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Abstract

Analysis of long-chain n-3 and n-6 fatty acid (FA) concentrations is used to evaluate their potential health effects in epidemiological studies,

and, recently, also to counsel patients with a suboptimal intake of n-3 FA. Data on the method’s ability to track and detect differences

within and between individuals in appropriate populations are, however, lacking. The present study provides such data for twenty-

nine plasma phospholipid (PL) FA concentrations and indices measured in 214 newly diagnosed type 2 diabetic patients at baseline

and after 3 years. 20 : 3n-6 and the 20 : 4n-6:20 : 3n-6 ratio showed the highest tracking coefficients (Spearman’s r 0·68), while DHA,

EPA and PLN3-index (EPA þ DHA) coefficients were 0·60, 0·47 and 0·55, respectively. Fish consumption measured simultaneously with

EPA, DHA, sum n-3 and PLN3 index showed Spearman’s correlation coefficients of 0·47, 0·44, 0·48 and 0·49, respectively, decreasing to

0·20, 0·19, 0·22 and 0·21 when measured 3 years apart. The within-subject CV of EPA, DHA and PLN3 index were 39·9, 14·3 and

18·0 %, respectively. The corresponding between-subject CV were 33·6, 16·5 and 18·7 %, while the reference change values were 112,

41 and 52 %. In conclusion, PL n-3 FA concentrations showed a significant long-term tracking and were positively correlated

with marine food intake. Analytical precision, biological variability, reference change value and the index of individuality of EPA,

DHA and PLN3 index are similar to commonly used clinical biomarkers, supporting their validity as dietary markers in clinical and

epidemiological work.
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Measuring fatty acid (FA) composition of plasma and erythro-

cyte phospholipids are well-established methods used in

intervention and observational studies to investigate the

relationship between the dietary intake of long-chain n-3 FA

and the risk of disease. The association between habitual

fish intake and the concentration of long-chain n-3 FA in

phospholipids and cholesterol esters (CE) has been well

documented(1–3). When baseline measurements are used in

long-term observational studies, the initial value is believed

to reflect the concentration in each subject throughout the

period of follow-up. Studies with this design have documen-

ted the association between habitual fish consumption and

the long-term risk of CHD, stroke and death(4–7).

Analysis of long-chain n-3 FA is now increasingly used in

clinical diagnostics and preventive medicine to advise patients

on their dietary intake of marine n-3 FA. However, the validity

of using phospholipid FA analysis diagnostically is not well

documented, and validation of the FA composition of

plasma phospholipids as a long-term marker is scarce(8–11).

Dietary intake is considered to be the most important

factor determining the plasma concentration of phospholipid

long-chain n-3 FA, but other factors such as genetic character-

istics, receptor and enzyme activation, health and disease con-

ditions might modify the pharmacokinetics of dietary marine

FA and how they are incorporated into plasma and cell mem-

brane phospholipids(12–14). These factors constitute the total
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inter- and intra-individual biological variation of the actual FA

measured. Knowledge of the inter- and intra-individual vari-

ation together with knowledge of the analytical variation is

necessary in order to evaluate the potential clinical usefulness

of new diagnostic biochemical methods.

The present study reports the biological variation of plasma

phospholipid FA concentrations, reference change values

(RCV), the index of individuality and their potential long-

term tracking, as well as their correlation with self-reported

dietary intake of fish and cod-liver oil.

Subjects and methods

The Nord-Trøndelag Health Study (HUNT) is an extensive

health study in the county of Nord-Trøndelag, Norway(15).

HUNT addressed the total adult population in the county,

which is known to have a population fairly representative

for the whole of Norway. The county population was ethni-

cally homogeneous, with 97 % of Caucasian origin. During

1984–6, all inhabitants aged 20 years and older were invited,

and 74 977 (88·1 %) attended the baseline screening where

participants aged 40 years and older had their random, non-

fasting capillary blood glucose measured. Those without

known diabetes and a non-fasting glucose $8·0 mmol/l

were given an appointment for a fasting blood glucose test

and, if necessary, an oral glucose tolerance test. They were

also referred to their own general practitioner for final diagno-

sis, treatment and clinical control. Using the 1980 WHO

criteria(16) for diabetes mellitus, a total of 428 new cases of

diabetes were identified. These new diabetic patients were

invited to the first follow-up including an extended clinical

evaluation 6–22 months (mean 14) after the baseline screen-

ing. A total of 103 out of the 428 cases were not invited due

to old age (twenty), being deceased (twelve), having conco-

mitant serious diseases (fourteen), having moved out of the

county (two), or they did not answer or were unwilling to

participate (thirty-seven), while eighteen were excluded for

other reasons. This resulted in a population of 325 new

diabetic persons, who were followed extensively(15,17–19).

Blood samples for plasma phospholipid FA analysis were col-

lected in 323 subjects at the first follow-up (fasting state) and

in 214 of these subjects at a second follow-up 3·1 years later

(non-fasting state). Dropout at the second follow-up visit

was due to death (forty), no blood sample (two) or other

reasons (old age, serious disease or unwilling to participate)

(sixty). The final dataset consisted of 214 diabetic persons in

whom plasma phospholipid FA were measured 3·1 years

apart. The HUNT 1 survey and the inclusion of the Norwegian

Personal Identification Number were approved by the Norwe-

gian Data Inspectorate which considered the legal and ethical

issues of the study. Data on smoking status, hypertension and

CVD were obtained from questionnaires. Weight and height

were measured by trained staff at the screening site. BMI was

calculated as weight (kg)/height (m2). Blood pressure was

measured using a calibrated mercury manometer and the

mean of the two measurements was used. Serum total choles-

terol was measured with reagents from Boehringer Mannheim

using a Hitachi 737 analyser (Boehringer Mannheim GmbH).

