 337 (55.1) 

Physical activitya   
Low 5 (0.8) 
Moderate 256 (43.2) 
High 331 (55.9) 

Plasma glucose (mmol/L) 4.90 (4.40-5.40) 
HbA1c (%) 5.60 (5.30-5.90) 
Serum lipids (mmol/L)    

Total cholesterol  5.19 ± 1.31 
LDL-C 3.03 ± 1.13 
HDL-C  1.59 ± 0.64 
Triglycerides  1.13 (0.84-1.67) 

Liver enzymes activity (U/L)  
Gamma-glutamyl transferase  45.8 (29.7-88.0) 
Aspartate aminotransferase  25.0 (18.8-35.0) 
Alanine transaminase  17.0 (12.6-24.4) 

HIV-positive 5 (0.8) 
Dietary variables  
Daily total energy intake (kJ)  7332 ± 3005 
Carbohydrate (en%)  58.7 ± 9.3 
Protein (en%)  12.4 ± 2.3 
Total fat (en%)  24.2 ± 8.8 

Saturated fatty acids (en%)  5.9 ± 3.0 
Monounsaturated fatty acids (en%)  6.5 ± 3.3 
Polyunsaturated fatty acids (en%)  7.4 ± 3.3 
Trans-fatty acids (en%)  0.10 (0.04-0.23) 

Dietary cholesterol (mg/d) 148 (81-252) 
Total fiber (g/d) 20.3 ± 9.1 
Alcohol consumption (g/d)b 0 (0-13.2) 

No  352 (57.4) 
Light 119 (19.4) 
Moderate 43 (7.0) 
High 99 (16.2) 

Values are mean ± SD, median (Q1-Q3), or n (%). 

a Missing values for 15 participants for education level, 1 participant for smoking status, 21 participants for physical 
activity level and 1 participant for HIV status. 
b Alcohol consumption categories: ‘No’: 0 g/d; ‘Light’: >0 to 10 g/d (women), >0 to 20 g/d men;  ‘Moderate’: >10-20 
g/d (women), >20-30 g/d (men); ‘High’: >20 g/d (women), >30 g/d (men). 
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TTaabbllee  SS22 Baseline characteristics of participants by localitya,b,c 

 Urban participants  
(n=325) 

Rural participants  
(n=308) 

Age (y)  53.8 ± 10.7 52.1 ± 9.8 
Men  136 (41.8) 104 (33.8) 
Body mass index (kg/m2)  25.2 ± 7.1 24.5 ± 6.7 

Obesity 74 (22.8) 69 (22.4) 
Locality (urban) 325 (100) 0 (0) 
Education levela   

No school or primary 89 (28.0) 158 (52.7) 
Secondary or higher 229 (72.0) 142 (47.3) 

Smoking statusa   
Non-smoker 142 (43.8) 142 (46.1) 
Past or current smoker 182 (56.2) 166 (53.9) 

Physical activitya    
Low 2 (0.6) 3 (1.0) 
Moderate 229 (72.0) 36 (12.3) 
High 87 (27.4) 254 (86.7) 

Plasma glucose (mmol/L) 5.00 (4.30-5.50) 4.70 (4.40-5.20) 
HbA1c (%) 5.60 (5.30-5.90) 5.60 (5.30-5.90) 
Serum lipids (mmol/L)     

Total cholesterol  5.28 ± 1.33 5.09 ± 1.29 
LDL-C 3.04 ± 1.11 3.01 ± 1.16 
HDL-C  1.54 (1.18-1.97) 1.39 (1.10-1.82) 
Triglycerides  1.16 (0.85-1.78) 1.08 (0.82-1.52) 

Liver enzymes activity (U/L)b   
Gamma-glutamyl transferase  49.0 (32.4-97.3) 40.7 (27.9-77.0) 
Alanine transaminase  17.5 (12.8-25.0) 16.7 (12.1-23.0) 
Aspartate aminotransferase  26.0 (20.7-39.0) 23.3 (17.3-32.9) 

HIV-positive 1 (0.3) 4 (1.3) 
Dietary variables   
Daily total energy intake (kJ)  8172 ± 3117 6496 ± 2684 
Available carbohydrate (en%)  54.9 ± 7.2 62.9 ± 9.5 
Protein (en%)  13.4 ± 2.1 11.4 ± 2.1 
Total fat (en%)  27.8 ± 8.0 20.4 ± 7.8 

Saturated fatty acids (en%)  7.2 ± 2.8 4.6 ± 2.6 
Monounsaturated fatty acids (en%)  8.0 ± 3.1 4.8 ± 2.6 
Polyunsaturated fatty acids (en%)  7.9 ± 2.8 6.8 ± 3.6 
Linoleic acid (en%) 7.5 ± 2.8 6.2 ± 3.2 
Trans-fatty acids (g/d)  0.43 (0.16-0.72) 0.09 (0.04-0.18) 

Dietary cholesterol (mg/d) 212 (136-309) 106 (53-165) 
Dietary fiber (g/d) 22.8 ± 10.1 18.0 ± 7.2 
Alcohol intake (g/d)c 1.9 (0-15.6) 0 (0-6.0) 

No  158 (48.6) 204 (66.2) 
Light 79 (24.3) 49 (15.9) 
Moderate 34 (10.5) 9 (2.9) 
High 54 (16.6) 46 (14.9) 

Circulating linoleic acid (% total fatty acids) 16.0 ± 3.2 15.9 ± 3.7 
Values are mean ± SD, median (Q1-Q3), or n (%).  
a Missing values for 15 participants for education level, 1 participant for smoking status, 22 participants for physical 
activity level and 1 participant for HIV status.  
b Only available for n=613. 
c Alcohol consumption categories: ‘No’: 0 g/d; ‘Light’: >0 to 10 g/d (women), >0 to 20 g/d men;  ‘Moderate’: >10-20 
g/d (women), >20-30 g/d (men); ‘High’: >20 g/d (women), >30 g/d (men). 
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TTaabbllee  SS33 Spearman’s correlations (rS ) of selected food groups and circulating linoleic acida,b 

Dietary components  rS P 
Cereal and cereal products -0.01 0.86 
Vegetables  0.12 0.002 
Fruits 0.01 0.73 
Meat, meat products and eggs 0.11 0.006 
Fish and seafood -0.03 0.49 
Fats and oils  0.14 <0.001 

Margarine   0.10 0.011 
Vegetable oils 0.10 0.009 
Dressings 0.04 0.38 
Tallow 0.04 0.32 

a Spearman correlations adjusted for age, sex and total energy intake. 
b Food and food group intakes are expressed in grams/day. 
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FFiigguurree  SS11 Flow chart of selection of participants  

 
 
 
 
 
 
 

Missing dietary fatty acids data at 
baseline, n=1299 
Extreme energy intake at baseline, 
n=44 

Missing or unreliable fasting plasma 
glucose at baseline, n=20 
Missing HbA1c, n=1 

n=667 

n=667 

Using diabetes medication at 
baseline, n=13 
(Among these, n=11 self-reported 
having diabetes)  

n=633 
(subsample with liver 
markers data, n= 613) 

n=646 

Missing plasma FA at baseline, n=0 

n=2010 
Attended baseline 

measurements 
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FFiigguurree  SS22 Circulating LA across tertiles of LA intake in total sample (A) and in subgroups of 
sex (B), age (C), obesity (D), fasting plasma glucose (E) and alcohol use (F)a,b,c,d   

a Values are least-squares means with 95% confidence interval, adjusted for age, sex, total energy intake;  
b Obesity was defined as ‘present’ when BMI ≥30.0 kg/m2 and ‘absent’ when BMI <30 kg/m2; 
c Alcohol use: ‘no’ included participants with alcohol intake of 0 g/d, ‘yes’ included alcohol intake >0 g/d;   
d Fasting plasma glucose categories: ‘elevated’ was defined as fasting plasma glucose ≥6.1 mmol/L, ‘normal’ was 
defined as plasma glucose <6.1 mmol/L;  
LA, linoleic acid.  

 

A  B 

C  D 

F E 





In preparation 

Kamalita Pertiwi, Leanne K. Küpers, Janette de Goede, Peter L. Zock, 
Daan Kromhout, Johanna M. Geleijnse 

Dietary and circulating long-chain 
omega-3 polyunsaturated fatty acids 
and mortality risk after myocardial 
infarction: a long-term follow up of 
the Alpha Omega Cohort

Chapter 6



160  OMEGA-3 PUFA AND 

AABBSSTTRRAACCTT  

BBaacckkggrroouunndd: Habitual intake of long-chain omega-3 fatty acids (n-3 FAs), in 
particular eicosapentaenoic and docosahexaenoic acid (EPA+DHA) from fish, has 
been associated with a reduced risk of fatal coronary heart disease (CHD) in 
population-based studies. Whether that is also the case for CHD patients is not yet 
clear. We studied the associations of dietary and circulating EPA+DHA and alpha-
linolenic acid (ALA), a plant-derived n-3 FA, with long-term mortality risk after 
myocardial infarction (MI).  

MMeetthhooddss  aanndd  RReessuullttss: We analyzed data from 4067 Dutch post-MI patients aged 
60-80 y (79% men, 86% on statins) enrolled in the Alpha Omega Cohort from 2002-
2006 (baseline) and followed through 2018. Baseline intake of fish and n-3 FAs were 
assessed through a validated 203-item food-frequency questionnaire, as well as 
circulating n-3 FAs in plasma cholesteryl esters. Hazard ratios (HRs) with 95% 
confidence intervals (CIs) were obtained from Cox regression analyses. During a 
median follow-up period of 12 y, 1877 deaths occurred, of which 515 from CHD and 
834 from CVD. Dietary intake of EPA+DHA was significantly inversely associated 
with CHD mortality (HR of 0.69 (0.52-0.90) for >200 vs. ≤50 mg/d; HR of 0.92 (0.86-
0.98) per 100 mg/d), while weak non-significant inverse associations were found for 
CVD and all-cause mortality. Similar results were obtained for fish intake (HRCHD of 
0.74 (0.53-1.03) for >40 vs. ≤5 g/d; Ptrend: 0.031). Circulating EPA+DHA was 
inversely associated with CHD mortality (HR of 0.71 (0.53-0.94)) for >2.52 vs. 
≤1.29% of total FAs; 0.85 (0.77-0.95) per 1-SD), with significant risk reductions also 
for CVD and all-cause mortality. Dietary and circulating ALA were not significantly 
associated with mortality endpoints.  

CCoonncclluussiioonnss: In a cohort of Dutch post-MI patients with long-term follow-up, higher 
dietary and circulating EPA+DHA from fish were consistently associated with a 
lower risk of mortality, especially from CHD.  
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IINNTTRROODDUUCCTTIIOONN    

Increasing the intake of long-chain omega-3 fatty acids (n-3 FAs) is often 
recommended for the prevention of cardiovascular disease (CVD).1,2 Beneficial 
effects have mainly been attributed to eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA), which are n-3 FAs from oily fish and other seafood.3 
Alpha-linolenic acid (ALA) is the parent n-3 FA derived from plant foods, such as 
flaxseed, nuts, and vegetable oils. EPA (and DHA) may be formed from ALA, but 
conversion in the human body is probably less than 10%, as indicated by stable-
isotope studies.4,5 

In the Alpha Omega Trial of 4837 Dutch post-myocardial infarction (MI) patients, we 
reported that dietary doses of 400 mg/d EPA+DHA or 2 g/d ALA for 40 months did 
not lower the risk of major CVD events as compared to placebo.6 Findings were also 
negative for fatal events including CHD, although the study was underpowered for 
these endpoints.6 A recent Cochrane meta-analysis showed a non-significant 10% 
lower risk of fatal CHD in CVD patients, and smaller non-significant effects on fatal 
CVD and all-cause mortality, for EPA+DHA supplementation (doses >0.5 to 3 g/d).7 
Effects of ALA supplementation in ≤3 secondary prevention studies, including the 
Alpha Omega Trial, showed non-significant risk reductions of 5% or less for fatal 
CHD, fatal CVD or all-cause mortality.7  

Whether habitual dietary intake of n-3 FAs could improve long-term survival in CHD 
patients is not yet clear. Dietary intake of EPA+DHA in Western populations is 
generally below 500 mg/d,8 and ALA intake is only ~1.5 g/d (<1 energy percent). 
Concentrations of n-3 FAs in blood may be considered as biomarkers of essential 
FA intake, especially for EPA+DHA.1 We examined associations of dietary intakes 
of EPA+DHA, fish and ALA, as well as circulating levels of n-3 FAs, with fatal CHD 
(primary outcome), CVD and all-cause mortality during >12 y follow-up in our Alpha 
Omega Cohort of post-MI patients. 

