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Abstract

Objective: To evaluate FFQ estimates of dietary intake of individual antioxidants,
fruit and vegetables in comparison to plasma concentrations of each antioxidant,
and to determine which individual foods are associated with plasma antioxidant
concentrations.
Design: Dietary (a-carotene, b-carotene, b-cryptoxanthin, lutein/zeaxanthin,
lycopene, retinol, and vitamin E) intakes over 12 months were estimated from a
121-item FFQ. Correlation coefficients, corrected for within-person variability in
diet and plasma antioxidants, were used to examine associations between anti-
oxidant concentrations in diet and plasma.
Setting: Melbourne Collaborative Cohort Study (MCCS).
Subjects: Men and women (n 3110) who were randomly selected from the MCCS.
Participants were aged 36–72 years and were born in Australia, Greece, Italy or
the UK.
Results: Correlation coefficients for the carotenoids ranged from 0?28 for lycopene to
0?46 for b-cryptoxanthin. There was no association between dietary and plasma
retinol or dietary vitamin E with plasma a- and g-tocopherol. Individual plasma
carotenoid concentrations were associated with intakes of fruit and vegetables.
Conclusions: Our data suggest that the FFQ provides useful information on
intakes of each of the carotenoids: a-carotene, b-carotene, b-cryptoxanthin,
lycopene and lutein/zeaxanthin. There was no association between diet and
plasma markers of retinol or vitamin E; this may reflect the importance of factors
other than intake in modifying circulating levels of these nutrients.
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The most recent Dietary Guidelines for Australian Adults(1)

recommend eating ‘plenty of vegetables, legumes and

fruits’. Since the guidelines were released in 2003 the evi-

dence has remained strong for an association with CVD(2),

while results from prospective studies have suggested that

the associations seen with cancer in case–control studies

may be due to bias in dietary measurements(3). There are

fewer reports of vegetables and fruit as risk factors for type

2 diabetes, but prospective studies show potential benefits

from fruit and vegetables(4,5), which may be partly due to

carotenoids, many of which are strong antioxidants(6).

Further studies are required to clarify the benefits of

fruit and vegetables, especially with regard to cancer.

Randomized controlled trials may be preferred for aetio-

logical studies of diet and disease(7) but, in practice,

prospective studies where diet is measured before the

diagnosis of disease provide the main evidence for such

associations. Although FFQ are used widely in large-scale

dietary studies, they measure intake with considerable

error, which may contribute to the relatively weak asso-

ciations seen between diet and disease in most studies.

Evaluation of the error associated with FFQ is important

for the interpretation of results in studies of dietary risk

factors(8).

The Melbourne Collaborative Cohort Study (MCCS)

was established to study prospectively associations

between diet and chronic diseases, including common

cancers such as prostate, bowel and breast cancer, type 2

diabetes and CVD, and is one of the largest prospective
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cohort studies conducted in Australia. An FFQ was devel-

oped in the late 1980s to use as the measure of baseline

diet in the MCCS(9). Our objective in the present study was

to evaluate the performance of the FFQ in estimating the

intakes of individual carotenoids, fruit and vegetables by

comparison with biomarkers, to inform future analyses

within the MCCS. Associations between retinol and vitamin

E in diet and plasma were also assessed.

Subjects and methods

The MCCS recruited 41 528 people (17 049 men) between

27 and 75 years of age at baseline (99?3 % were aged

40–69 years), including 5425 migrants from Italy and 4535

from Greece. Recruitment occurred from 1990 to 1994.

The Cancer Council Victoria’s Human Research Ethics

Committee approved the study protocol.

For the present analysis, 4659 participants were ran-

domly selected from the MCCS for case–cohort studies(10)

which included analysis of plasma carotenoids. Of these

4659, plasma carotenoid measurements could not be

made for 1492 participants (predominantly males)

because the samples were inadvertently aliquoted into

inappropriate containers or the blood sample was not

collected. Of the remaining 3167 participants, fifty-five

people with energy intakes in the top and bottom 1 % of

the sex-specific distributions were excluded as we believe

these extreme values reflect a poorly completed FFQ. We

also excluded one participant with an extreme dietary

retinol intake of 16 671 mg/d and one with plasma retinol

of 30 mmol/l. This left 3110 participants with plasma and

dietary antioxidant data.