Serum creatinine was measured using a modified Jaffe’s

method on a Kone Diagnostics instrument (Konelab Corpor-

ation). At baseline, glycosylated Hb (total) was measured

using an agar electrophoresis method with a Corning GLY-

TRACe glycosylated Hb set (Corning Medical). During the

follow-up, this method was replaced by HPLC (Shimadzu

Corporation and Diamat). The measurements were trans-

formed into uniform units (Diamat HbA1c) using validated

formulas(19). Non-fasting capillary blood glucose as well as

glucose readings in the glucose tolerance test were measured

using the Reflocheck method (Boehringer Mannheim GmbH).

The plasma samples were prepared and stored at 2808C until

analysis. Plasma lipids were extracted with butanol(20) and

phospholipids isolated by column chromatography after

adding diheptadecanoyl-glycerophosphocholine and buty-

lated hydroxytoluene (Sigma Chemical) as an internal stan-

dard and antioxidant, respectively. The phospholipids were

transmethylated and quantified by GLC on a Hewlett-Packard

5890A using a 30 m SP2330 fused silica capillary column

(inner diameter 0·25 mm and film thickness 0·20mm; Supelco,

Inc.) essentially as described previously(21). The results were

expressed as mg phospholipid FA/l plasma and recalculated

to a percentage by weight (wt%) on the basis of twenty-two

identified FA. A normal human plasma sample was included in

each run to monitor analytical performance. The between-

series CV for the complete study period (n 83) were 3·7, 3·7

and 4·9 %, respectively, for 20 : 4n-6, 20 : 5n-3 and 22 : 6n-3

when measured as mg/l. The corresponding CV were reduced

to 2·2, 2·4 and 3·5 % when concentrations were expressed

as wt%. In addition to the second blood sample, a FFQ was

answered by the participants at the second follow-up.

Marine food frequency was reported as lean fish or fatty fish

for dinner (per week), fish spread on slices of bread (per d

or week) and use of cod-liver oil (yes or no). Ratios between

the relevant FA have commonly been used as indicators of

desaturase activity(22,23). We therefore calculated the FA ratios

16 : 1:16 : 0, 20 : 3n-6:18 : 2n-6 and 20 : 4n-6:20 : 3n-6 as indi-

cators of D-9 desaturase, D-6 desaturase and D-5 desaturase,

respectively. We also calculated the PLN3 index as 20 : 5n-3

þ22 : 6n-3 from wt% concentrations. Harris(24) and Harris &

Von Schacky(25) defined 20 : 5n-3 þ 22 : 6n-3 (wt%) measured

in erythrocytes as the omega-3 index, which they reported to

be linearly correlated with the similar index measured in

plasma phospholipids (omega-3 index(erythrocytes) ¼ omega-3

index(plasma) £ 0·97 þ 3·43, r 0·91)(24,25). To determine bio-

logical variation, we calculated the standard deviation of

the two plasma phospholipid FA measurements 3·1 years

apart as:

sddiff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðdiÞ

2

2n

s
;

where di denotes the difference between the first and the

second measurement for each individual and n, the number

of individuals(26). SDdiff was divided by the overall mean

to give the corresponding CV (CVdiff). The analytical CV

(CVa) calculated from the analytical control serum was

subtracted from CVdiff to give the within-subject variation
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CVw <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CV2

diff 2 CV2
a

p
. The between-subject variation (CVb)

was similarly obtained from the total variation at the first

follow-up (CV1.follow-up) by the formula:

CVb <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CV2

1:follow2up 2 ðCV2
a þ CV2

wÞ
q

:

The RCV, i.e. the change in a result that makes it

significantly different from a previous result with P ,5 %

(bidirectional changes between two measurements in the

same patient), was calculated as:

RCV ¼ 2·8 £

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CV2

a þ CV2
w

q
and the index of individuality(27) was calculated as:

CVw=CVb:

Statistical analysis

Statistical computations were performed using SAS/STAT soft-

ware version 9.2 (SAS Institute). Baseline characteristics and

follow-up values are reported as means and standard devi-

ations, and proportions as appropriate. Values were compared

using the Wilcoxon–Mann–Whitney test or Fisher’s exact test

for contingency tables. The tracking of individual FA between

measurements 3 years apart was expressed as Spearman’s

rank correlation coefficients (r), calculated from the FA per-

centages. Estimation of the intraclass correlation coefficient

(ICC, synonymous to the reliability correlation coefficient)

was carried out using a restricted maximum-likelihood

method in SAS PROC MIXED (SAS Institute). We use the

term ICC instead of reliability correlation coefficient to avoid

confusion with Spearman’s r. Tracking was further assessed

as the proportion of subjects who remained in the same quar-

tile at both examinations. These proportions were compared

with proportions expected if all subjects were classified ran-

domly to a quartile (Cochran–Mantel–Haenszel non-zero

correlation test). Testing for equality of population correlation

was performed using Fisher’s Z-transformation.

Results

The mean age of the population at screening was 66·5 (range

43–85) years (Table 1). Glycosylated Hb increased signifi-

cantly, while total cholesterol was significantly reduced

between the first and second follow-ups. Creatinine was not

measured at the second follow-up, data from the HUNT 2

survey performed 9 years after the first follow-up (n 102)

are therefore given. The increase from 82·9 (SD 16·2) to

101·0 (SD 1·6) mmol/l during these 9 years is higher than

reported in non-diabetic populations(28,29) and could reflect

the additional effect of diabetic nephropathy. The number of

subjects with hypertension increased from 173 (81 %) to 188

(88 %) (P¼0·06, Fisher’s exact test for contingency tables).