 

MMEETTHHOODDSS  

Study population 

The Alpha Omega Cohort comprises 4837 Dutch men and women aged 60-80 y 
with a clinically diagnosed MI up to 10 y before entering the study. Patients were 
examined by trained research nurses at baseline (2002-2006) and have been 
followed for cause-specific mortality since study enrolment. During the initial 40 
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months of follow-up, patients received low-dose supplementation of ALA, 
EPA+DHA, ALA plus EPA+DHA or placebo (Alpha Omega Trial),9 which did not 
prevent major recurrent CVD events.6 Medical-ethical approval was obtained and 
all patients provided written informed consent.9 Patients with missing data on 
circulating n-3 FAs or >5% unknown FAs were excluded (FFiigguurree  SS11). Patients with 
missing dietary data or implausible energy intakes (<800 or >8000 kcal for men; 
<600 or >6000 kcal for women) and extreme unsaturated FA intakes (<2.5th or 
>97.5th percentile) were further excluded, as described previously,10 leaving 4067 
patients for analysis. 

 
Dietary assessment  

Diet was assessed at baseline using a 203-item semi-quantitative food-frequency 
questionnaire (FFQ). This was an extended version of a biomarker-validated and 
reproducible FFQ, which emphasized FAs measurement.11,12 Food intake, including 
preparation methods, was assessed over the past month. For foods containing FAs, 
patients indicated consumed brands on a list. Returned FFQs were checked by 
trained dietitians who obtained information on missing or unclear answers from 
patients by telephone, using a predefined protocol. Intakes of total energy and 
nutrients, including EPA, DHA and ALA, were calculated through linkage with the 
Dutch Food Composition Table 2006 (NEVO 2006).13 Correlations between dietary 
and circulating FAs (in plasma cholesteryl esters) were 0.39 and 0.45 for EPA and 
DHA, respectively, and -0.02 for ALA.14 The 2015 Dutch Healthy Diet score was 
calculated for adherence to dietary guidelines (DHD-15; scale from zero to maximal 
adherence [0-150]).15 

 
Laboratory measurements 

Blood samples (fasted ≥8h for 34% of the patients) were collected by trained 
research nurses to measure serum total cholesterol, low density lipoprotein (LDL) 
cholesterol, high density lipoprotein (HDL) cholesterol, triglycerides and plasma 
glucose using standard laboratory methods.9 Blood for FAs analysis was collected 
in EDTA-treated tubes, and stored in -80°C until further analysis. Circulating FAs 
were measured as described previously.14 Briefly, plasma cholesteryl esters FAs 
were separated from total lipids, transesterified into FA methyl esters and measured 
by gas chromatography equipped with a flame-ionization detector. A total of 38 FAs 
were quantified and expressed as weight percentage of total FAs (% total FA). For 



6

MORTALITY RISK AFTER MI  163 

ALA and EPA, within- and between-run coefficients of variation were <5% and for 
DHA <8%.14 

 
Endpoints  

The study focusses on CHD mortality as the primary outcome, and CVD mortality 
and all-cause mortality as secondary outcomes. The vital status of the patients was 
monitored through linkage with municipal registries from baseline through 31 
December 2018. Follow-up for cause-specific mortality occurred in three phases. 
From 2002-2009 (Alpha Omega Trial),6,9 information was obtained from the national 
mortality registry (Statistics Netherlands [CBS]), treating physicians and close 
family members. Primary and contributing causes of death were coded by an 
independent Endpoint Adjudication Committee (EAC), as described previously.6,9 
From 2010-2012, primary and contributing causes of death data were obtained from 
CBS. From 2013 onwards, CBS provided data on the primary cause of death only 
and treating physicians were asked to fill out an additional cause-of-death 
questionnaire (response rate: 67%), which was coded by study physicians who 
were not involved in the present analysis. Mortality coding was performed 
according to International Classification of Diseases, tenth revision (ICD-10). CHD 
mortality comprised ICD-10 codes I20-I25 (ischemic heart disease), I46 (cardiac 
arrest) and R96 (sudden death, undefined). CVD mortality comprised I20-I25, I46, 
I50 (heart failure), R96, and I60-I69 (stroke). Person-years were calculated from 
study enrolment to date of death or 31 December 2018, whichever came first. One 
patient was lost to follow-up and censored after 2.9 y. 

 
Assessment of covariables 

Information on demographic, lifestyle, medical history and medication use was 
collected using questionnaires, as described elsewhere.9 The highest attained 
educational level was categorized as primary, lower secondary, higher secondary 
or lower tertiary, and higher tertiary education. Smoking status was categorized as 
never, former or current smoker. Physical activity was classified as low (no or only 
light activity, ≤3 metabolic equivalents (METs)), moderate (>0 to <5 days/week of 
moderate or vigorous activity, >3 METs) or high (≥5 days/week of moderate or 
vigorous activity). Medication use was coded according to Anatomical Therapeutic 
Chemical classification system,16 with codes C10AA and C10B for statins, B01 for 
anti-thrombotic drugs and C02, C03, C07, C08 and C09 for antihypertensive drugs. 
Physical examination was carried out by trained research nurses, in the hospital or 
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the patient’s home.9 Body weight (kg) and height (m) were assessed, from which 
BMI was calculated (kg/m2). Obesity was defined as BMI ≥30 kg/m2. Systolic and 
diastolic blood pressures were measured twice in sitting position with an automated 
device, and values were averaged. Diabetes was considered present if patients 
reported a diagnosis of diabetes by a physician or the use of antidiabetic drugs, or 
when they had a fasting plasma glucose ≥7.0 mmol/L or non-fasting level of ≥11.1 
mmol/L. Family history of MI was defined as having any parent with MI before the 
age of 60 y and family history of diabetes was defined as having any parent with 
diabetes. Alcohol intake (ethanol in g/d) was calculated from the FFQ and 
categorized into no (0 g/d), low (>0-10 g/d), moderate (>10-30 g/d for men or >10-
20 g/d for women) or high (>30 g/d for men or >20 g/d for women).  

 
Statistical analysis  

Baseline characteristics of patients are presented as mean (±standard deviation 
(SD)) or median and interquartile range for continuous variables or percentages for 
categorical variables. Intakes of FAs were energy-adjusted using the residual 
method by Willett et al.17 or expressed as percentage of total energy intake (en%), 
where appropriate. Dietary EPA+DHA intake was categorized as  ≤50 mg/d, >50 to 
≤100 mg/d, >100 to ≤200 mg/d and >200 mg/d. Energy-adjusted fish intake was 
categorized as ≤5 g/d, >5-20 g/d, >20-40 g/d, and >40 g/d). Dietary ALA was 
categorized into intakes ≤0.5 g/d, >0.5 to ≤1.0 g/d, >1.5 to ≤2.0 g/d and >2.0g/d. 
Circulating EPA+DHA and ALA were analyzed in quintiles. For circulating 
EPA+DHA, additional categories were made based on the cut-offs from the Omega-
3 index.18 Because Omega-3 index is based on erythrocytes, converted cut-off 
values by Stark et al.19 were used for plasma cholesteryl esters. Linear trends were 
assessed by entering median values within categories of n-3 FAs as continuous 
variables into the models. Continuous associations were estimated per 100 mg/d 
for dietary EPA+DHA or 1 g/d for dietary ALA, and for circulating EPA+DHA and 
ALA per 1-SD increment.  

Age- and sex-adjusted hazard ratios (HRs) with 95% confidence intervals (CIs) for 
fatal endpoints were obtained from Cox models, in categories of dietary n-3 FAs, 
circulating n-3 FAs and fish intake, using the lowest categories as the reference. 
Proportional hazards assumptions were met, based on Schoenfeld residuals. In 
multivariable Cox models, HRs for dietary intake of n-3 FAs were adjusted for age, 
sex, education level (4 categories), physical activity (3 categories), smoking status 
(3 categories), alcohol intake (4 categories), obesity (no/yes), prevalent diabetes 
(no/yes), cardiovascular drug use (statins, antihypertensive drugs, antithrombotic 
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drugs, as separate dummies), time since last MI (y), and intake of total energy intake 
(kcal/d), cholesterol (mg/d), fiber (g/d) and trans FAs (g/d).   

Multivariable Cox models for circulating n-3 FAs included age, sex, educational 
level, physical activity, smoking status, alcohol intake, obesity, prevalent diabetes, 
cardiovascular drug use, time since MI, and serum total cholesterol (mmol/L). In 
addition, circulating linoleic acid (LA, 18:2n-6; % total FAs) and arachidonic acid 
(AA, 20:4n-6; % total FAs) were added to the multivariable model because they 
impact FA composition of plasma cholesteryl esters.20,21 Circulating EPA and DHA 
were also analyzed separately per 1-SD.  

Covariates with missing values (<5%) were imputed by the sex-specific median 
(continuous variables) or mode (categorical variables) to retain patients in 
multivariable models. Potential non-linear associations were explored using 
restricted cubic spline analysis with 5 knots located at 5th, 27.5th, 50th, 72.5th, and 
95th percentiles.22,23 

Stratified analyses were performed for dietary and circulating n-3 FAs in relation to 
fatal CHD, fatal CVD, and all-cause mortality, in subgroups of age (<65 vs. ≥65 y), 
sex, prevalent diabetes (no vs. yes), obesity (no vs. yes), statin use (no vs. yes), 
diet quality (<median vs. ≥median), time since last MI (<1 vs. ≥1 y), and 
supplemental intake of EPA+DHA or ALA during the Alpha Omega Trial phase 
(initial 40 months of follow-up). Analyses for circulating n-3 FAs were also repeated 
in strata of circulating LA and AA (<median vs. ≥median). P-values for interaction 
were obtained by entering product terms for n-3 FAs and stratification variables into 
the multivariable models. In sensitivity analyses for dietary and circulating n-3 FAs, 
we successively excluded 146 deaths during the first 2 y of follow up (subtracting 
also 2 y of follow-up time for the remaining cohort) and 187 patients who reported 
the use of fish oil supplements. 

SAS software version 9.4 (SAS Institute Inc., Cary, NC) was used for all analyses. A 
two-sided P-value <0.05 was considered statistically significant. 
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RREESSUULLTTSS    

At baseline, patients were on average 69 y old, 79% were men, 17% were current 
smokers, and 20% had diabetes (TTaabbllee  11). Patients had an MI ~4 y before study 
enrolment and most patients were treated with cardiovascular medication, such as 
statins (86%). During a median follow-up period of 12.4 y (total of 45,229 person-
years), 1877 patients died, which included 515 CHD deaths (11.4 per 1000 person-
years) and 834 CVD deaths (18.4 per 1000 person-years). Patients had a median 
fish intake of 14 g/d, which included 5 g/d of oily fish. Median EPA+DHA intake was 
108 (IQR: 46-187) mg/d, with ~80% having intakes ≤200 mg/d. Mean ALA intake 
was 1.09 (SD: 0.50) g/d, or 0.5% of energy (en%). EPA+DHA were mainly from fish 
(89%), while ALA was mainly obtained from cooking oils (26%), grain products 
(19%) and margarine (14%) (TTaabbllee  SS11). The median DHD-15 score for adherence 
to dietary guidelines was 79 (range: 33-125).  