Analysis of plasma carotenoid, retinol and

tocopherol concentrations

Blood was collected from all subjects into sodium-heparin

Vacutainers, and immediately protected from light. After

collection, blood was centrifuged immediately and

plasma was stored in the vapour phase of liquid nitrogen

tanks at approximately 21208C. Following an average

of 9?0 (SD 1?2) years, samples for participants in the

sub-cohort were selected in random order by sex and

aliquoted in batches. To each batch were added 10 %

plasma matrix quality control samples(11). Samples were

defrosted at room temperature, then vortexed rapidly for

a few seconds and spun at 1000 rpm (210 g) for 10 min at

48C on a Heraeus Megafuge 2.0R bench top centrifuge.

Samples were kept on ice before and after they were

aliquoted. Liquid nitrogen was added to the tubes, which

were sealed quickly, and then frozen immediately at

2808C until shipment to the laboratory in cryoboxes. All

samples were handled under red light conditions. Anti-

oxidants in plasma are stable under these conditions(12).

Samples were assayed at the Department of Chemical

Pathology, Women’s and Children’s Hospital, Adelaide,

and Monash Medical Centre, Melbourne, using a modified

gradient HPLC procedure for simultaneous quantifica-

tion of lipid-soluble antioxidants – retinol, g-tocopherol,

a-tocopherol, lutein/zeaxanthin, b-cryptoxanthin, trans-

lycopene, cis-lycopene, a-carotene and b-carotene – as

previously described(13). Compounds for peak identifi-

cation were obtained from Sigma Chemical Company

(Castle Hill, Australia). HPLC-grade solvents and other

reagents were obtained locally from commercial suppliers

(Selby-Biolab, Melbourne, Australia).

The assay CV for the plasma matrix quality control sam-

ples ranged from 2% to 15% for control samples analysed at

the Monash Medical Centre, Melbourne, and from 5% to

19% at the Department of Chemical Pathology, Adelaide.

All plasma antioxidant concentrations are expressed as

mmol/l or divided by plasma cholesterol concentration(14).

Estimation of dietary intake

A 121-item FFQ was specifically developed for the MCCS,

based on 8 d of weighed food records in a sample of 810

Australian-, Italian- and Greek-born men and women(9).

The FFQ included twenty-seven items under the heading

‘soups, salads and cooked vegetables’, plus a separate

question on garlic; nineteen under ‘dried, fresh, stewed and

canned fruits’, plus two fruit juice items that constituted the

‘vegetable (potatoes excluded)’ and ‘fruit (avocado and

olives excluded)’ groups, respectively. Carotenoids were

also contributed by the items ‘pasta/noodles’, ‘pizza’, ‘but-

ter’, ‘margarine’ and various ‘mixed dishes’ assumed to

include vegetables. For each item on the FFQ there were

nine response options ranging from never/less than once

per month to $6 times per day. The dietary questionnaire

covered dietary supplements, including multivitamins,

vitamin A and vitamin E. Supplement use was not quanti-

fied, so it was not possible to calculate nutrient intakes from

these. Sex-specific average portion sizes were used in cal-

culation of nutrient intakes from the 121 foods. Carotenoid

composition of foods was based on US Department of

Agriculture (USDA) data(15), vitamin E was based on British

data(16) and other nutrient composition data were derived

from the Australian NUTTAB95 database(17). Dietary anti-

oxidant intakes are expressed as the total intake (mg/d) and

per unit of daily energy intake (mg/MJ)(18).

Other measurements

Participants underwent physical measurements, including

weight and height, which were used to calculate BMI (kg/

m2). A structured interview schedule was used to obtain

information on country of birth, smoking, alcohol con-

sumption and history of common chronic illness,

including angina, heart attack and diabetes.

Reproducibility of diet and plasma antioxidant

intake

Reliability coefficients were calculated to assess the

consistency of dietary and plasma antioxidant measures
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over time. The reliability coefficients for the plasma anti-

oxidants were calculated from two blood samples collected

from seventy-four subjects approximately twelve months

apart. Each blood sample was split into two parts to allow

estimation of within-laboratory variation. Components of

variance models were used to identify the three sources of

variability, i.e. between-subject, within-subject and within-

laboratory. The reliability coefficients for the dietary anti-

oxidants were calculated from 242 subjects who were

invited to complete a second FFQ twelve months after

baseline. Selection was stratified by sex, country of birth

(Australia, Italy, Greece), 10-year age group (40–49, 50–59,

60–69 years) and month of attendance. For both the plasma

and dietary antioxidants, the reliability coefficient was the

proportion of the total variance due to the between-subject

component.