The concentrations of the twenty-two individual FA and rel-

evant ratios at the first and second follow-ups are presented

in Table 2, together with Spearman’s correlation coefficient

and the ICC for the two measurements. SFA accounted for

42 % of the total FA, MUFA for 14 %, n-6 PUFA for 33 % and

n-3 PUFA for 11 %. Except for 22 : 1, FA concentrations and

FA ratios at baseline and follow-up were highly correlated

(P#0·001). Spearman’s rank correlation coefficients ranged

from 0·21 (20 : 1 and 18 : 3n-3) to 0·68 (20 : 3n-6 and the

20 : 4n-6:20 : 3n-6 ratio). Correlation coefficients for the

marine long-chain n-3 FA EPA and DHA were 0·47 and 0·60,

respectively. The PLN3 index had a correlation coefficient

comparable with EPA and DHA (r 0·55), and the indicators

of desaturase activity all showed a highly significant corre-

lation (r 0·64–0·68). The ICC ranged from less than 0·20

(20 : 1, 22 : 1 and 18 : 3n-3) to more than 0·60 (16 : 1,

20 : 3n-9, 20 : 3n-6 and 20 : 4n-6). The ICC for EPA, DHA and

the PLN3 index were 0·42, 0·60 and 0·53, respectively. Fig. 1

shows the changes in mean phospholipid FA concentrations

during the follow-up in quartiles defined at the first visit.

Although regression towards the mean is generally observed,

the order of quartile means persisted throughout the study

period for most FA, including EPA and DHA.

To further examine the tracking of individual FA, we

performed a test for stability of quartile classification using

the Cochran–Mantel–Haenszel non-zero correlation test.

The probability that a subject would remain in the same

DHA quartile from the first to the second follow-up was

44 %. Specifically, 51 % of the subjects who where in the

lowest quartile at the first follow-up were still in the lowest

quartile at the second follow-up (Table 3). Similarly, 57 % of

the subjects belonging to the highest quartile at the first

follow-up were still in the highest quartile at the second

Table 1. Population characteristics at baseline and the second follow-up

(Mean values and standard deviations; number of participants and
percentages)

Screening
(n 214)

Second follow-
up (n 214)

Mean SD Mean SD

Sex
Female

n 102 102
% 48 48

Age (years) 66·5 9·4 71·0 9·4
Current smoking

n 43 40
% 20 19

Hypertension*
n 173 188
% 81 88

CVD
n 41 51
% 19 24

BMI (kg/m2) 29·7 4·8 28·1 4·8
SBP (mmHg) 159·8 24·4 166·0 24·7
DBP (mmHg) 90·6 11·2 92·4 16·0
Total cholesterol (mmol/l) 6·7 1·2 6·3 1·2
Creatinine (mmol/l) 82·9 16·2 101·0† 20·2
HbA1c (%) 6·8 10 7·4 1·6
Glucose, non-fasting (mmol/l) 11·2 4·3 10·3† 4·2

SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycosylated
Hb.

* SBP $ 140 mmHg and/or DBP $ 90 mmHg, or antihypertensive medication.
† Data collected 6 years after the second follow-up (n 102).
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follow-up (P,0·01). The corresponding values for EPA were

41, 53 and 44 %, respectively (P,0·01).

The correlations between self-reported marine food fre-

quency (sum intake) and long-chain n-3 FA concentrations

measured simultaneously and 3 years earlier were both

highly significant for EPA and DHA (Table 4). However, the

correlation was significantly higher when EPA was measured

simultaneously (r 0·47) when compared with measurements

made 3 years earlier (r 0·20, P,0·01, testing for equality

of population correlation using Fisher’s Z-transformation).

The corresponding values for DHA were 0·44 and 0·19,

respectively (P¼0·01). Similar to EPA and DHA, the PLN3

index correlated significantly with self-reported marine food

frequency (sum intake) measured simultaneously (r 0·49).

However, the indicators of desaturase activity were not

significantly correlated with the self-reported marine food

frequency. Fig. 2 illustrates the association between fatty fish

intake and plasma phospholipid FA concentrations. The

long-chain n-3 FA EPA, DHA and sum n-3 all increased signi-

ficantly with increasing intake of fatty fish, whereas 18 : 2n-6

0·6
14 : 0 16 : 0 18 : 0 20 : 0 22 : 0

22 : 120 : 118 : 116 : 124 : 0

24 : 1 18 : 3n-3 20 : 5n-3 22 : 5n -3 22 : 6n -3

22 : 4n -620 : 4n -620 : 3n -620 : 2n -618 : 2n -6

22 : 5n -6

20 : 3n -9
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Fig. 1. Mean plasma phospholipid fatty acid concentration (wt%) for each of the fatty acids studied at the first follow-up and the second follow-up 3·1 years later.

Patients were divided into quartiles according to plasma phospholipid fatty acid concentration at (1) baseline and (2) the same quartiles were analysed at

follow-up 3·1 years later. X, First quartile; W, second quartile; P, third quartile; D, fourth quartile.
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(linoleic acid), 20 : 4n-6 (arachidonic acid), 22 : 5n-6 (docosa-

pentaenoic acid) and sum n-6 all decreased significantly.

Table 5 shows the differential effects of lean fish, fatty fish,

fish spread and cod-liver oil on the selected FA. There was a

significant trend of increasing concentrations of long-chain

n-3 FA with increasing intake of all marine foods. In contrast,

concentration of n-6 FA decreased with increasing intake of

marine food. The within-subject CV (CVw) of EPA, DHA and

the PLN3 index were 39·9, 14·3 and 18·0 %, respectively. The

corresponding between-subject CV (CVb) were 33·6, 16·5

and 18·7 %, respectively. Consequently, the RCV and the

index of individuality were 112 % and 1·2 (EPA), 41 % and

0·9 (DHA) and, finally, 52 % and 1·0 (PLN3 index).