 
Dietary n-3 FAs and fish intake 

Patients with higher dietary EPA+DHA intake were more likely to be physically 
active, had higher alcohol intake, higher HDL cholesterol and slightly lower non-
fasting serum triglycerides (TTaabbllee  SS22). No such associations were observed across 
quintiles of ALA intake (TTaabbllee  SS33). Patients with higher EPA+DHA and ALA intakes 
had higher DHD-15 scores. Patients with EPA+DHA intakes >200 mg/d had a 
significantly lower risk of CHD mortality (HR: 0.69; 95% CI: 0.52-0.90) than those 
with intakes ≤50 mg/d (TTaabbllee  22). FFiigguurree  11 shows the continuous association for 
dietary EPA+DHA with CHD mortality (HR: 0.92; 0.86-0.98; Pnon-linearity=0.75). Inverse, 
borderline significant trends were found for CVD mortality (HR per 100 mg/d: 0.96; 
0.92-1.01) and all-cause mortality (HR per 100 mg/d: 0.97; 0.94-1.00). Total fish 
intake was significantly inversely associated with CHD mortality (HR of 0.73 for >20 
vs. ≤5 g/d; P-trend=0.031) in multivariable analysis, but not with CVD or all-cause 
mortality (Table 2). Findings were similar for oily fish (HR of 0.72, 95% CI 0.54-0.95, 
for >11 vs <1 g/d; data not in table). Dietary ALA intake was not associated with 
CHD mortality (FFiigguurree  22) or CVD or all-cause mortality (FFiigguurree  SS22). 
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FFiigguurree  11. Associations of (A) dietary and (B) circulating EPA+DHA with coronary heart 
disease (CHD) mortality in 4067 post-MI patients. 

Solid lines are risk estimates evaluated by restricted cubic splines from Cox models showing the shape of the 
associations on a continuous scale with five knots located at 5th, 27.5th, 50th, 72.5th, and 95th percentiles. The y-axis 
shows the multivariable-adjusted HRs for CHD mortality risk for any dietary or circulating EPA+DHA value, compared 
to the reference value set at 5th percentile of dietary (7.8 mg/d) or circulating EPA+DHA (0.99% total FA). Gray areas 
indicated 95% confidence intervals. One SD of circulating EPA+DHA was 0.95% of total FA. Histograms depict the 
distributions of dietary or circulating EPA+DHA in the Alpha Omega Cohort. 

 

   

A B
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FFiigguurree  22. Associations of (A) dietary and (B) circulating ALA with coronary heart disease 
mortality (CHD) in 4067 post-MI patients. 

Solid lines are risk estimates evaluated by restricted cubic splines from Cox models showing the shape of the 
associations on a continuous scale with five knots located at 5th, 27.5th, 50th, 72.5th, and 95th percentiles. The y-axis 
shows the multivariable-adjusted HRs for CHD mortality risk for any dietary or circulating ALA value, compared to the 
reference values set at 5th percentile of dietary (0.49 g/d) or circulating ALA (0.30% of total FAs). Gray areas indicated 
95% confidence intervals. One SD of circulating ALA was 0.14% of total FAs. Histograms depict the distributions of 
dietary or circulating ALA in the Alpha Omega Cohort. 

 

Circulating n-3 FAs 

Patients with higher circulating EPA+DHA were more physically active, had higher 
alcohol intake and a higher DHD-15 score (Table 1). Those in the higher circulating 
ALA quintiles were less likely to be male and statin users (TTaabbllee  SS44). Circulating 
ALA was not associated with DHD-15 score. After adjustment for demographic 
factors, lifestyle factors, circulating LA and AA, patients in the highest quintile of 
circulating EPA+DHA had a significantly lower CHD mortality risk (HR: 0.71, 95% 
CI: 0.53-0.94) than those in the lowest quintile (TTaabbllee  33). Each increment in 
circulating EPA+DHA (per 1-SD of 0.95% of total FA) was associated with a 15% 
lower risk of CHD mortality (Figure 1). Associations were similar for CVD and all-
cause mortality (Table 3), and for EPA and DHA when analyzed separately (data 
not shown). In categorical analyses based on cut-offs for Omega-3 index (TTaabbllee  
SS55), reductions in CHD mortality risk were more pronounced (HR: 0.63 for 

A B
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EPA+DHA >3.1 vs ≤1.3% of total FAs; 95% CI 0.44-0.90). Circulating ALA was not 
associated with CHD mortality (FFiigguurree  22), and also not with CVD or all-cause 
mortality (Figure S2). 

 
Subgroup analyses 

HRs for dietary n-3 FAs in subgroups are presented in FFiigguurree  SS33. For dietary 
EPA+DHA, HRs for fatal CHD tended to be lower in patients who did not use statins 
(HR per 100 mg/d: 0.85, 95% CI: 0.72-1.00) or who had an MI <1 y before study 
enrolment (HR per 100 mg/d: 0.84, 95% CI: 0.68-1.05), but interaction terms were 
not statistically significant (Pinteraction of 0.28 and 0.38, respectively). Associations with 
fatal CHD were slightly stronger in older patients, non-obese patients, non-diabetic 
patients, patients with a higher diet quality score, and in patients who did not 
receive supplemental EPA+DHA during the first 40 months of follow-up. 
Associations for dietary ALA and fatal CHD in subgroups were all non-significant, 
but there was a trend towards a lower risk in women (HR of 0.69 (0.40-1.21) per 1 
g/d). 

HRs for circulating n-3 FAs in subgroups are presented in FFiigguurree  SS44. For circulating 
EPA+DHA, HRs for fatal CHD were lower in patients with circulating arachidonic 
acid (20:4 n-6) above the median (HR: 0.74 per 1-SD, 95% CI: 0.62-0.90; 
Pinteraction=0.07) and in patients with MI <1 y before study enrolment (HR: 0.62 (0.41-
0.95; Pinteraction=0.13). Slightly stronger associations with fatal CHD were observed in 
younger and diabetic patients, in patients with circulating linoleic acid (18:2 n-6) 
below the median, and in patients who received no supplemental EPA+DHA during 
the first 40 months, Associations for circulating ALA and fatal CHD in subgroups 
were all non-significant.  

Results of sensitivity analyses are presented in TTaabbllee  SS66. The association between 
dietary EPA+DHA and fatal CHD was attenuated after excluding the first 2 y of 
follow-up (HR: 0.95 per 100 mg/d, 95% CI 0.89-1.01), whereas HRs for circulating 
EPA+DHA remained roughly similar. Exclusion of fish oil supplement users did not 
change the HRs for EPA+DHA. Results for dietary and circulating ALA did not 
materially change in sensitivity analyses.   
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DDIISSCCUUSSSSIIOONN    

In this analysis of 4067 Dutch post-MI patients with state-of-the-art drug treatment, 
higher habitual intakes of EPA+DHA (>200 mg/d) and fish (>20 g/d) were 
associated with ~30% lower risk of CHD mortality during >12 y of follow-up. A similar 
association was found for circulating EPA+DHA (in plasma cholesteryl esters), for 
which also lower risks of CVD and all-cause mortality were found. Dietary and 
circulating ALA were not significantly associated with mortality. Strengths of the 
present study include its complete follow-up (only 1 patient censored), extensive 
data on potential confounders, and the detailed FFQ, which was specifically 
designed for FAs assessment.11,12 

Data on habitual dietary intake of EPA+DHA (or fish) and mortality after MI are 
scarce. In 2412 Norwegian CHD patients aged ~62 y, long-chain n-3 FAs (from diet 
and supplements) were not significantly associated with fatal CHD or all-cause 
mortality (137 deaths) during 5 y of follow-up.24 The Norwegian cohort consumed 
more fish (64-150 g/d) and marine n-3 FAs (0.6 to 2.6 g/d) than our Dutch cohort.24 
In a 5-y follow-up study of 400 Finnish CHD patients aged ~61 y, fish intakes >57 
g/d were associated with a markedly lower risk of all-cause mortality (34 deaths), 
but not with fatal CHD (16 cases).25 The Alpha Omega Cohort is characterized by a 
low fish intake (14 g/d), and 80% of patients consumed <200 mg/d of EPA+DHA. 
The 30% lower risk of fatal CHD in patients with higher EPA+DHA and fish intakes 
during long-term follow-up agrees with a meta-analysis of 9 prospective cohort 
studies in mainly healthy populations, followed for 6-40 y (pooled relative risk [RR] 
of 0.82, 95% CI 0.69-0.98 for higher EPA+DHA intakes).26  

EPA+DHA in blood lipid compartments, including plasma cholesteryl esters, is an 
established biomarker of habitual EPA+DHA and (oily) fish intake,27 although it may 
also be influence by other factors and metabolic processes.28 Correlations between 
intake and plasma levels were around 0.4 in the Alpha Omega Cohort, comparable 
to other cohorts.27 Consistent with findings for dietary EPA+DHA and fish, we found 
a 30% lower risk of fatal CHD for higher circulating EPA+DHA. In addition, lower 
risks were observed for fatal CVD and all-cause mortality. Erythrocytes have been 
proposed as a more suitable biomarker for long-term intake of n-3 FAs.18,29 When 
applying criteria for the Omega-3 index,18 an established indicator of red blood cell 
EPA+DHA, a 37% lower risk of fatal CHD in the upper category (>3.1%) was found 
in our Alpha Omega Cohort.  

As for dietary EPA+DHA, data on circulating EPA+DHA and mortality risk in CHD 
patients are limited. In Finnish CHD patients, RRs for all-cause and CHD mortality 
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were around 0.3-0.5 for high vs low EPA and DHA in serum cholesteryl esters.25 In 
956 CHD patients of the Heart and Soul study, those with erythrocyte EPA+DHA 
above the median had a 27% lower mortality risk during 6 y of follow-up.30 Fatal 
CVD and CHD were not examined in that study. In 3259 German patients referred 
for coronary angiography (LURIC study),31 higher circulating EPA+DHA was 
associated with a 22% lower risk for both fatal CVD and all-cause mortality (975 
deaths) during 10 y of follow-up, comparable to our findings. Fatal CHD was not 
examined in German patients, and observed risk reductions were non-significant 
for ALA. Our findings of circulating EPA+DHA and fatal CHD agree with a pooling 
study of population-based cohorts (>45,000 individuals) around 59 y of age, with a 
median follow-up of 10 y.21 In multivariable analysis, each 1-SD increase in 
circulating EPA and/or DHA was associated with a 9-10% lower risk of fatal CHD. 
ALA was also related to a 9% lower risk of fatal CHD (per 1-SD) in population-based 
cohorts.21 This finding differs from the Alpha Omega Cohort where associations with 
circulating ALA were neutral, for which we have no explanation.  

The Alpha Omega Cohort included a trial phase during early follow-up, in which 
patients were randomized to margarines that provided low doses of EPA+DHA (400 
mg/d), ALA (1 g/d), both EPA+DHA and ALA, or placebo (Alpha Omega Trial), for 
40 months.6,9 This intervention did not significantly impact major CVD events or 
secondary endpoints, including fatal CHD (HR of 0.95 for EPA+DHA vs placebo, 
95% CI 0.68-1.32). A Cochrane meta-analysis of RCTs (including the Alpha Omega 
Cohort) showed a non-significant 10% lower risk of fatal CHD in CVD patients, 
mostly for higher doses of EPA+DHA.7 In contrast, the current observational 
analysis of the Alpha Omega Cohort showed strong cardioprotective associations 
for dietary and circulating EPA+DHA, which were not modified by supplemental n-
3 FAs during early follow-up. The present cohort study differs from the original trial 
in various aspects, including EPA+DHA doses (dietary intake vs. supplemental 
intake of 400 mg/d on top of diet), food matrix (fish vs. margarine spreads), duration 
of follow-up (>12 y vs. 40 months) and number of CHD deaths (515 vs. 138 cases). 
We cannot exclude the possibility of residual confounding in the present analysis 
because the intake of fish (and EPA+DHA) was higher in patients who were more 
educated, and also in alcohol users. We did, however, carefully adjust for these and 
a large number of other potential confounders.  

Interestingly, in 846 female patients of the Alpha Omega Cohort, there was a trend 
towards a lower risk of fatal CHD with higher ALA intake (HR of 0.69 per 1-SD), 
although not statistically significant. This observation corroborates results from the 
earlier Alpha Omega Trial, in which low-dose ALA supplementation (1 g/d) reduced 
the risk of major CVD events in the same group of women, a finding that approached 
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significance (HR of 0.73; 95% CI 0.51-1.03).6 We therefore cannot rule out a 
beneficial effect of ALA in CVD prevention, specifically in women.   