Statistical analyses

The mean and standard deviation are given for normally

distributed data, while the median and the interquartile

range are given for non-normally distributed data. Plasma

antioxidant concentrations were excluded on days when

the CV for the quality control samples was .15 %, so the

number of subjects included in the analyses differs for

each antioxidant.

Dietary antioxidants were energy-adjusted using the

nutrient density method, i.e. antioxidant intakes were

divided by energy intakes. Similarly, plasma antioxidant

levels were adjusted for plasma cholesterol by dividing

antioxidant by cholesterol concentrations. Both plasma

and dietary antioxidant concentrations were then natural

log transformed after a constant of 1 was added to all

observations to account for zero values. Pearson corre-

lation coefficients were calculated to measure the asso-

ciation between adjusted plasma and dietary antioxidants.

These correlation coefficients are likely to attenuate the

association between the plasma and dietary antioxidants

due to within-person variation in both measures. There-

fore a corrected correlation coefficient was calculated for

each antioxidant using the following formula:

rcorr ¼
rcrudeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RPL � RFFQ

p ;

where rcorr is the corrected correlation coefficient; rcrude is

the observed crude correlation coefficient; RPL is the relia-

bility coefficient (intra-class correlation for the repeated

measures) of the plasma antioxidants; and RFFQ is the

reliability coefficient of the dietary antioxidants. Confidence

intervals were calculated for rcorr using the formulae given

by Rosner and Willett(19). Associations between the dietary

and plasma antioxidants were also assessed by calculating

the weighted kappa statistic for quintile groupings.

To allow for between-batch variation in the plasma

antioxidant assay, we also used within-batch quartile

groups to rank antioxidant values against others from the

same assay run. The association between plasma and

dietary antioxidants was re-assessed using linear regres-

sion models with dietary antioxidant as the dependent

variable and plasma antioxidant (defined using within-

batch quartile groups) as a pseudo-continuous variable.

Linear regression analyses were performed to identify

potential effect modifiers. Interaction terms were inclu-

ded to examine which subject characteristics modified the

association between dietary and plasma antioxidant

concentrations. The significance level was set at P # 0?02.

The following variables were tested as potential effect

modifiers: age, sex, country of birth (Australia v. UK v.

Italy v. Greece), BMI category (kg/m2: ,25, 25–29?9,

$30), smoking status (never, former, current), alcohol

intake (sex-specific categories defined in Table 1), pre-

vious history of chronic disease, vitamin supplement use

(vitamin A, vitamin C, vitamin E), fruit intake (0–1, 2–3, 4–5,

$6 servings/d) and vegetable intake (0–2, 3–4, 5–6, $7

servings/d). Plasma antioxidants were modelled as the

dependent variable and the corresponding dietary intakes

as the independent variable. For interactions with P , 0?02,

the median plasma biomarker concentration in each quin-

tile of the corresponding dietary intake was plotted by

stratum of the effect modifiers. We assumed that effect

modification was not clinically important if the associations

were in the same direction and the magnitude of the slope

did not vary by more than 50% across strata.

A list of potentially important foods was selected based

on each food’s contribution to total dietary antioxidants.

This was determined through a forward inclusion (step-

wise) regression procedure (P for removal 5 0?12, P for

entry 5 0?02). The associations between each of the foods

selected above and the plasma antioxidant concentrations

were then investigated using multiple linear regression

models.

The association between plasma carotenoid concentra-

tions (dependent variable) and total fruit or vegetable intake

as categorical variable was investigated using multiple linear

models adjusting for energy intake, BMI, smoking status,

gender, age and country of birth. To investigate if there was

a linear association between plasma carotenoid concentra-

tions and total fruit or vegetable intake, we compared the

regression models with total fruit or vegetable intake as

categorical variables v. total fruit or vegetable intake as

pseudo-continuous variables using the likelihood ratio test.