Discussion

Data on long-term reproducibility as well as on the diagnostic

utility of plasma phospholipid FA analysis are limited(8–11),

and absent for elderly populations and for relevant patient

populations. This is an important aspect of a prospective

biomarker because lack of reliability may result in a loss

Table 2. Concentrations and correlations between plasma phospholipid fatty acid concentrations (wt%) at the first follow-up and the second follow-up
3 years later

(Mean values and standard deviations; Spearman’s coefficients, intraclass correlation coefficients and 95 % confidence intervals)

First follow-up
(n 214)

Second follow-up
(n 214)

Intraclass correlation
coefficientFatty acids and ratios† Mean SD Mean SD r 95 % CI

14 : 0 (wt%) 0·33 0·08 0·34 0·07 0·51* 0·51 0·42, 0·61
16 : 0 (wt%) 24·1 1·54 25·2 1·11 0·47* 0·30 0·20, 0·40
18 : 0 (wt%) 13·3 0·92 13·3 0·96 0·53* 0·58 0·50, 0·67
20 : 0 (wt%) 0·66 0·13 0·67 0·14 0·42* 0·45 0·34, 0·56
22 : 0 (wt%) 2·43 0·62 2·31 0·55 0·38* 0·39 0·28, 0·51
24 : 0 (wt%) 0·99 0·26 1·11 0·28 0·46* 0·41 0·31, 0·52
16 : 1 (wt%) 0·52 0·16 0·47 0·19 0·67* 0·63 0·55, 0·71
18 : 1 (wt%) 10·8 1·20 8·7 1·32 0·48* 0·23 0·17, 0·28
20 : 1 (wt%) 0·32 0·12 0·23 0·08 0·21* 0·14 0·04, 0·24
22 : 1 (wt%) 0·39 0·18 0·12 0·05 0·07 0·02 0·00, 0·06
24 : 1 (wt%) 1·85 0·53 2·32 0·63 0·50* 0·34 0·25, 0·43
20 : 3n-9 (wt%) 0·16 0·09 0·14 0·09 0·62* 0·61 0·53, 0·69
18 : 3n-3 (wt%) 0·23 0·12 0·24 0·08 0·34* 0·19 0·06, 0·32
20 : 5n-3 (wt%) 2·17 1·29 2·25 1·48 0·47* 0·42 0·31, 0·53
22 : 5n-3 (wt%) 1·29 0·22 1·23 0·21 0·55* 0·52 0·42, 0·61
22 : 6n-3 (wt%) 7·10 1·57 7·31 1·75 0·60* 0·60 0·51, 0·68
18 : 2n-6 (wt%) 20·2 2·84 21·4 3·06 0·54* 0·52 0·43, 0·61
20 : 2n-6 (wt%) 0·47 0·09 0·48 0·10 0·41* 0·42 0·31, 0·53
20 : 3n-6 (wt%) 3·07 0·70 2·99 0·7 0·68* 0·68 0·61, 0·75
20 : 4n-6 (wt%) 8·85 1·28 8·32 1·30 0·67* 0·61 0·54, 0·69
22 : 4n-6 (wt%) 0·58 0·18 0·66 0·22 0·31* 0·29 0·18, 0·41
22 : 5n-6 (wt%) 0·13 0·05 0·12 0·06 0·44* 0·39 0·28, 0·50
Sum n-3 10·8 2·68 11·0 3·00 0·53* 0·54 0·44, 0·63
Sum n-6 33·3 2·93 34·0 3·38 0·57* 0·55 0·46, 0·64
Total phospholipid fatty acids (mg/l) 1333·1 201·4 1464·0 223·8 0·63* 0·54 0·46, 0·64
PLN3 index‡ 9·28 2·60 9·56 2·92 0·55* 0·53 0·44, 0·63
n-6:n-3 LC-PUFA§ 1·32 0·37 1·27 0·41 0·59* 0·58 0·49, 0·67
D9D ratio 0·02 0·01 0·02 0·01 0·66* 0·57 0·48, 0·65
D6D ratio 0·16 0·04 0·14 0·04 0·64* 0·64 0·56, 0·71
D5D ratio 3·03 0·85 2·94 0·80 0·68* 0·58 0·49, 0·67

PL, phospholipids; N3, n-3; LC, long chain; D9D, D-9 desaturase; D6D, D-6 desaturase; D5D, D-5 desaturase.
*P#0·001.
† D9D ratio, 16 : 1:16 : 0; D6D ratio, 20 : 3n-6:18 : 2n-6; D5D ratio, 20 : 4n-6:20 : 3n-6.
‡ 20 : 5n-3 þ 22 : 6n-3.
§ LC-PUFA: twenty carbon atoms or more, two double bonds or more.

Table 3. Tracking of EPA and DHA at the first follow-up and the second
follow-up 3 years later*†

Quartile at the
first follow-up

Quartile at the
second follow-up Percentage

remaining in the
same quartileI II III IV

I
EPA 28 15 4 6 53
DHA 27 16 7 3 51

II
EPA 12 19 12 11 35
DHA 17 17 13 7 31

III
EPA 10 13 17 13 32
DHA 8 14 18 13 34

VI
EPA 3 7 20 24 44
DHA 1 7 15 31 57

* The values in columns I–IV represent the observed number of subjects in each
quartile.