EPA+DHA can reduce blood pressure, plasma triglycerides and blood 
coagulation,32 but only for intakes >750 mg/d.3  For lower intakes of EPA+DHA from 
fish, as in our cohort, protection against fatal CHD has been attributed to the 
prevention of cardiac arrhythmias.3,32–34 Inverse associations of EPA+DHA with fatal 
CHD in our patients tended to be stronger in those with an MI <1 y before study 
enrolment. A beneficial role for EPA+DHA in attenuating reperfusion ischemia injury 
in cardiac tissue has been hypothesized, although the exact mechanism is not yet 
understood.35,36  

To conclude, higher levels of dietary and circulating EPA and DHA (mainly from 
fish) were associated with a lower risk of mortality, in particular from CHD, in Dutch 
post-MI patients with a low fish intake. This finding could have major implications 
for dietary advice after MI, and warrants confirmation in other large cohorts of CHD 
patients.   
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SSUUPPPPLLEEMMEENNTTAALL  TTAABBLLEESS  AANNDD  FFIIGGUURREESS  

TTaabbllee  SS11. Percentage contribution of selected food groups to total intakes of EPA+DHA and ALA in the 
Alpha Omega Cohort 

 EPA+DHA  ALA 
Grain products* -† 19 
Meat and poultry 5 7 
Eggs 4 -† 
Milk and milk products‡ -† 6 
Fish§ 89 3 
Nuts and seeds|| -† 4 
Vegetables and potatoes -† 6 
Legumes  -† 1 
Cooking oils -† 26 
Margarine -† 14 
Dressings#  -† 6 
Savory spreads 2 3 

*Grain products included bread, pie, pancake, pizza, noodle.  
†Contribution <1%.  
‡Milk and milk products included butter.  
§Fish included oily fish (50%), lean fish and shellfish.  
||Nuts and seeds include peanut butter.  
#Dressings included creamy (mayonnaise-based) and oil-vinegar dressings.  
Values for ALA do not add up to 100% because snacks and unknown sources are not in the Table.   
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FFiigguurree  SS11. Flow diagram for selecting the population of analysis from the Alpha Omega Cohort.  
FA, fatty acids. 

 
 

Alpha Omega Cohort 
n=4837 

n=4741 

Missing data on circulating n-3 FAs 
(n=91) or unknown FAs >5% (n=5) in 
plasma cholesteryl esters 

Population for analysis 
n=4067 

Missing dietary data (n=441), implausible 
energy intakes (n=18) or extreme 
unsaturated FAs (n=215) 



196  OMEGA-3 PUFA AND 

 
  

FFiigguurree  SS22. Associations of dietary ALA (in categories) and circulating ALA (in quintiles) with CHD, CVD 
and all-cause mortality.  

ALA, alpha-linoleic acid; CHD, coronary heart disease; CVD, cardiovascular disease; py, person-years; Q, quintile; ref, 
reference. Hazard ratios (HRs) and 95% confidence intervals (CIs) were obtained from multivariable Cox models, using 
the lowest category as reference; HRs for dietary ALA were adjusted for age, sex, education level, physical activity, 
smoking status, alcohol intake, obesity, prevalent diabetes, cardiovascular drugs, time sice MI, and intake of total 
energy, cholesterol, fiber and trans fatty acids; HRs for circulating ALA were adjusted for the same covariates except 
dietary factors, plus serum total cholesterol, circulating 18:2 n-6 and circulating 20:4 n-6; All P values for linear trend 
were >0.05. 
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General discussion

Chapter 7



202  GENERAL DISCUSSION 

This Thesis set out to investigate the mutual relationship between dietary and 
circulating fatty acids (FAs) and their associations with cardiometabolic outcomes 
in prospective cohort studies, mainly in patients with a history of myocardial 
infarction (MI). This Thesis focuses on FAs that could be important for the prevention 
of cardiovascular diseases (CVD), of which circulating levels may be influenced by 
diet. These include polyunsaturated FAs, namely n-3 FAs (EPA, DHA and ALA), 
linoleic acid (LA, the main n-6 FA), and odd-chain FAs (15:0 and 17:0). Survival of 
post-MI patients has considerably improved in the past decades and the 
importance of diet in the prevention of recurrent CVD events and type 2 diabetes in 
these patients is increasingly acknowledged. It is therefore important to have a 
good understanding of the role of unsaturated FAs in cardiometabolic health in 
these patient groups. The concentrations of FAs in blood lipid pools, including 
plasma cholesteryl esters, are increasingly used as alternative, objective measures 
for self-reported dietary intakes in cohort studies. The role of dietary and circulating 
FAs in cardiometabolic health has mainly been studied in general populations, but 
is largely unknown for patients with coronary heart disease (CHD). Patients with 
CHD often have an altered metabolism due to multiple risk factors, presence of 
disease and treatment with cardiovascular medication, which can affect the 
circulating FAs and their utility as biomarkers of dietary FAs intake.  

Results presented in this Thesis were mainly derived from the Alpha Omega Cohort, 
which consists of 4837 Dutch patients with a history of MI who received state-of-
the-art cardiovascular drug treatment (CChhaapptteerrss  22,,  33,,  44  aanndd  66). Additionally, data 
from the South African PURE cohort were used to study LA in relation to type 2 
diabetes risk in more detail, focusing also on the role of the liver (CChhaapptteerr  55). In this 
last chapter, the main findings of this Thesis are summarized and discussed for 
each of the FAs. Furthermore, methodological aspects are considered and 
directions for future studies are given.  

 

 

MMAAIINN  FFIINNDDIINNGGSS  

TTaabbllee  11 presents the summary of the main findings of this Thesis according to the 
three specific objectives.   
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204  GENERAL DISCUSSION 

Polyunsaturated n-3 FAs 

In Dutch post-MI patients from the Alpha Omega Cohort, dietary n-3 FAs mainly 
comprised ALA (72% of total n-3 FAs; median: 0.9 g/d) and EPA+DHA (8%; median: 
108 mg/d) (CChhaapptteerr  22  aanndd  66). These patients consumed most EPA+DHA from fish, 
whereas dietary sources of ALA were cooking oils, grain products (e.g. bread, 
pasta) and margarine (CChhaapptteerr  66). Circulating levels of EPA+DHA in plasma 
fractions of cholesteryl esters, phospholipids and total plasma were generally 
around 1% of total FAs, except for circulating DHA in plasma phospholipids which 
was 4.5% of total FAs. Circulating ALA was generally low in cholesteryl esters and 
phospholipids (<0.5%) (CChhaapptteerr  22).  

In post-MI patients, dietary EPA+DHA intake was well reflected in circulating 
EPA+DHA measured in three different plasma lipid fractions, with correlations 
between 0.4 and 0.5 (CChhaapptteerr  22). Furthermore, dietary and circulating EPA+DHA 
were both inversely associated with CHD mortality risk (CChhaapptteerr  66). In contrast to 
the findings for EPA+DHA, dietary and circulating ALA were not correlated (CChhaapptteerr  
22), and both dietary and circulating ALA were not associated with CHD mortality 
risk (CChhaapptteerr  66).  

 
Polyunsaturated n-6 LA 

Dietary LA in post-MI patients was on average ~6 % of total energy (en%) (CChhaapptteerr  
22), which is within the range previously observed in populations with a Western 
diet.1,2 The circulating levels of LA were the highest in plasma fraction of cholesteryl 
esters (50% of total FAs), followed by total plasma and PL (20 to 30% of total FAs). 
Correlations between dietary and circulating LA were weak (<0.2) in both post-MI 
patients (CChhaapptteerr  22) and in South African individuals of whom 40% had 
hyperlipidemia (CChhaapptteerr  55). Post-MI patients with higher alcohol intake and statin 
use and black South Africans reporting alcohol use had circulating LA levels that 
were lower than those without these characteristics, despite having similar dietary 
LA intake (CChhaapptteerr  22  aanndd  55).   

In Dutch post-MI patients, inverse associations with T2D risk were observed for 
circulating LA in plasma cholesteryl esters but not for dietary LA (CChhaapptteerr  44). The 
associations of circulating LA with T2D risk were attenuated after adjustments for 
FAs in de novo lipogenesis pathway (16:0 and 18:1 n-9) and 16:1 n-7/16:0. 
Additionally, the estimated delta-6-desaturase activity (18:3 n-6/18:2 n-6) and FAs 
in de novo lipogenesis (16:0 and 18:1 n-9) showed even stronger direct 
associations with T2D risk than those of LA. Further, circulating LA was inversely 
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associated with liver function markers, especially serum gamma-glutamyl 
transferase levels, whereas a weaker inverse association between dietary LA and 
serum gamma-glutamyl transferase levels was observed in the South African men 
and women (CChhaapptteerr  55). 

 
Odd-chain FAs 

In Dutch post-MI patients, the average intake of dairy products was in the range of 
300-350 g/d and fiber intake was ~22 g/d (CChhaapptteerr  33). Main contributors to total 
dairy intake were milk (47%) and yogurt (22%), whereas major sources for fiber 
intake were grain products (43%), followed by fruits and vegetables (27%), 
potatoes (17%), and small amounts from beans and legumes (<7%). Circulating 
15:0 and 17:0 in cholesteryl esters and phospholipids were very low (<0.5% of total 
FAs), with a higher proportion of 17:0 in phospholipids (as compared to 15:0), whilst 
in cholesteryl esters the proportion of 15:0 was higher.  

In Dutch post-MI patients, circulating 15:0 and 17:0 in cholesteryl esters and 
phospholipids showed only weak correlations with dairy and dairy fat intakes (0.17-
0.26 for 15:0 and 0.10-0.14 for 17:0) (CChhaapptteerr  33). Interestingly, circulating 17:0 was 
also correlated with fiber intakes (0.09-0.19), whereas circulating 15:0 was not (r ≤ 
0.05). Patients with high intakes of both dairy and fiber had the highest circulating 
17:0. Elevated circulating 15:0 levels were observed in patients with high dairy 
intake irrespective of their fiber intake.   
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IINNTTEERRPPRREETTAATTIIOONN  OOFF  FFIINNDDIINNGGSS  

Circulating levels of FAs that cannot be produced endogenously have been 
considered to be closely related to dietary FAs intake.3 In observational studies, the 
identification of biomarkers for habitual FAs intake tends to be based on simple 
correlations between self-reported intakes and plasma concentrations, using single 
measurements. Several factors influence these correlations and need to be 
considered in the interpretation of associations of these FAs with cardiometabolic 
diseases. An overview of these considerations and how they impact the utility of FA 
biomarkers in epidemiological studies is given in Table 2, at the end of this section. 

 
n-3 FA: EPA and DHA 

Although EPA and DHA can be endogenously produced from ALA, they are mainly 
derived from the diet because of the limited conversion from ALA to EPA and DHA 
in the human body.4 Despite low intake of fish (around 14 g/d) and EPA+DHA intake 
in the Dutch post-MI patients, the correlations between dietary and circulating EPA 
and DHA were similar to correlations of 0.4-0.5 previously reported in cohorts of 
generally healthy populations with varying intakes of EPA and DHA.5–7 Furthermore,  
this Thesis shows that correlations between dietary and circulating EPA and DHA 
in post-MI patients are unlikely to be modified by factors that affect metabolism, 
including statin use, presence of diabetes, obesity and alcohol use.  

In CChhaapptteerr  66, higher dietary and circulating EPA+DHA were associated with ~30% 
lower long-term CHD mortality risk, respectively. Consistent inverse associations 
were found in the Alpha Omega Cohort for habitual dietary and circulating EPA and 
DHA and fish intake, in relation to CHD mortality. These findings suggest that in 
epidemiological studies in CHD patients, circulating EPA+DHA levels are reliable 
biomarkers of dietary intake of these FAs. Research on habitual EPA+DHA intake 
and mortality risk in CHD patients is limited and  available studies are difficult to 
compare because of variations in range of intake, length of follow-up, type of CVD 
and clinical endpoints.8,9 A cohort study in Norwegian CHD patients (~90% on 
statins) did not find an association between intakes of EPA+DHA from diet and/or 
supplements and CHD mortality.10 However, the Norwegian patients had an 
EPA+DHA intake that was much higher (0.6 to 2.6 g/d) than Dutch post-MI patients 
in CChhaapptteerr  66. An earlier review of cohort studies and randomized controlled trials 
(RCTs) suggested that dietary EPA+DHA up to 250 mg/d provide most of the 
reduction in cardiovascular risk in populations varying in CHD risk, with no 
substantial reduction above this range.11 Two cohorts of patients with acute 
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coronary syndrome in Norway12 and Argentina13 reported no associations of 
circulating EPA and/or DHA with cardiac or sudden death. These studies had 
shorter follow-up (<5 y) and less events (<200 cases) than the Alpha Omega Cohort 
described in CChhaapptteerr  66. Two cohort studies of 400-1000 patients with stable CHD 
with at least 5 y of follow-up showed a reduction of all-cause mortality risk ranging 
from 25% to 70%, comparing extreme categories of circulating EPA+DHA,14,15 
similar to our observations in a larger sample of post-MI patients. Evidence from the 
most recent meta-analysis of RCTs in those at high risk of CVD including CHD 
patients has shown that increasing EPA+DHA intake reduced CHD mortality risk by 
10%, while not affecting CVD or all-cause mortality,16 in agreement with our findings 
described in CChhaapptteerr  66. 