All statistical analyses were performed using the Stata/

SE 8?2 statistical software package (Stata Corporation,

College Station, TX, USA).

Results

Demographic and clinical characteristics of the 3110 parti-

cipants, by gender, are presented in Table 1. Because of the

loss of male samples, men comprised just over 35% of the

sample compared with 41% in the whole cohort. About

22% of the study participants were born in Greece or Italy,

2440 AM Hodge et al.

https://doi.org/10.1017/S1368980009005539 Published online by Cambridge University Press

https://doi.org/10.1017/S1368980009005539


similar to proportions in the whole cohort (24%). The

average age of the participants was 54?8 (SD 8?6) years.

Dietary and plasma antioxidant concentrations for men

and women are presented in Table 2. The median

adjusted values for dietary intake and plasma carotenoid

concentrations were consistently higher for women than

men. The adjusted dietary intakes of retinol and vitamin E

were also higher for women; however, the plasma levels

of retinol and tocopherols were higher for men.

Table 3 gives the crude, adjusted and corrected corre-

lation coefficients for the association between dietary

antioxidants and their plasma biomarkers. It also lists

reliability coefficients for dietary and plasma antioxidant

concentrations. Men and women have been combined, as

there was no evidence that the associations were mod-

ified by sex. Adjustment for age, alcohol intake, BMI,

country of birth, laboratory, history of chronic illness,

gender and smoking made little difference to the corre-

lation coefficients (data not shown).

Correlation coefficients for the carotenoids ranged

from 0?28 for lycopene to 0?46 for b-cryptoxanthin. There

was no association between dietary and plasma retinol.

The weighted k statistic for quintile groupings ranged

from 0?25 for lycopene to 0?42 for b-cryptoxanthin, and

was only 0?032 for retinol.

The reliability coefficients for dietary and plasma

lycopene, and dietary b-cryptoxanthin were low, inflating

the corrected correlations to give values of r . 1. The

corrected correlations for lutein/zeaxanthin and a-car-

otene were quite strong, while a moderate corrected

correlation was observed for b-carotene. No correlation

was seen for retinol. Correlations between dietary vitamin

E and plasma concentrations of a- and g-tocopherol were

very weak, 0?07 (95 % CI 0?04, 0?11) and 20?07 (95 % CI

20?04, 0?03), respectively, and were strengthened by

correction for intra-individual variation to 0?20 and

20?02, respectively. Reliability coefficients for dietary

vitamin E and plasma a-tocopherol were 0?33 and 0?36,

respectively. Reliability was not calculated for plasma

g-tocopherol due to the large number of values below

the limits of detection. Similar associations were found

when plasma antioxidants were modelled as within-batch

quartile groups.

Potential effect modifiers (P value ,0?02) of the asso-

ciation between diet and plasma a-carotene were asses-

sed visually (see Fig. 1). Within strata of age or BMI,

associations were all positive; the magnitude of changes

in plasma concentrations per unit increment in dietary

intake was reduced by about 30 % in older groups com-

pared with those ,50 years, and by less than 50 % for

increasing BMI groups. Statistically significant interactions

between plasma tocopherols and vitamin E intakes were

not explored further owing to the lack of correlation

between these overall.

Table 1 Characteristics of study participants: sub-cohort of randomly selected men and women from the Melbourne Collaborative Cohort
Study (MCCS)

Men (n 1086, 35?1 %) Women (n 2024, 64?9 %)

Characteristic n, Mean or Median %, SD or IQR n, Mean or Median %, SD or IQR

Country of birth*
Australia 701 64?6 1474 72?8
UK 81 7?5 155 7?7
Italy 161 14?8 231 11?4
Greece 143 13?2 164 8?1

Age (years)- 55?3 8?5 54?5 8?5
BMI (kg/m2)- 27?2 3?5 26?6 5?1
Energy intake (kJ/d)-

-

9686 7915–11 980 8107 6479–10 073
Plasma cholesterol (mmol/l)-

-

5?43 4?80–6?11 5?50 4?82–6?20
Smoking status*

Never 428 39?4 1400 69?2
Current 167 15?4 173 8?6
Former 491 45?2 451 22?3

Alcohol intake*
None 195 18?0 829 41?0
1–39 g/d M; 1–19 g/d F 715 65?9 960 47?5
40–59 g/d M; 20–39 g/d F 97 8?9 186 9?2
$60 g/d M; $40 g/d F 78 7?2 48 2?4