†P values for the intraclass correlation were P,0·01 (EPA) and P,0·0001 (DHA)
(Cochran–Mantel–Haenszel non-zero correlation test).
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Table 4. Pearson’s correlation coefficients (r) between plasma phospholipid fatty acids and the self-
reported dietary intake of marine foods‡

Self-reported marine food frequency

Fatty acids and ratios§ Lean fish Fatty fish Fish spread Cod-liver oil Sum intake

14 : 0
First follow-up 20·05 20·06 20·09 20·08 20·12
Second follow-up 0·06 0·06 20·11 20·13 20·06

16 : 0
First follow-up 20·09 20·03 20·04 0·02 20·09
Second follow-up 20·03 20·04 20·05 20·10 20·13

18 : 0
First follow-up 0·06 20·09 0·02 20·15† 0·01
Second follow-up 0·00 0·09 0·05 20·06 0·09

20 : 0
First follow-up 20·05 20·10 20·14 0·16† 20·11
Second follow-up 0·06 20·04 0·01 0·05 0·08

22 : 0
First follow-up 20·02 20·07 20·15† 0·11 20·07
Second follow-up 0·06 20·12 20·03 0·05 0·03

24 : 0
First follow-up 20·06 20·10 0·01 0·08 20·08
Second follow-up 0·05 20·10 0·06 0·10 0·07

16 : 1
First follow-up 0·02 0·02 20·03 20·19* 20·09
Second follow-up 0·00 0·00 20·11 20·17† 20·14

18 : 1
First follow-up 0·06 0·13 20·03 20·12 0·02
Second follow-up 20·08 0·02 20·19* 20·18† 20·20*

20 : 1
First follow-up 0·15† 0·09 0·07 20·07 0·16†
Second follow-up 20·01 0·14 0·12 0·02 0·14

22 : 1
First follow-up 0·03 20·05 20·03 0·05 0·03
Second follow-up 0·12 0·15† 0·09 0·01 0·23*

24 : 1
First follow-up 0·05 20·12 0·00 0·11 20·05
Second follow-up 0·14† 0·08 0·21* 0·12 0·25*

20 : 3n-9
First follow-up 0·00 0·03 20·08 20·22* 20·07
Second follow-up 20·02 20·01 20·15† 20·16† 20·16†

18 : 3n-3
First follow-up 20·01 0·06 0·01 20·10 0·02
Second follow-up 0·03 20·02 20·14† 20·07 20·09

20 : 5n-3
First follow-up 0·11 0·03 0·19* 0·13 0·20*
Second follow-up 0·27* 0·24* 0·28* 0·19* 0·47*

22 : 5n-3
First follow-up 0·02 0·04 0·14 0·09 0·17†
Second follow-up 0·02 0·14 0·17† 0·21* 0·26*

22 : 6n-3
First follow-up 0·13 0·06 0·18† 0·15† 0·19*
Second follow-up 0·21* 0·22* 0·30* 0·28* 0·44*

18 : 2n-6
First follow-up 20·11 0·00 20·01 20·06 20·06
Second follow-up 20·16† 20·19* 20·19* 0·00 20·29*

20 : 2n-6
First follow-up 20·02 20·17† 20·05 20·10 20·10
Second follow-up 0·06 20·11 20·07 20·08 20·07

20 : 3n-6
First follow-up 20·03 20·09 20·17† 20·16† 20·18†
Second follow-up 20·04 20·13 20·14 20·15† 20·20*

20 : 4n-6
First follow-up 20·04 0·04 20·10 20·08 20·10
Second follow-up 20·11 20·13 20·15† 20·08 20·23*

22 : 4n-6
First follow-up 0·00 20·11 20·18* 20·03 20·10
Second follow-up 20·04 20·13 20·10 20·05 20·14

22 : 5n-6
First follow-up 20·08 20·04 20·03 20·21* 20·16†
Second follow-up 20·13 20·08 20·10 20·22* 20·31*
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of statistical power and a bias towards unity in relative risk

estimates(30). The present study shows a highly significant cor-

relation in plasma phospholipid FA concentrations measured

3 years apart for all major marine FA as well as the PLN3

index. The findings are in accordance with similar studies in

youths and adults(8–10). For example, 3-year tracking of FA

in serum CE in 759 Finnish children(8) showed correlation

coefficients of 0·47 (EPA) and 0·48 (DHA), respectively. The

corresponding correlation coefficients in the present study

were 0·47 and 0·60, suggesting that tracking of DHA is

higher in phospholipids than in CE. However, DHA is

poorly incorporated into CE compared with EPA, illustrated

by a DHA:EPA ratio of 0·5 in CE(8) compared with 3·3 in

plasma phospholipids in the present study. Furthermore,

dietary changes might be larger in children and adolescents

than in the present elderly population. The ICC of EPA and

DHA in the present study was 0·42 and 0·60, respectively.

Ma et al.(9) reported long-term reliability (which corresponds

to the ICC in the present study) of the FA composition in

CE and plasma phospholipids measured 3 years apart in fifty

subjects in the Atherosclerosis Risk in Communities study.

While the ICC was 0·35 for EPA and 0·48 for DHA in CE, the

corresponding ICC in plasma phospholipids were 0·51 and

0·46. Finally, Zeleniuch-Jacquotte et al.(10) reported ICC in

serum phospholipids of 0·64 (EPA) and 0·66 (DHA) in forty-

six healthy women in the New York University Women’s

Health study. All these studies including the present study

show moderate to substantial long-term reliability(31) of

long-chain PUFA in phospholipids and CE, validating their

use as a tool to describe disease–exposure relationships in

prospective studies. Moreover, the long-term tracking of

serum phospholipid EPA, DHA and the PLN3 index is in the

same range as other well-known epidemiological lipid vari-

ables such as total cholesterol and TAG. In a recent study in

healthy children aged from 7 to 11 years, ICC for total choles-

terol and TAG were 0·55 and 0·57, respectively(32). The same

investigators have reported the percentage of children who

remained in the same tertile of LDL particle size in the range

of 37–55 % as compared with 32–53 % (EPA) and 31–57 %

(DHA) in the present study (quartiles). In contrast, one

study indicated only a fair tracking (Pearson’s correlation

coefficient between age-specific Z-scores, r 0·31) for long-

chain n-3 PUFA. However, this was a small study (n 26) in a

quite different population (subjects aged 2–5 years), using

TLC to isolate the phospholipids(11), and neither antioxidants

nor nitrogen atmosphere has been reported to protect the

PUFA against degradation during the phospholipid isolation

steps(33,34).