The inverse association of dietary EPA+DHA with CHD mortality in the Alpha Omega 
Cohort differs from findings of the Alpha Omega Trial which showed no effect of 
EPA+DHA supplementation on cardiovascular events for post-MI patients.17 
Because the associations in the Alpha Omega Cohort concern the habitual 
EPA+DHA intakes, which reflect a lifetime exposure to dietary EPA+DHA, a possible 
interpretation for the null findings in the Alpha Omega Trial is that there was no 
additional benefit of n-3 FAs supplementation above the habitual levels of 
EPA+DHA intake in these patients. The length of follow-up period might also be an 
explanation since Alpha Omega Cohort had a longer follow-up period than the 
Alpha Omega Trial (40 months). Other potential explanations are related to fish 
intake because most EPA+DHA intakes in post-MI patients were derived from fish. 
The inverse associations of EPA+DHA with CHD mortality might have reflected a 
higher consumption of other beneficial nutrients associated with fish consumption 
or a lower intake of other foods such as meat, and not necessarily EPA+DHA. The 
inverse associations in the Alpha Omega Cohort might also be due to the residual 
confounding associated with EPA+DHA or fish intake. EPA+DHA intake was higher 
in alcohol users and correlated with socioeconomic status in the Alpha Omega 
Cohort, as well as other studies.18,19   

 

 

 

 

 

 



208  GENERAL DISCUSSION 

 

n-3 FA: ALA 

The finding of no correlation between dietary and circulating ALA (CChhaapptteerr  22) 
agrees with most observational studies, largely conducted in apparently healthy 
populations.6,7 There are several possible explanations for the absence of 
correlation between dietary and circulating ALA. Results from isotope tracer studies 
have shown that a large proportion of dietary ALA (>75%) is directed towards 
oxidation for energy4,20 and that only a small amount is incorporated in plasma 
phospholipids, which also explains its low conversion to longer-chain EPA and 
DHA.20–22 In this Thesis, dietary ALA at habitual level was also not related to 
circulating EPA in the Dutch post-MI patients (CChhaapptteerr  22  aanndd  66). Additionally, 
incomplete or imprecise data of ALA content in the Dutch food composition table 
(NEVO)23 may affect the validity of dietary ALA estimation.24 The main food sources 
of ALA in these post-MI patients were (plant-derived) cooking oils (26%), 
margarines (14%), and grain products (19%) such as baked goods, which might 
include plant oils or seeds and walnuts as ingredients (CChhaapptteerr  22). Any change in 
types and amount of plant oils used by the food industry affects ALA content in 
these foods of which data may not be quickly adopted into the food composition 
tables, thereby contributing to errors in dietary ALA intake estimation. Cohort 
studies of ALA intakes should pay attention to completeness and accuracy of ALA 
data in food composition tables, and enrich these tables with recent data from the 
literature and/or perform additional measurements of ALA content in foods, which 
was not done in this Thesis. Poor data on ALA intake will lead to misclassification of 
subjects, which impacts the associations with cardiometabolic disease endpoints 
(if present), likely resulting in an attenuation of relative risks (i.e. bias towards the 
null).  

Generally, there is a lack of cohort studies on the associations of dietary and 
circulating ALA with mortality, and even less in CHD patients. Considering that 

Dietary EPA and DHA assessed as self-reported intake and circulating levels 
are consistently correlated (0.4-0.5) in CHD patients, irrespective of blood lipid 
pool (plasma cholesteryl esters, phospholipids or total plasma). Thus, in 
epidemiological studies of CHD patients circulating EPA+DHA may be 
considered as a good biomarker of dietary EPA+DHA. Furthermore, in CHD 
patients of the Alpha Omega Cohort, both higher habitual dietary and 
circulating EPA+DHA (as well as fish intake) showed similar associations with 
a lower CHD mortality risk.  
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dietary ALA was not correlated with circulating ALA in this Thesis, the associations 
with mortality are discussed separately because the interpretation for dietary ALA 
associations may be different to those of circulating ALA. Dietary ALA was not 
significantly associated with risk of CHD mortality in Dutch post-MI patients 
(CChhaapptteerr  66), in line with a recent meta-analysis of RCTs in patients at high risk of 
CVD.16 However, in the small group of women (n=846) of the Alpha Omega Cohort, 
a HR of 0.69 (0.40-1.21) per 1 g/d higher ALA intake was observed. Previously, in 
the Alpha Omega Trial that took place during the first 40 months of follow-up, low-
dose ALA supplementation (1 g/d) was related to a lower risk of CVD events 
specifically in women, a finding that approached significance (HR of 0.73; 95% CI 
0.51-1.03).17 Based on these findings, we cannot rule out the possibility that dietary 
ALA plays a role in the prevention of recurrent CVD in women. A recent meta-
analysis of nine healthy cohorts indicated dietary ALA to be inversely associated 
with CHD mortality in younger populations (<60 y), in studies with ≥50% women and 
in Asian but not in European or North American cohorts.25 However, for those with 
history of CVD in the Asian cohort, no association was observed between dietary 
ALA and CVD mortality which included deaths from CHD and stroke.26 A study in 
667 healthy older Dutch population showed that a higher intake of food sources of 
ALA that also contained trans FAs, such as margarine, cooking fat and baked 
goods, was associated with a higher risk of CHD, which disappeared after 
adjustment of trans FA intake.27 This result suggests that ALA intake might be 
related to trans FAs. ALA intake was also associated with trans FAs in the post-MI 
patients (CChhaapptteerr  66) and adjusted for in the analyses. Overall, the limited evidence 
including findings presented in this Thesis indicates that dietary ALA is not 
associated with mortality risk in CHD patients.   

No significant associations with CHD, CVD and all-cause mortality were observed 
for circulating ALA in the Alpha Omega Cohort, although there was some evidence 
for a lower risk of fatal CHD specifically in women (HR of 0.90 per 1-SD; 95% CI 
0.74-1.10), for which the study was underpowered (CChhaapptteerr  66). To the best of our 
knowledge, there is one other study on the relation between circulating ALA and 
mortality risk in CHD patients. Kleber et al. studied 3259 German men and women 
referred for coronary angiography (78% with CHD) and showed that a higher 
circulating ALA in erythrocytes was associated with a lower all-cause mortality risk 
in women but not in men.28 In the study of Kleber et al., the women were younger, 
had less CHD and used less lipid-lowering drugs compared to the men,29 which 
may explain the different associations in women than in men in that study. In the 
Alpha Omega Trial (described above), supplemental ALA intake of 1 g/d was well 
reflected in plasma ALA levels, resulting in a borderline significantly lower risk of 
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recurrent CVD in women.17 Based on the totality of evidence, it may be possible that 
cardiovascular benefits of ALA in women are only achieved at higher levels of ALA 
intake (e.g. >2 g/d). Whether higher circulating ALA through dietary or 
supplemental intake could play a role in secondary prevention of CVD warrants 
confirmation in statin-treated CHD patient cohorts with a larger number of women.  

 

 

 

n-6 FA: LA   

Only weak correlations (<0.2) between dietary and circulating LA were observed in 
CHD patients (CChhaapptteerr  22), despite the fact that LA is an essential FA that is 
exclusively obtained from the diet. The main contributors of dietary LA were similar 
to ALA in the Dutch post-MI patients, namely margarines (32%) and cooking oils 
(21%) (unpublished data). As discussed for ALA, errors may have occurred in 
dietary LA assessment, but the Dutch food composition table (NEVO 2006) used in 
CChhaapptteerrss  22  aanndd  44 in this Thesis showed more accuracy and completeness for LA 
than for ALA. Dietary LA is the major PUFA in the Western diet (4-6 en%),2 and 
common cooking oils, e.g. sunflower and corn oil, contain much more LA (~60% of 
total fat) than ALA (~1.0%),30 making estimations of LA intake less prone to error. 
Although not very likely, inaccuracies in LA intake assessment may have 
contributed to the weak correlation between dietary and circulating LA in post-MI 
patients (CChhaapptteerr  22). The intake of LA of 5.7 en% estimated by FFQ in the Alpha 
Omega Cohort (CChhaapptteerrss  22  aanndd  44)) matches that of a general older population of 
Dutch men (5.6 en%) and women (5.5 en%), who completed two non-consecutive 
24h dietary recalls in the Dutch Food Consumption Survey.31 Furthermore, LA intake 

ALA intake in the range commonly consumed in Western populations (around 
1 g/d) was not correlated with circulating ALA in Dutch post-MI patients. This 
hampers the use of circulating ALA as a biomarker of intake in cohort studies 
of CHD patients. In this Thesis, dietary and circulating ALA were not 
significantly associated with mortality risk, which supports the overall (limited) 
evidence that habitual ALA intake plays no major role in secondary CVD 
prevention. However, cardioprotective effects of ALA in female CHD patients, 
for which the study was underpowered, cannot be ruled out. Neutral results for 
dietary ALA may also be due to misclassification of exposure, resulting from 
inaccurate and incomplete dietary assessment and food composition tables.  
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of the post-MI patients was comparable to other large cohorts in the generally 
younger and healthy Western populations (4.4-5.5 en%) which reported stronger 
correlations (0.20 to 0.34) between dietary and circulating LA.32–36  

For a given dietary LA intake, post-MI patients using statins or reporting high alcohol 
(>30 g/d for men or >20 g/d for women) had lower circulating LA than those without 
these characteristics (CChhaapptteerr  22). Statin use and high alcohol intake in post-MI 
patients might affect circulating LA through influencing desaturase enzymes, in 
various ways.  

First, an increased activity of the desaturase enzymes in the n-6 FA pathway results 
in a lower circulating LA and higher circulating levels of its desaturation products. 
Statin was shown to increase desaturation of LA in an in vitro study using human 
THP-1 cell line.37 Additionally, some trials in hyperlipidemic individuals have shown 
a lower circulating LA38–40 and higher 18:3 n-6,39 20:3 n-639 and 20:4 n-638,40 after 
statin treatment, suggesting that statin causes an overall increase in the conversion 
of LA to 20:4 n-6. A lower circulating LA in statin users compared to non-users were 
also shown in a more recent analysis of two British and two Finnish cohorts,41 which 
further confirmed their findings in Mendelian randomization analyses of eight 
cohorts using the rs12916 in HMGCR gene, used as a proxy of life-long influence 
of statin.41 The lower circulating LA in those using statins compared to non-users in 
post-MI patients might therefore be due to an increased delta-6-desaturase activity. 
Furthermore, statin use might also explain the weak correlation for LA in post-MI 
patients of whom the majority (~90%) were on statins (CChhaapptteerr 22), while other 
cohorts reporting stronger correlations were performed in mainly healthy 
populations without users of lipid-lowering drugs32,33,35,36 or with only small 
proportion (2-3%) using lipid-lowering drugs.34  

Second, alcohol may induce changes in other major circulating FAs in the lipid pool, 
which in turn also affect circulating LA since circulating FAs in cohort studies are 
often measured relative to total FAs. A review on alcohol and PUFA has postulated 
a direct effect of ethanol, the main component of alcoholic drinks, on circulating 
PUFAs.42 Ethanol metabolism in the liver causes an increase in lipid peroxidation, 
with chronic high intake of ethanol resulting in lower circulating PUFAs.42 However 
results from later studies in different cohorts43,44 indicated that the stearoyl-coA-
desaturase-1 may also be involved. Similar to the post-MI patients in CChhaapptteerr  22, 
cross-sectional and longitudinal analyses of three Finnish cohorts which comprised 
~9800 adults aged 24-45 y showed that a higher ethanol intake was associated with 
not only a lower circulating LA but also a higher circulating total MUFAs, both 
relative to total FAs in serum.45 Interestingly, ethanol intake was also directly 
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associated with the absolute concentration of total serum MUFAs, but not with 
absolute concentration of circulating LA.45 A mechanism that could explain the 
observations in this Finnish study,45 in the post-MI patients (CChhaapptteerr  22) and South 
Africans reporting alcohol use (CChhaapptteerr  55) is related to the effect of ethanol on the 
modulation of de novo lipogenesis by increasing activity of sterol regulatory element 
binding protein-1c (SREBP-1c) which regulates stearoyl-coA-desaturase-1, the 
enzyme converting SFAs to MUFAs.46 It is therefore possible that the low circulating 
LA associated with (high) alcohol intake observed in this Thesis is a consequence 
of increased plasma circulating MUFAs.    