Baseline illnessesy 135 12?4 122 6?0
Vitamin supplement use*

Vitamin A 18 1?7 77 3?8
Vitamin C 130 12?0 382 18?9
Vitamin E 67 6?2 192 9?5

M, males; F, females.
*n and %.
-Mean and SD.
-

-

Median and interquartile range (IQR).
ySelf-reported heart attack, angina or diabetes.
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Table 2 Dietary and plasma carotenoids, retinol and vitamin E among a sub-cohort of randomly selected men and women from the Melbourne Collaborative Cohort Study (MCCS)

Unadjusted values Adjusted values

FFQ (mg/d) Plasma (mmol/l) FFQ (mg/MJ)* Plasma (mmol/mol)-

Men Women Men Women Men Women Men Women

Median IQR Median IQR Median IQR Median IQR Median IQR Median IQR Median IQR Median IQR

Carotenoids
a-Carotene 1245 558–1618 1130 654–1799 0?08 0?04–0?13 0?11 0?07–0?17 113 63?0–171 139 85?7–205 14?0 8?0–23?7 20?5 12?5–32?1
b-Carotene 5143 3315–7028 5266 3866–7125 0?48 0?28–0?77 0?71 0?47–1?06 510 359–670 645 471–844 86?4 52?4–143 128?0 87?0–193
b-Cryptoxanthin 324 160–588 349 180–592 0?16 0?09–0?31 0?27 0?15–0?45 33?2 18?1–58?4 43?1 23?5–70?3 29?6 16?2–55?9 48?2 26?4–82?4
Lycopene 7108 4067–10 513 6264 3995–9446 0?50 0?32–075 0?51 0?35–0?72 740 430–1087 761 505–1159 92?6 58?9–138 94?7 61?8–134
Lutein/zeaxanthin 1615 1064–2282 1697 1193–2304 0?30 0?21–0?43 0?33 0?23–0?47 163 113–235 205 148–282 55?1 38?0–80?0 61?0 42?3–86?8

Retinol 505 309–826 531 322–961 2?47 2?06–2?87 2?18 1?81–2?53 53?1 36.6–76?0 66?8 46?1–112 458?0 378–540 390?0 328–468
Tocopherols

Vitamin E 7840 5890–10 320 7370 5700–9530 – – – – 803 670–970 914 760–1090 – – – –
a-Tocopherol – – – – 33?87 28?4–41?1 34?0 28?8–40?4 – – – – 6240?0 5360–7380 6140?0 5450–7020
g-Tocopherol – – – – 1?63 1?17–2?33 1.48 1?05–2?03 – – – – 302?0 215–419 266?0 197–367

IQR, interquartile range.
*Daily antioxidant intake (FFQ; mg/d) was adjusted for daily energy intake (MJ/d).
-Plasma antioxidant levels (mmol/l) were adjusted for plasma cholesterol concentration (mol/l).

Table 3 Correlation coefficients for the associations between dietary carotenoids, retinol and their plasma biomarkers among a sub-cohort of randomly selected men and women from the
Melbourne Collaborative Cohort Study (MCCS)

Crude correlation
coefficient*

Adjusted correlation
coefficient-

Corrected correlation
coefficient-

-

Reliability coefficient for
FFQ (n 242)

Reliability coefficient for
plasma (n 74)y

rcrude 95 % CI radj 95 % CI rcorr 95 % CI RFFQ 95 % CI RPL 95 % CI

Carotenoids
a-Carotene (n 2744)J 0?35 0?31, 0?38 0?40 0?37, 0?43 0?78 0?68, 0?85 0?57 0?49, 0?66 0?46** 0?31, 0?59
b-Carotene (n 2876) 0?23 0?19, 0?26 0?28 0?24, 0?31 0?57 0?43, 0?69 0?49 0?40, 0?59 0?49 0?31, 0?57
b-Cryptoxanthin (n 2975) 0?40 0?36, 0?43 0?46 0?43, 0?49 1?0z – 0?13 0?01, 0?26 0?48 0?36, 0?57
Lycopene (n 2679) 0?21 0?18, 0?25 0?28 0?24, 0?31 1?0z – 0?30 0?19, 0?41 0?25 0?02, 0?39
Lutein/zeaxanthin (n 2990) 0?21 0?18, 0?25 0?29 0?26, 0?32 0?73 0?49, 0?87 0?34 0?23, 0?45 0?47 0?33, 0?57