There is an ongoing debate concerning which material

(adipose tissue/serum/plasma, erythrocytes), lipid compart-

ment (phospholipids/cholesteryl esters, total lipids) and FA

marker (EPA/DHA/omega-3 index, PLN3 index) are the most

suitable to reflect FA intake and effects(3,24,35,36). The answer

depends on several factors, among them the availability and

stability of samples, handling requirements and the time

period of interest. While adipose tissue is considered a reliable

marker of long-term FA intake(37), sample acquisition dis-

favours it both in large epidemiological studies, as well as in

Table 4. Continued

Self-reported marine food frequency

Fatty acids and ratios§ Lean fish Fatty fish Fish spread Cod-liver oil Sum intake

Sum n-3
First follow-up 0·13 0·05 0·19* 0·15† 0·22*
Second follow-up 0·24* 0·24* 0·32* 0·26* 0·48*

Sum n-6
First follow-up 20·12 20·03 20·12 20·12 20·17†
Second follow-up 20·21* 20·26* 20·29* 20·11 20·44*

PLN3 indexk
First follow-up 0·13 0·05 0·19 0·15 0·21
Second follow-up 0·24 0·24 0·33 0·26 0·49*

n-6:n-3 LC-PUFA ratio
First follow-up 20·10 20·05 20·22 20·17 20·24
Second follow-up 20·22 20·26† 20·32 20·25 20·49*

D9D ratio
First follow-up 0·04 0·02 20·02 20·21 20·09
Second follow-up 0·00 0·00 20·11 20·16 20·13

D6D ratio
First follow-up 0·03 20·11 20·12 20·13 20·13
Second follow-up 0·04 20·02 20·03 20·12 20·03

D5D ratio
First follow-up 0·03 0·09 0·10 0·11 0·10
Second follow-up 0·04 0·08 0·06 0·07 0·07

PL, phospholipids; N3, n-3; LC, long chain; D9D, D-9 desaturase; D6D, D-6 desaturase; D5D, D-5 desaturase.
*P#0·01.
† 0·01 , P#0·05.
‡ Marine food frequency was reported as lean fish or fatty fish for dinner (per week), fish spread on slices of bread

(per d or week), cod-liver oil (yes or no). Phospholipid fatty acid concentrations were measured both at the first
and second follow-ups, while self-reported dietary intake was only registered at the second follow-up.

§ D9D ratio, 16 : 1:16 : 0; D6D ratio, 20 : 3n-6:18 : 2n-6; D5D ratio, 20 : 4n-6:20 : 3n-6.
k20 : 5n-3 þ 22 : 6n-3.
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Fig. 2. Association between fatty fish intake and plasma phospholipid fatty acid concentration expressed as percentage by weight (% by wt). Self-reported intake

of fatty fish was divided into four groups of increasing intake as described in the Subjects and methods section. (a) 18 : 2n-6 (X), 20 : 2n-6 (W), 20 : 3n-6 (P),

20 : 4n-6 (e), 22 : 4n-6** (B), 22 : 5n-6 (A), sum n-6* (V). (b) 18 : 3n-3 (X), 20 : 5n-3* (W), 22 : 5n-3 (P), 22 : 6n-3** (e), sum n-3* (B). (c) 14 : 0 (X), 16 : 0 (W), 18 : 0

(P), 20 : 0 (e), 22 : 0 (B), 24 : 0 (A), sum saturated (V). (d) 16 : 1 (X), 18 : 1 (W), 20 : 1* (P), 22 : 1 (e), 24 : 1 (B), sum monounsaturated (A). Values are means,

with standard deviations represented by vertical bars. *P for trend #0.01. ** 0.01 , P for trend #0.05.
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Table 5. Plasma phospholipid concentrations expressed as the percentage by weight of the selected fatty acids according to self-reported marine food frequency‡

(Mean values and standard deviations)

20 : 5n-3 22 : 5n-3 22 : 6n-3 20 : 3n-6 20 : 4n-6 20 : 3n-9 22 : 5n-6 Sum n-3 Sum n-6

n-3 intake n Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Lean fish
Group 1 33 2·25 1·29 1·23 0·21 7·10† 1·76 3·17 0·69 8·55 1·10 0·13 0·08 0·10 0·07 10·8† 2·74 34·5† 2·75
Group 2 70 1·95 1·59 1·22 0·22 6·91† 1·63 2·92 0·71 8·39 1·36 0·13 0·07 0·12 0·06 10·3† 2·98 34·7† 3·66
Group 3 72 2·27 1·28 1·24 0·22 7·47† 1·73 3·03 0·75 8·32 1·34 0·15 0·11 0·12 0·06 11·2† 2·74 33·7† 3·11
Group 4 39 2·73 1·70 1·24 0·18 7·91† 1·86 2·88 0·75 7·99 1·26 0·13 0·08 0·11 0·06 12·1† 3·44 33·0† 3·60