Results presented in CChhaapptteerr  44 showed that dietary LA, theoretically modelled to 
replace similar energy from SFAs, was not associated with T2D risk in Dutch post-
MI patients. This was found also in some,47–49 but not all50–52 population-based 
cohorts. For circulating LA and T2D risk, findings in this Thesis were in line with the 
pooled analysis of 20 cohorts in mostly healthy populations.53 Apart from possible 
errors in dietary assessment of LA, the discrepancy between dietary and circulating 
LA associations with T2D risk in post-MI patients may be explained by an impaired 
liver metabolism affecting circulating LA. In post-MI patients circulating LA 
associations with T2D risk were attenuated after adjustments for 16:0, 16:1 n-7/16:0 
and 18:1 n-9 (CChhaapptteerr  44). These FAs and estimated delta-6-desaturase activity 
(18:3 n-6/LA) were also strongly associated with T2D risk in post-MI patients 
(CChhaapptteerr  44). A lower circulating LA accompanied by higher LA desaturation 
products (18:3 n-6, 20:3 n-6), 16:1 n-7 and 18:1 n-9 characterizes the circulating 
FAs composition in individuals with non-alcoholic fatty liver disease.54 In another 
cohort of slightly overweight but healthy elderly, circulating LA was inversely 
associated with liver fat while 16:0 was directly associated with liver fat.55 Excess 
liver fat may also be caused by high alcohol intake,46 which relationship with low 
circulating LA has been discussed in the previous paragraph. To verify the possible 
relation with an impaired liver function, the associations between circulating LA and 
liver enzymes were further examined (CChhaapptteerr  55). A lower circulating LA was 
associated with higher levels of liver enzymes, particularly gamma-glutamyl 
transferase indicating worse liver function, but not with fasting glucose or glycated 
hemoglobin (HbA1c) in black South Africans. As liver fat accumulation is related to 
insulin resistance,56 the associations of a low circulating LA with an impaired liver 
function may reflect insulin resistance in those with low circulating LA, which would 
explain the relation to a higher risk of T2D. However, this could not be confirmed in 
this Thesis due to lack of insulin data.  

RCTs can provide more insight in whether dietary LA affects T2D risk. A meta-
analysis of 13 RCTs (duration ≤16 weeks) in individuals without diabetes showed 
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that increasing dietary PUFAs (mainly LA) to replace SFAs and carbohydrates was 
associated with a decrease in fasting insulin and insulin resistance, but  not with 
fasting glucose.57 However, another meta-analysis including 11 RCTs of longer 
duration (≥24 weeks) concluded that the effect of n-6 FAs on plasma glucose, 
insulin resistance and the incidence of T2D is not yet clear because there was only 
a limited number of RCTs and these RCTs were considered to have a high risk of 
bias.58 Experimental evidence in CHD patients is lacking. RCTs with a sufficiently 
large study sample and of longer duration (e.g. >24 weeks) of isocaloric 
replacement of dietary SFAs by LA or PUFAs on T2D risk are needed, specifically 
in statin-treated post-MI patients.  

 

 

Odd-chain FAs 

Odd-chain FAs (15:0 and 17:0) have been proposed as biomarkers of dairy intake 
because these FAs are only produced by gut microbiota in ruminants,59,60 which 
therefore meets the assumption that these FAs originate from exogenous sources. 
Indeed, in this Thesis, circulating odd-chain FAs 15:0 and 17:0 were correlated with 
dairy intakes in post-MI patients (CChhaapptteerr  33), similar to previous cohorts of healthy 
individuals.61 Interestingly, circulating 17:0 was also correlated with fiber intakes in 
post-MI patients, and those with both high dairy and high fiber intakes had the 
highest circulating 17:0. This supported an earlier finding of an RCT in healthy 
individuals which reported increased circulating odd-chain FAs particularly 17:0 
after a 7-day supplementation of inulin, a fermentable fiber,62 and a limited number 
of cohort studies in healthy populations reporting correlations of 17:0 with dietary 
fiber or fiber-rich foods.63–65  

In post-MI patients, circulating LA was inversely associated with T2D risk 
whereas dietary LA was not. The correlation between dietary and circulating LA 
in these patients was weak (r <0.2). This weak correlation might partly be due 
to an increased delta-6-desaturase activity in statin users and/or increased 
circulating MUFAs due to high alcohol intake in these patients. Furthermore, 
impaired liver metabolism might also be associated with lower circulating LA. 
This suggests that the higher T2D risk in post-MI patients with low levels of 
circulating LA could reflect the (preclinical) metabolic disease process, rather 
than low dietary LA intake. 
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Increased production of short-chain FAs by the gut microbiota from fiber 
fermentation, especially the three-carbon propionate that can be used as substrate 
for FA synthesis, may explain the relationship between dietary fiber and circulating 
odd-chain FAs.62 However, this is not the only proposed mechanism for explaining 
variation in circulating odd-chain FAs levels in the human body. Another possible 
explanation is the biosynthesis of 17:0 through alpha-oxidation of 18:0,66,67 although 
a direct relationship between fat from ruminant sources (including dairy) and 
circulating 15:0 was also confirmed in the trials.66 Possible biosynthesis of odd-
chain FAs from valine, a branched-chain amino acid which can be derived from 
dairy intake, has also been proposed.68 In experiments involving in vitro and mouse 
(in vivo) models, valine has been shown to enhance production of 15:0 and 17:0 by 
activating PPARα-dependent alpha-oxidation and increasing availability of 
propionyl-coA as the precursor for de novo FA synthesis.68 Controlled dose-
response feeding studies in humans are warranted to assess and compare the 
effects of different fibers and dairy foods on circulating odd-chain FAs.  

Although it remains to be confirmed, the relation between circulating 17:0 and fiber 
intake could have major implications for the interpretation of results from 
observational cohort studies. Higher levels of circulating odd-chain FAs were 
associated with a reduced risk of T2D in an analysis involving 16 prospective 
cohorts of non-diabetic individuals,69 and mortality from CVD in a cohort of older 
adults.70 In most studies, inverse associations with circulating odd-chain FAs were 
linked to dairy intake because of previously known associations of dairy intake and 
circulating odd-chain FAs.59,60 However, the associations between 17:0 and fiber 
intake observed in our study and others62–65 suggest that fiber intake (partly) 
accounts for the inverse associations of circulating 17:0 with cardiometabolic 
diseases. Potential pathways that could link circulating odd-chain FAs to a lower 
cardiometabolic disease risk may be elucidated through fundamental, (animal) 
experimental research, which was beyond the scope of the present Thesis.  

 

Circulating odd-chain FAs 15:0 and 17:0 were related to dairy intake in post-MI 
patients, but circulating 17:0 was also related to fiber intake. Therefore, 
circulating odd-chain FAs may not be exclusive biomarkers of dairy intake. This 
has major implications for research in the field of nutritional epidemiology, when 
studying dietary intakes and cardiometabolic risk. Inverse associations of 
circulating odd-chain FAs, especially 17:0, with T2D risk in recent cohort 
studies may (partly) be attributable to dietary fiber, rather than dairy. 
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MMEETTHHOODDOOLLOOGGIICCAALL  CCOONNSSIIDDEERRAATTIIOONNSS  

Methodological choices related to exposures and endpoints, study design, and 
analytic models could impact the validity of findings in this Thesis. In this section, 
several methodological aspects related to internal and external validity of the 
findings are discussed.  

  

Measurement of dietary FAs  

Most large cohort studies, including Alpha Omega Cohort and the South African 
PURE cohort, use the FFQ for estimating habitual intake, a dietary assessment 
method that is relatively easy to administer and process. The 203-item FFQ used in 
the Alpha Omega Cohort was an extended version from an original 104-item FFQ 
developed to specifically estimate intakes of FAs and cholesterol.71,72 Separate 
questions were asked for foods with different fat content and a list of brand names 
for products was provided, which support its validity to accurately discriminate 
intake of foods with different fat content. For each food item, patients were asked to 
indicate the usual portion sizes and the frequency of consumption. When patients 
indicated consumption of a prepared food, such as cooked fish, additional 
questions were asked on the preparation method (e.g. fried, oven-baked, boiled, or 
steamed), and if during preparation fats/oils were used, the type of fats/oils was 
also asked, for which a list of brand names of fats and oils was provided to the 
patients.  

The FFQ has been previously validated against dietary history and had high 
reproducibility for assessing the intake of most food groups, including edible fats 
and oils, with Spearman correlations up to 0.9.72 The reported intakes were less 
likely affected by recall bias because the FFQ covered the intake of past month and 
not a longer time period, and patients in the Alpha Omega Cohort were less likely 
to have cognitive impairment, which was an exclusion criteria of the study.73 The 
reported intakes of FAs (CChhaapptteerr  22), dairy and fiber (CChhaapptteerr  33) by post-MI patients 
in this Thesis were comparable with results from detailed food records obtained 
from the general elderly Dutch population.31  

In PURE South Africa study, assessment of dietary intake was performed using a 
145-item quantitative FFQ. This quantitative FFQ was a culture-sensitive FFQ 
covering the past month,74 and was developed and validated in a similar 
population.75,76 To facilitate better estimation of portion sizes, a food-portion 
photograph book that was specifically developed for this population was also 
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provided.77 Preparation methods were asked in detail in the FFQ, which for example 
could include 13 additional questions related to preparation methods of carrots in 
different communities.78 Recipes for traditional dishes used in the local communities 
were also collected during the study and used to complete information from the 
South African food composition table.79       

In the cohort studies described in this Thesis, single measurements of dietary FAs 
obtained at baseline were examined in relation to cardiometabolic outcomes. 
Dietary FAs were assumed to be relatively stable over time. The Alpha Omega 
Cohort comprised post-MI patients aged 60-80 y consuming a traditional Dutch diet, 
and modification of dietary habits is not likely to occur at older age.80 However, even 
when patients maintained their habitual diets during follow-up, the nutritional 
content of foods, particularly the commercial products, could have changed over 
time due to reformulation by the food industry. This may have caused 
misclassification of exposure and attenuated the associations of dietary FAs with 
type 2 diabetes and long-term risk of mortality, although this is less likely for 
associations of EPA+DHA that which almost exclusively obtained from fish (CChhaapptteerr  
66). Baseline measurements of dietary FAs were also used from PURE South Africa 
data, however, cross-sectional analyses were performed for associations of LA with 
serum liver enzymes and glucose metabolism markers (CChhaapptteerr  55). Therefore, the 
misclassification of exposure due to changes in nutritional content of foods is not 
likely to affect the associations, because exposures and outcomes were measured 
at the same time point.      