Retinol (n 3084) 0?027 –0?01, 0?06 0?037 0?02, 0?08 0?08 0?002, 0?16 0?37 0?26, 0?48 0?52 0?38, 0?66

*Pearson’s correlation coefficients were obtained using log-transformed dietary intake and log-transformed plasma biomarker levels.
-Pearson’s correlation coefficients were obtained using log-transformed dietary intake that had been corrected for total energy intake and log-transformed plasma biomarker levels that had been adjusted for plasma
cholesterol levels.
-

-

Corrected for the reliability coefficients of FFQ and plasma according to the equation: rcorr ¼ rcrude=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RFFQ � RPL

p
, where RFFQ is the reliability coefficient for FFQ and RPL is the reliability coefficient for nutrient

concentration in plasma.
yDerived from 1000 bootstrap samples.
JNumber of subjects.
zTruncated at the value of 1.
**Calculated from data of sixty-five subjects.
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Association between individual foods, fruit and

vegetables, and plasma antioxidant

concentrations

Carrot intake was the main dietary predictor of plasma

a- and b-carotene concentrations. The consumption of

oranges and mandarins was the main predictor of plasma

b-cryptoxanthin concentration. No single individual food

stood out as a strong predictor of plasma lutein/zea-

xanthin. Pasta dishes were the main dietary predictor

of plasma lycopene (Table 4). No foods were associated

with plasma retinol concentration. The use of vitamin E

supplements was a predictor of plasma a-tocopherol. For

g-tocopherol the strongest association was an inverse

association with vitamin E supplements (data not shown).

Mean plasma concentrations of carotenoids increased

across fruit and vegetable intake groups (Table 5). The

associations were linear and significant for a-carotene,

b-carotene, lycopene, lutein/zeaxanthin and vegetable

intake, and for a-carotene and fruit intake. Linear asso-

ciations were not observed for b-carotene and fruit intake

(P 5 0?04 for likelihood ratio test of linear association),

b-cryptoxanthin and both vegetable and fruit intake

(P 5 0?03 and P , 0?001, respectively, for likelihood ratio

tests of linear association), and lutein/zeaxanthin and

fruit intake (P 5 0?03 for likelihood ratio test of linear

association). There was weak statistical evidence for a

dose–response association between lycopene and fruit

intake (P 5 0?06). While the associations of b-crypto-

xanthin with fruit and vegetable intakes were non-linear,

there were incremental increases in plasma levels across

fruit and vegetable intake categories, and the levels in the

top intake group were more than twice those in the

bottom intake group.

Discussion

We observed significant but modest correlations between

dietary and plasma carotenoids, which were strengthened

by adjustment for variation in both sets of measures.

However, for lycopene and b-cryptoxanthin, the reliability

coefficients were so low that adjusting for intra-individual

variation resulted in correlation coefficients greater than

one. No important effect modifiers of these associations

were identified, although plasma b-cryptoxanthin con-

centrations were lower in smokers than non-smokers for all

levels of dietary intake. There was no evidence of an

association between diet and plasma levels of retinol or

between vitamin E and a- and g-tocopherols. Carrots were

the single food most strongly associated with variations in

plasma a- and b-carotene, oranges and mandarins with

b-cryptoxanthin and pasta dishes with lycopene. Lutein/

zeaxanthin did not show any close association with a single

food item. Individual plasma carotenoid concentrations

were associated with intakes of total fruit and vegetables.

As an evaluation of an FFQ designed to measure intake

over the previous 12 months, the present study is limited

by the use of a single blood sample as the comparison

measure. Hunter(14) notes that plasma b-carotene inte-

grates intake over several weeks, and plasma carotenoid

levels responded to dietary changes within a few

weeks(20), thus these are not long-term markers of

intake(21). However, a single measurement was sufficient

to rank serum levels of a- and b-carotene and lutein/

zeaxanthin according to long-term intake(22). This is

consistent with the reliabilities we observed for these

carotenoids. We also found that the reliability of plasma

b-cryptoxanthin was reasonably high, although the

reliability for dietary intake was low.