Fatty fish
Group 1 127 1·99* 1·11 1·20 0·20 7·02† 1·63 3·09 0·73 8·42 1·30 0·14 0·09 0·12 0·06 10·5* 2·57 34·6* 3·16
Group 2 65 2·30* 1·35 1·28 0·23 7·53† 1·76 2·85 0·65 8·26 1·15 0·13 0·08 0·12 0·06 11·4* 2·98 33·6* 3·37
Group 3 19† 3·30* 2·60 1·24 0·17 8·23† 2·10 2·75 0·87 7·80 1·53 0·13 0·13 0·11 0·06 13·0* 4·19 32·4* 3·45
Group 4 3 5·11* 3·21 1·30 0·30 9·14† 0·69 3·23 0·92 8·50 2·63 0·21 0·12 0·12 0·05 15·7* 2·98 28·4* 3·59

Fish spread
Group 1 119 1·97* 1·15 1·20 0·20 6·95† 1·70 3·07 0·71 8·40† 1·31 0·14 0·09 0·11 0·06 10·4* 2·68 34·6* 3·31
Group 2 65 2·30* 1·54 1·26 0·23 7·61† 1·67 2·96 0·80 8·40† 1·33 0·13 0·09 0·12 0·06 11·4* 3·02 33·8* 3·25
Group 3 17 3·28* 1·92 1·32 0·19 8·25† 1·32 2·58 0·61 7·95† 1·16 0·12 0·05 0·09 0·02 13·1* 2·96 31·9* 3·15
Group 4 13 3·16* 2·28 1·23 0·20 7·90† 2·35 2·91 0·58 7·69† 1·14 0·13 0·12 0·12 0·09 12·5* 3·96 32·1* 3·36

Cod-liver oil
No 144 2·23† 1·65 1·21* 0·20 7·10* 1·73 3·00† 0·69 8·38 1·16 0·14† 0·09 0·12* 0·06 10·8* 3·18 34·2 3·58
Yes 39 2·49† 1·14 1·33* 0·22 8·32* 0·75 2·75† 0·82 8·09 1·78 0·11† 0·07 0·09* 0·04 12·4* 2·70 33·5 3·15

Sum intake
Group 1 99 1·79* 0·97 1·19 0·20 6·80* 1·68 3·12 0·71 8·44† 1·35 0·14† 0·10 0·12 0·06 10·0* 2·52 34·9* 3·28
Group 2 42 1·89* 0·77 1·21 0·21 7·17* 1·31 3·13 0·66 8·59† 1·04 0·15† 0·08 0·13 0·05 10·5* 1·91 34·4* 2·45
Group 3 34 3·09* 1·98 1·33 0·25 8·02* 1·85 2·69 0·84 7·98† 1·17 0·11† 0·06 0·10 0·06 12·7* 3·51 32·3* 4·00
Group 4 39 3·04* 1·98 1·27 0·18 8·16* 1·80 2·76 0·65 8·02† 1·47 0·12† 0·09 0·11 0·06 12·7* 3·38 32·7* 3·05

*P#0·01.
† 0·01 , P# 0·05.
‡ Self-reported marine food frequency was divided into four groups of increasing intake, except for cod-liver oil (yes or no). P for trend was calculated for all foods except for cod-liver oil (Mann–Whitney U test). Data from the

second follow-up.
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diagnosing and counselling patients with suspected subopti-

mal dietary intake of essential FA. Blood samples are generally

more available, and FA compositions in whole blood, serum,

plasma and erythrocyte membranes all correlate with the diet-

ary intake of marine n-3 FA as reported previously(1,35,37) and

in the present study.

Another issue is how to present and use phospholipid FA

concentrations when examining their effect on clinical out-

comes. We measure total plasma phospholipid FA in absolute

terms, i.e. mg FA/l plasma, and use these concentrations to

assess long- and short-term variation of the GC method. The

absolute FA concentrations reflect both the relative distri-

bution of FA as well as changes in the phospholipid pool

itself. We therefore use relative FA concentrations expressed

as weight percentage in the statistical models to reduce con-

founding from phospholipid pool concentration changes.

Accordingly, Bradbury et al.(38) recently reported that relative

FA concentrations of myristic and linoleic acid in serum CE

and phospholipids predicted cholesterol concentrations,

while absolute concentrations did not. In the present study,

we find a correlation between the self-reported marine food

frequency and EPA and DHA in plasma phospholipids of

0·47 and 0·44, respectively. Ma et al.(1) reported that the corre-

lation coefficients between FA intake estimated by FFQ and

EPA and DHA concentrations in plasma CE were 0·36 and

0·55, respectively, in 3570 subjects in the Atherosclerosis

Risk in Communities study. Likewise, Baylin et al.(35) found

a correlation coefficient between FA intake estimated by

FFQ and EPA and DHA in total plasma FA of 0·28 and 0·31,

respectively. In the present study, the PLN3 index, EPA and

DHA concentrations in plasma phospholipids showed similar

correlations to self-reported marine food intake.

Harris & Thomas(39) recently reported that the omega-3

index shows a lower within-subject variation and is less

affected by meals when measured in erythrocytes compared

with plasma total lipids or plasma phospholipids, conclu-

ding that erythrocytes may be the preferred material for

assessing n-3 FA status. This is an important observation, but

the observed lower variation might also reflect a stronger

metabolic control of erythrocyte membrane FA composition.

A strong metabolic control might partly override the impact

of dietary intake on the index, and thereby limit the usefulness

of erythrocyte membranes to assess dietary intake.

The present data support that the plasma phospholipid

PLN3 index, similar to the omega-3 index in erythrocytes, is

a valuable marker for dietary n-3 FA intake. The Norwegian

population, especially the elderly, traditionally has had a

high consumption of fish. This is a characteristic we share

with other populations throughout the circumpolar north,

where fish is abundant and is an important part of the diet.