In studies of relation between dietary and circulating FAs, variations exist in units of 
dietary FAs, which may be expressed as percentage of total fat, percentage of 
energy intake or absolute intake. Several investigators argued that dietary FAs 
should be expressed as percentage of total fat to facilitate comparison with 
circulating FAs, often expressed as percentage of total FAs in lipid pools.33,34 In this 
Thesis, dietary LA was expressed as percentage of energy, while EPA, DHA and 
ALA were presented as absolute intake (in grams or milligrams per day). LA 
substantially contributes to total daily energy intake, and therefore intake is 
expressed relative to energy intake. EPA+DHA, however, hardly contribute to 
energy intake and show no correlation with total energy intake. The use of these 
units facilitates comparison of this Thesis with those of other studies and with dietary 
recommendations. Furthermore, weaker correlations were observed when 
expressing the dietary FAs as percent of total fat (CChhaapptteerr  22), which further support 
the choice of units used in this Thesis.       
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Measurement of circulating FAs 

Circulating FAs are frequently measured as FA composition of a lipid pool and 
expressed in relative concentrations (% of total FAs) in cohort studies. FFiigguurree  11 
depicts circulating levels of selected FAs in cholesteryl esters and phospholipids in 
the Alpha Omega Cohort. The use of relative rather than absolute concentrations is 
preferred because of better correlations between dietary and circulating FAs,81,82 
as confirmed in CChhaapptteerr  22 for LA and DHA. However, expressing circulating FAs 
relative to total FAs also implies that the circulating levels of different FAs in a 
plasma fraction are interrelated. Therefore, circulating FA cannot be studied in 
isolation, because as the levels of one FA increase, the levels of one or more FAs 
decrease by default. It is therefore difficult to conclude whether associations 
between circulating FAs and cardiometabolic diseases are causal, and fully 
attributable to that specific FA. The interrelation of circulating FAs was recently 
illustrated in a Mendelian randomization study, showing that the variations in the 
circulating levels of most FAs related to type 2 diabetes risk were explained by 
variants in FADS1/2 gene cluster encoding enzymes in n-3 and n-6 pathways83 even 
though some of those FAs (e.g. 18:1 n-9 and 18:0) are not in the n-3 and n-6 
pathways and therefore are not directly influenced by the enzymes.                 

In epidemiological studies of circulating FAs, it is recommended to also consider 
correlations with other major FA(s) in the studied lipid pool, and to consider 
associations of the different FAs with cardiometabolic diseases in a broader context. 
Different lipid pools have specific FAs composition, as shown in Figure 1. The 
relative influence of other FAs in lipid pools on risk estimates for LA in relation to 
type 2 diabetes have been examined in this Thesis, for example by examining the 
effect of additionally adjusting for 18:1 n-9 (oleic acid) on the risk estimate in the 
association of circulating LA in cholesteryl esters and type 2 diabetes, and by 
analyzing the association of 18:1 n-9 with type 2 diabetes (CChhaapptteerr  44). 
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FFiigguurree  11 Fatty acid composition in plasma cholesteryl esters and phospholipids.* 

*All values are expressed as percentage of total FAs. 16:0 indicates palmitic acid, 16:1 n-7, palmitoleic 
acid; 18:0, stearic acid; 18:1 n-9, oleic acid; 20:4 n-6, arachidonic acid. 

 
In this Thesis only single measurements for circulating FAs at baseline were used, 
similar to most other cohort studies. It has been shown in a study of Ma et al.84 using 
repeated measurements of circulating FAs in post-menopausal women that 
circulating levels of major FAs in cholesteryl esters and phospholipids, which are 
LA, 16:0 and 20:4 n-6, had a high reliability coefficient (R>0.65, with R being the 
proportion of total variance from between-person component). The short (2-weeks) 
and long-term (3-year) reliability for these FAs were comparable, with slightly better 
reliability for cholesteryl esters than phospholipids. As FA composition of plasma 
fractions are generally considered to reflect intake of past weeks, results of study 
by Ma et al. provided an evidence that circulating levels of FA in these fractions are 
relatively stable and may be used to reflect intake over a longer period, which also 
support the use of single baseline measurement of circulating FAs in cholesteryl 
esters and phospholipids in Alpha Omega Cohort and PURE South Africa study.  

 

Bias and confounding  

In prospective cohort studies, selection bias may occur, especially in case of 
differential loss to follow up. In the Alpha Omega Cohort, follow up was almost 
complete because only one patient was lost to follow up, making selection bias 
unlikely. In South African PURE study, of 3750 adults completing the screening 
questionnaire, only 2010 (54%) attended baseline measurement, of whom 633 
participants with available circulating FAs data were analyzed. Compared to the 
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total cohort, more healthy participants may have been selected for the analytic 
sample, since the prevalence of HIV-infected individuals was very low (<1%) 
(CChhaapptteerr  44) compared to the prevalent HIV in total cohort of PURE South Africa 
(16%).85 Compared to the participants without HIV, those with HIV had a lower high-
density lipoprotein cholesterol and a higher ratio of triglycerides to high-density 
lipoprotein cholesterol, although their serum concentration of liver enzymes and 
glucose (the outcomes of interest in CChhaapptteerr  55), were similar.85           

Observational studies may also suffer from information bias, related to differential 
misclassification of dietary and lifestyle exposures. To illustrate, in the present 
Thesis, alcohol consumption was an important confounder and effect modifier in 
associations of FAs with cardiometabolic endpoints. In the Alpha Omega Cohort, 
patients who were classified as non-drinkers may have deliberately underreported 
their alcohol intakes, or stopped drinking for health reasons (“sick quitters”). Alcohol 
use was inversely associated with circulating LA, and positively with dietary 
EPA+DHA in the Alpha Omega Cohort. Misclassification of patients for alcohol use, 
which is known to have a J-shaped relationship with fatal CHD, may have impacted 
our risk estimates in either direction. Underreporting and errors in alcohol intake 
assessment may also have occurred in the PURE South Africa cohort.86 This could 
potentially have weakened the inverse association between dietary LA and serum 
gamma-glutamyl transferase in South-African individuals (CChhaapptteerr  55). Likewise, 
misclassification may have occurred for other dietary and lifestyle factors. Patients 
wanting to give socially desirable answers may have underreported foods that are 
rich in calories, added sugars and salt, and overreported healthy foods, such 
whole-grains, fruit and vegetables. This could potentially have affected associations 
between dietary FAs and cardiometabolic endpoints, but is unlikely to have affected 
those for circulating FAs. 

Misclassification of outcomes might have happened for type 2 diabetes (CChhaapptteerr  44) 
and cause-specific mortality (CChhaapptteerr  66), which could have caused imprecision in 
risk estimates for FAs with wider confidence intervals. Type 2 diabetes incidence 
was based on a physician diagnosis and/or start of anti-diabetes medication, which 
were both self-reported in the Alpha Omega Cohort. Missing data on plasma 
glucose during follow-up for the Alpha Omega Cohort will have led to 
underdiagnosis of incident T2D cases. In relation to mortality outcomes, since 
patients had prevalent CHD, it is possible that their disease status influenced the 
ascertainment of death causes. However, for both incidence of type 2 diabetes and 
mortality, the outcome misclassification is likely not affected by exposure status 
(non-differential) since the exposure (dietary or circulating FA) is not known by the 
physicians who ascertained the diagnosis of T2D or mortality causes.  
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Finally, residual confounding cannot be ruled out in observational studies. Fish 
intake, for example, tends to be part of a more healthy lifestyle in the Netherlands, 
as also shown by its positive association with education level, which may be a proxy 
for socioeconomic status (CChhaapptteerr  66). Incomplete adjustment for factors related to 
fish intake may have led to overestimation for dietary EPA+DHA in relation to fatal 
CHD. In both cohorts presented in this Thesis, an FFQ was used for dietary 
assessment. The FFQ may not be optimal for some dietary exposures, for example 
salt consumption. High salt (sodium) intake is a risk factor for CVD, and salt intake 
may be associated with dietary FAs. Salt added to fish, for example, may have 
confounded associations of EPA+DHA with fatal CVD. Because salt increases CVD 
risk through an adverse effect on blood pressure, lack of adjustment may have 
masked some of cardioprotective associations for EPA+DHA. Risk estimates 
presented in this Thesis were adjusted for a wide variety of dietary and lifestyle 
factors, socioeconomic status, cardiovascular medication, and cardiovascular risk 
factors, where appropriate. Adjustment of overall dietary quality was additionally 
performed, by adding the 2015 Dutch Health Diet score (DHD15) to the 
multivariable models (CChhaapptteerr  66).   

 

External validity 

Findings in this Thesis are mainly from the Alpha Omega Cohort in post-MI patients 
whose characteristics are rather different from general populations. Although they 
were stable, free-living patients who had similar dietary intakes as the general 
elderly Dutch population,31 ~90% of the patients were treated with cardiovascular 
medication. As shown in this Thesis, associations between FAs and 
cardiometabolic endpoints may be influenced by the presence of disease and 
medical treatment. Therefore, the findings may not be generalizable to healthy 
individuals. However, our findings may be applicable to populations at high risk of 
developing CVD, for example those with metabolic syndrome. In line with results 
from the Alpha Omega Cohort, weak correlations between dietary and circulating 
LA were found in the South Africa PURE study, where approximately half of the 
cohort had dyslipidemia and/or hypertension. The Alpha Omega Cohort includes 
mainly patients of Dutch origin (94%) and findings may not be generalizable to non-
Caucasian populations. Also, around 80% was male, and subgroup analyses in 
female patients lacked statistical power. Therefore, data on FAs and 
cardiometabolic endpoints in women and extrapolation of findings to female CHD 
patients in general should be done with caution.  
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FFUUTTUURREE  RREESSEEAARRCCHH  DDIIRREECCTTIIOONNSS  AANNDD  IIMMPPLLIICCAATTIIOONNSS  

The Thesis indicates and highlights various research needs, which include studies 
that provide more insight in the role of particular FAs and the underlying biological 
pathways, as well as methodological studies in this field. Several suggestions for 
further research are given below. 

 
1.  Elucidating the role of dietary FAs and modulating factors in the pathogenesis 

of cardiometabolic diseases.  

This Thesis showed that circulating LA was inversely associated with type 2 
diabetes risk. It is important to investigate the mechanistic pathways for the relation 
of LA with type 2 diabetes risk, particularly the role of liver for LA. Whether statins 
and alcohol intake also affect type 2 diabetes risk through modification of circulating 
LA levels should be further investigated.   

Odd-chain FAs have also been shown to be inversely related to type 2 diabetes in 
several cohort studies,69 and in this Thesis it was shown that circulating 17:0 is also 
associated with fiber intake, which may be related to fiber fermentation by the gut 
microbiota. Future studies should investigate the mechanistic pathway for the 
relation of odd-chain FAs, including the role of gut microbiota. 

2.  Improving the quality of FA data in food composition tables, particularly for ALA.  

Food composition tables may be incomplete and/or lack accurate data on ALA 
content of foods, especially for industrially processed products (e.g. margarines 
and cooking fats) for which product formulations tend to change over time. This 
Thesis showed a poor correlation between circulating ALA and dietary ALA intake, 
which may partly be due to inaccurate dietary assessment. 

3.  Further study into the potential cardioprotective effects of ALA, specifically in 
female CHD patients. 

Although the studies in this Thesis lacked power for subgroup analyses in women, 
data suggested that higher intake of ALA could play a role in the prevention of 
recurrent events in female CHD patients. This finding needs to be confirmed in other 
secondary prevention studies, and asks for exploration of possible gender-related 
mechanisms related to ALA and CHD. 
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4.  Understanding differences in the relation of EPA+DHA with CHD mortality 
between Alpha Omega Cohort and Trial 

In the Alpha Omega Trial, post-MI patients who received supplemental EPA+DHA 
(400 mg/d) through margarines for 40 months experienced no reduction in risk of 
recurrent CVD events, including fatal CHD. In the Alpha Omega Cohort that 
included the same patients, baseline dietary and circulating EPA+DHA and fish 
consumption were associated with a ~30% lower risk of fatal CHD during >12 y of 
follow-up. Further research into these discrepant results could provide insight in the 
role of n-3 FAs and fish in CVD prevention and treatment. 

5.  Exploring new methodologies to account for the intercorrelation of various 
circulating FAs in the lipid pool.  

Due to interrelationship of various circulating FAs, it is difficult to establish 
independent causal associations of circulating FAs with cardiometabolic disease, 
even when Mendelian randomization analysis was employed.83 To take into account 
the correlations among circulating FAs, some studies87,88 have used data-driven 
techniques such as principal component analysis and cluster analysis to derive FA 
patterns. However, the current practice of these data-driven techniques has been 
criticized, for example due to subjective or arbitrary methodological choices during 
the analysis that may affect the resulting pattern.89 As these techniques can also be 
useful to discover new pathways, a guideline or good practice in performing these 
data-driven techniques needs to be established. 