Harris(24) suggested a risk stratification based on the omega-

3 index in erythrocytes where values above 8 % were classified

to have a low risk, and those below 4 % to have a high risk of

CHD. They also reported that the correlation between the

omega-3 index in erythrocytes and in plasma phospholipids

is higher than 0·9(25). Using their reported correlation, the

mean PLN3 index of 9·28 in the present study population cor-

responds to an omega-3 index of 12·4, and the omega-3 index

decision limits 8·0 and 4·0 % corresponds to PLN3 indices of

4·8 and 0·69, respectively. Although the analytical method

used in the present study and the method used by Harris(24)

are not directly comparable, it confirms the high intake of

long-chain marine FA in our population.

In the present study, the 3-year tracking of EPA showed a

correlation coefficient of 0·47. While the correlation between

the self-reported intake of marine foods and plasma phospho-

lipid EPA measured simultaneously was equally high (r 0·47),

the corresponding correlation between the self-reported

intake of marine foods and plasma phospholipid EPA

measured 3 years earlier was significantly lower (r 0·20).

Altogether, these results suggest that other factors than dietary

intake alone regulate the pharmacokinetics of dietary marine

FA and how they are incorporated into plasma and cell mem-

brane phospholipids. Several such factors have been

described previously(12–14,22,40). Measurement of lipid FA con-

centrations does not have the methodological inaccuracies

and bias inherent in dietary assessment methods. Analysing

the attained concentration of the active substance in the

body might therefore eliminate or reduce potential confound-

ing effects of individual or genetic differences in the pharma-

cokinetics of these FA.

Harris & Thomas(39) found a biological variation of

EPA þ DHA in plasma phospholipids of 13·9 %. They have

reported from a controlled 6-week study of twenty healthy

subjects who were on stable diets before and during the

study period. We report long-term tracking from 214 subjects

in a free-living Norwegian population, which could explain

the larger biological variation of 26 % in the present study. It

is not possible to determine whether the higher, long-term

variation observed in the free-living population is due to

changes in metabolism, dietary intake or other normally

occurring lifestyle changes. Previous long-term studies on

serum phospholipid FA concentrations in a free-living popu-

lation have reported similar tracking and variation as we

find in our diabetic population(8–10), and clearly higher than

the short-term variation reported by Harris & Thomas(39).

A limitation of the present study is that data on dietary

intake were available for the diabetic patients only at the

second follow-up. Although the Norwegian treatment stan-

dards concerning dietary intake of fish and fish oils are the

same for newly diagnosed type 2 diabetics as for the general

population, we cannot exclude that the study participants

changed their diet between the first and second follow-ups.

The first follow-up was 14 months (range 6–22) after the base-

line screening. During this time interval, their diabetes had

been controlled and treated by their general practitioner.

Any major dietary changes are therefore likely to have

occurred before blood sampling at the first follow-up. Further-

more, we compared the concentrations of EPA, DHA and the

PLN3 index at the first follow-up in healthy controls matched

for sex, age and municipality in a subset of 195 of the newly

diagnosed diabetic patients. The mean differences (wt%)

between healthy controls and diabetic patients of EPA, DHA

and the PLN3 index were 0·04, 0·49 and 0·53, respectively

(M Lindberg and KS Bjerve, unpublished results), suggesting

that dietary intakes in the diabetic patients were similar to
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healthy controls during the initial treatment period before the

first follow-up. This also suggests that the results are valid in

non-diabetic persons.

Another limitation of the present study is the use of multiple

testing of correlations between FA concentrations and dietary

fish intake, which, in general, might lead to false conclusions.

The reported P values should therefore be interpreted with

caution. However, this should not affect the validity of the

reported intra- and inter-individual CV, the RCV and the indi-

ces of individuality.

The index of individuality describes which effect a repeated

measurement would have on reducing false-positive results

when using reference limits as cut-off points(41). In the present

study, the index of individuality for EPA, DHA and PLN3 index

was 1·2, 0·9 and 1·0, respectively, implying that when EPA,

DHA or the PLN3 index fall outside their reference limits,

the fraction of false positives will be substantially reduced

by repeating the measurement once. The index of individual-

ity also reflects the probability of detecting changes in serial

results when using RCV(42). The observed indices of indivi-

duality for EPA, DHA and the PLN3 index suggest that RCV

have a limited value in detecting significant changes between

two measurements made in the same patient approximately 3

years apart in a Norwegian population. RCV will probably be

lower if the time between measurements is reduced, thereby

reducing the patient variability of relevant lifestyle and thera-

peutic changes, including n-3 FA intake, drug intake and diet-

ary advice between the two measurements. If the individual

variability is reduced more than the population variability,

the index of individuality will also be lower.

Table S1 (available online) shows RCV and indices of indi-

viduality for all n-3 and n-6 FA measured in these patients,

but where the analytical variation is calculated from a diagnos-

tic patient routine during 4 years from the beginning of 2008.

The calculated RCV and index of individuality of EPA, DHA

and the PLN3 index are quite similar to those calculated

from the analytical variation observed at the start of the pre-

sent study more than 20 years ago.

In summary, the biological variation, the RCV and the index

of individuality of EPA, DHA and the PLN3 index are all in a

range comparable with a large number of common clinical

chemical analytes(26,43). The analytical precision of the present

FA analytical method therefore seems to be well within quality

specifications based on biological variation (CVa ,0·50 CVws).

This is not necessarily true for all analytical methods.

Especially, thin-layer separation of lipid classes could intro-

duce other, potentially serious analytical errors.

With the increasing number of clinical and epidemio-

logical studies using FA analysis as an objective measure

of essential FA status, there is a definite need to establish

generally available calibrators and control materials. This is a

prerequisite for comparing FA analytical results between

patients and between studies.
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