6.  Clarifying the role of dietary and non-dietary factors influencing circulating FAs 
in CHD patients.  

This Thesis showed that statin and (high) alcohol intake was also associated with 
circulating LA, and circulating 17:0 was associated with both dairy and fiber intake. 
However, the relative influence of statin use or alcohol intake compared to dietary 
LA for circulating LA, or influence of fiber compared to dairy intake for circulating 
17:0 were not studied in this Thesis. To clarify the relative influences of various 
factors affecting circulating FAs, a controlled feeding study using a subsample of 
cohort study could be performed, such as done by Song et al. in the Women’s 
Health Initiative cohort.82 Unlike the approach used in most cohort studies which 
only collect information about participants’ habitual diet, measure their circulating 
FAs and calculate the correlations between the two measures, the investigators of 
the study designed a two-week dietary intervention which maintained the variation 
in the habitual intakes of their participants.82 This was done to mimic the dietary 
variation in cohort studies while reducing measurement error due to reporting of 
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intakes by the participants. The utility of circulating FAs was assessed by how much 
variation explained by dietary intake, which can be compared with the explained 
variation by other factors.82 The information from such a study will also aid 
interpretation of the associations of circulating FAs when used as biomarker of 
dietary FAs in relation to cardiometabolic health.  

7.  Exploring the use of combined measures of dietary and circulating FAs in 
relation to cardiometabolic outcomes.  

A combined measure of reported intake and biomarkers potentially increases the 
statistical power to detect diet-disease association,90 but only few studies have 
used this, including an investigation on the relation of EPA, DHA and fish intake with 
incident atrial fibrillation.91 Several important challenges for this approach are in 
determining the study design in which the use of combined measure is most cost-
effective, in selecting which confounders to adjust for in the association of 
combined measure with disease, and the interpretation of results for public health 
implication. 

8.  Examining of genetic variations in circulating FAs in relation to cardiometabolic 
outcomes.  

Possible influence of genetic variations is not yet accounted for and not studied in 
this Thesis although it may be relevant in post-MI patients. Circulating levels of n-3 
and n-6 FAs are modified by the desaturase enzymes which are affected by the 
genetic variations in the FADS gene cluster.92–95 Genetic variations may also 
influence the associations of dietary and circulating FAs94 or associations of dietary 
or circulating FAs with cardiometabolic outcomes in cohort studies.92,96 Statin use 
was not associated with higher circulating erythrocytes 20:3 n-6 (dihomo-gamma-
linolenic acid) and 20:4 n-6 (arachidonic acid) in persons with TT genotype of 
rs174546 in the EPIC-Potsdam study.93 In healthy populations, associations of 
circulating n-3 FAs with CHD mortality were not modified by variations in the FADS 
genotypes.96 More investigations in populations with a different genetic background 
and distinct dietary patterns such as Africans and Asians are needed. Insight in 
genetic modifiers of FA metabolism could be important for personalized dietary 
advice to CHD patients. 
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Implications 

This Thesis yields several new insights, which may have implications for the field of 
nutritional epidemiology, in particular research of FAs and cardiometabolic disease. 
These implications have been discussed in detail in the various Chapters and in the 
General Discussion, and are briefly summarized below. 

•  Plasma cholesteryl esters and phospholipids measured by gas chromatography 
are equally useful as lipid pools to measure circulating FAs in a cohort study, 
but measurement by 1H-NMR may be less useful because of limited number of 
FAs that can be measured, although laboratory assessment is more cost-
effective and relatively fast. Specifically for LA and DHA, total plasma 
measurements using 1H-NMR seem to be as useful and reliable as other plasma 
fractions measured by gas chromatography.  

•  Not all circulating FAs are useful as biomarkers of habitual diet, which may even 
be true for FAs that are exclusively obtained from the diet. Circulating EPA and 
DHA were the most useful biomarkers among the FAs studied in this Thesis, 
while circulating ALA was not, and results for odd-chain FAs were mixed. 
Carefully interpreting the results from epidemiological studies using circulating 
ALA, and odd-chain FAs seems prudent. 

•  Results on circulating LA in cohorts of CHD patients or individuals with features 
of the metabolic syndrome warrant careful interpretation, since circulating LA 
may not reflect dietary LA intake in these populations. 

•  A low circulating LA may indicate metabolic impairment that involves the liver, 
which appears to be related to T2D. Therefore, low levels of circulating LA may 
be useful in clinical practice to identify CHD patients at risk of T2D. Its predictive 
value compared to other biomarkers of cardiometabolic health should be further 
studied.  

•  Higher intake of EPA and DHA from fish, reflected in circulating EPA+DHA levels, 
is associated with a markedly lower long-term risk of CHD mortality after MI. This 
information is important for the construction of dietary guidelines for CHD 
patients.        
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Fatty acids (FAs) are considered important dietary components for the prevention 
of cardiometabolic diseases. Epidemiological studies have been performed on 
dietary FAs, as well as circulating FAs in blood lipid pools, such as plasma 
cholesteryl esters. The role of omega-3 (n-3) FAs, which include eicosapentaenoic 
acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) from fish and 
alpha-linolenic acid (ALA, 18:3 n-3) from plant sources, is extensively studied in 
relation to cardiovascular disease (CVD). More recently, omega-6 (n-6) linoleic acid 
(LA, 18:2 n-6) has received increased attention in relation to type 2 diabetes (T2D). 
In addition, circulating odd-chain FAs pentadecanoic acid (15:0) and 
heptadecanoic acid (17:0) in blood are increasingly used as biomarkers of dairy 
intake in cardiometabolic research.  

Self-reported dietary FAs intake, often based on food frequency questionnaires, is 
a subjective measure and may be prone to measurement errors. Circulating FAs 
have been proposed as objective indicators of dietary intake of essential FAs, which 
need to be obtained from the human diet (“biomarkers of dietary FAs”). However, 
circulating FAs are also subject to metabolic processes. Patients with coronary 
heart disease (CHD), such as myocardial infarction (MI), and T2D patients likely 
have an altered metabolism due to the presence of disease and drug treatment, 
which may affect circulating FAs.  

The main objective of this Thesis was to investigate the mutual relationships of 
dietary and circulating FAs and their associations with cardiometabolic outcomes. 
We first examined correlations between dietary and circulating FAs in post-MI 
patients (CChhaapptteerr  22  aanndd  33). Then, we obtained associations of both dietary and 
circulating FAs with risk of cardiometabolic outcomes, specifically T2D and 
mortality from CHD, CVD and all causes in these patients (CChhaapptteerr  44,,  55  aanndd  66). 
Findings are largely based on the Alpha Omega Cohort of >4000 Dutch patients 
aged of 60-80 y (~80% men) with an MI up to 10 y before study enrolment, who 
received state-of-the-art cardiovascular drug treatment. Additionally, data from the 
Prospective Urban Rural Epidemiology (PURE) South Africa study among 633 black 
men and women over 30 y of age were analyzed.    

In CChhaapptteerr  22,,  circulating FAs were measured in plasma cholesteryl esters and 
phospholipids using gas chromatography, and in total plasma by proton-nuclear 
magnetic resonance (1H-NMR). Dietary and circulating levels of EPA and DHA in 
the Alpha Omega Cohort were significantly correlated (r ~0.4), indicating that 
circulating EPA and DHA can be considered as biomarkers of intake in post-MI 
patients. For ALA, dietary and circulating levels were not correlated. For LA, 
correlations between dietary and circulating were weak (r <0.2). Patients using 
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statins and those reporting high alcohol intake (>20 g/d for women and >30 g/d for 
men) had consistently lower circulating LA levels, despite having similar dietary LA 
intake. This suggests that statins and alcohol impact the utility of plasma LA as a 
biomarker of dietary intake in post-MI patients.      

Circulating odd-chain FAs (15:0 and 17:0), which comprise <1% of total FAs in 
blood, are increasingly used as biomarkers of dairy intake in epidemiological 
studies. Recent data, however, suggests that dietary fiber may also affect plasma 
odd-chain FAs, especially 17:0. CChhaapptteerr  33  presents correlations of dairy and dairy 
fat intakes with circulating 15:0 and 17:0 both in plasma cholesteryl esters and 
phospholipids in 869 post-MI patients. Correlations with dairy intake were 0.2-0.3 
for 15:0 and ~0.1 for 17:0, similar to those found in healthy populations. Correlations 
of circulating 15:0 with dairy intake were not modified by fiber intake. Circulating 
17:0, however, was associated with dietary fiber to the same extent as dairy. 
Highest 17:0 levels were found in patients who were in the upper categories of both 
fiber and dairy intake.  

In CChhaapptteerr  44 we performed a prospective analysis of dietary and circulating LA in 
plasma CE (50% of total FAs) with incident T2D during 40 months of follow-up in 
3257 post-MI patients without T2D at baseline. Dietary LA was not associated with 
T2D when replacing saturated FAs in a theoretical substitution model. However, 
higher circulating LA was significantly associated with a 27% lower T2D risk (per 5% 
increase). This discrepancy in findings for dietary and circulating LA may be related 
to their weak correlations, reported in Chapter 2, possibly due to impaired 
metabolism. Weaker associations were observed after adjusting for circulating 16:0 
and 18:1 n-9 (FAs in de novo lipogenesis pathway), of which higher levels were also 
positively associated with T2D risk. This pattern of FAs (lower LA along with higher 
16:0, 18:1 n-9, and downstream products of LA metabolism) is known to be 
associated with liver fat accumulation. These findings suggest that impaired liver 
function may partly explain the associations of circulating LA with T2D in post-MI 
patients, as further described in Chapter 5.  

CChhaapptteerr  55 describes the cross-sectional associations of dietary and circulating LA 
with markers of glucose metabolism and liver function in 633 black South Africans 
who took part in the PURE study. In South Africans men and women (~50% with 
dyslipidemia and/or hypertension), dietary and circulating LA were not associated 
with plasma glucose or glycated hemoglobin (HbA1c). Those with higher dietary 
LA had a non-significant better liver function, indicated by lower serum gamma-
glutamyl transferase (GGT), although this association was only weak (8% lower 
serum GGT per 1-standard deviation increase (SD)). Higher circulating LA was 
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markedly associated with lower serum liver enzyme levels, in particular GGT (22% 
lower per 1-SD), which is associated with insulin resistance and liver fat 
accumulation. This association seemed to be stronger in alcohol users vs. non-
users. These results further indicate the involvement of liver in circulating LA 
associations, which may partly be related to alcohol use.  

CChhaapptteerr  66 presents results for baseline dietary and circulating EPA+DHA and ALA, 
as well as fish intake, in relation to long-term mortality from CHD, CVD or any cause 
in the Alpha Omega Cohort. Patients consumed around 14 g/d of fish, and ~80% 
consumed less than 200 mg/d of EPA and DHA. During a median follow-up period 
of 12 y, 1877 patients died of whom 515 from CHD. Higher dietary EPA+DHA (>200 
mg/d) was associated with a ~30% lower risk of CHD mortality, while weaker non-
significant associations were observed for CVD and all-cause mortality. Circulating 
EPA+DHA showed a similar inverse association with CHD mortality, and also with 
CVD and all-cause mortality. These findings were corroborated by inverse 
associations with habitual fish intake, the main source of EPA and DHA. In contrast, 
dietary and circulating ALA were not significantly related to mortality endpoints, 
although there was some evidence for a lower risk of fatal CHD with dietary ALA 
specifically in women.    

CChhaapptteerr  77 provides an overall discussion of findings presented in this Thesis, with 
an overview of FAs biomarkers and their usefulness in epidemiological studies. This 
is followed by methodological considerations and suggestions for future research. 
As described in the different chapters, plasma cholesteryl esters and phospholipids 
can be considered as useful lipid pools for the assessment of circulating FAs in 
CHD patients. Total plasma measurement using 1H-NMR may be a useful alternative 
for LA, but this technique also has limitations, including lack of information on EPA. 
Circulating LA, ALA and odd-chain FAs (particularly 17:0) may not reflect dietary 
intakes of these FAs or their dietary sources in CHD patients. With regard to 
cardiometabolic outcomes, lower plasma LA may be an indicator of a higher T2D 
risk. More research is needed to understand the role of LA in the pathogenesis of 
cardiometabolic diseases, possibly involving the liver. Circulating EPA and DHA are 
valid biomarkers of n-3 FAs from fish. This Thesis suggests that a higher intake of 
EPA and DHA may lower the long-term risk of CHD mortality after MI. The findings 
presented in this Thesis have implications for research in the field of nutritional 
epidemiology, and for the prevention and treatment of cardiometabolic diseases. 
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