Biomarkers of intake are recognized as useful measures

against which to evaluate dietary instruments, owing to

the independence of errors in these two methods(23).

However, plasma retinol concentration is closely regu-

lated homeostatically via retinol-binding protein over

most of the intake range(14); thus the lack of an associa-

tion is not necessarily a reflection of poor measurement of
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Figure 1 Median plasma antioxidant concentrations by quin-
tiles of dietary intake, stratified by putative effect modifiers
identified in multiple regression analyses, in a sub-cohort of
randomly selected men and women from the Melbourne
Collaborative Cohort Study (MCCS). (a) a-Carotene stratified
by age: —— K ——, ,50 years; – – ’ – –, 50–54?9 years;
— — m — —, 55–64?9 years; — ? ? — E — ? ? —, .65 years.
(b) a-Carotene stratified by BMI: —— K ——, ,25 kg/m2;
– – ’ – –, 25–29?9 kg/m2; — ? — m — ? —, $30 kg/m2
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intake. Carotenoids are not similarly homeostatically

regulated, and the only source of these in plasma is diet,

but there are a number of other factors that can influence

plasma levels such as age, sex, smoking, BMI and alcohol

consumption(14,24).

Using plasma antioxidants as biomarkers of intake does

not allow assessment of the precision of absolute intake

estimates, but as dietary variables are typically analysed as

quartile or quintile groupings, the ranking of participants

by intake is the most important quality of the FFQ.

Strengths of the present study include the large number

of participants and the comprehensive information

available for potential modifiers of the associations

between plasma and dietary antioxidants. Limitations

include the small sample sizes for the reliability studies of

the FFQ and plasma antioxidants, and the possibility that

the reliability coefficients for dietary antioxidant intake

may be biased due to systematic error.

Other studies that have looked at the correlations

between dietary intake of carotenoids using the Man-

gels(25) or USDA database and plasma/serum concentra-

tions have observed varying degrees of association.

Correlations from different studies are not directly com-

parable as different adjustments were used, often including

age, sex, BMI, alcohol intake, smoking or excluding smo-

kers, as well as energy intake and some measure of blood

lipids(6,21,26–30). Adjusted correlations ranged from 0?24 to

0?56 for a-carotene(30,31), from 0?13 to 0?51 for b-car-

otene(29,30), from –0?002 to 0?55 for b-cryptoxanthin(27,30),

from 0?03 to 0?42 for lutein/zeaxanthin(27,31) and from

0?13 to 0?47 for lycopene(6,31). The two extremely low

correlation coefficients were observed in an Australian

study with only twenty-eight subjects(27). None of these

studies used a correction for intra-individual variation in

dietary or plasma carotenoids; hence their results should

be compared with our correlations adjusting for dietary

energy and plasma cholesterol. The correlations observed

in the MCCS fall within the range of previously observed

values.

It does not appear from these studies that any particular

carotenoid is consistently measured better or worse than

others. Different dietary questionnaires may vary in their

completeness for inclusion of carotenoid-containing foods,

and the bioavailability of carotenoids may vary depending

on the overall diet and methods of preparation of car-

otenoid-rich foods(32). Lycopene bioavailability is strongly

influenced by food preparation and co-ingestion of fat, and

exhibits very wide inter-individual variability(33,34).

Two US studies have looked at specific foods related to

intake(26) and plasma concentrations(35) of individual

carotenoids. In these studies, carrots were associated

with a- and b-carotene, oranges and orange juice with

b-cryptoxanthin, tomatoes and tomato products with lyco-

pene and green leafy vegetables with lutein/zeaxanthin,

consistent with our results. Lutein/zeaxanthin had a

variety of sources and was less closely associated with a

single food item/group than the other carotenoids. In

some 3000 participants of the European Prospective

Table 4 Association between individual foods and plasma carotenoid concentrations among a sub-cohort of randomly selected men and
women from the Melbourne Collaborative Cohort Study (MCCS)

Plasma carotenoid Individual food Partial correlation coefficient* P value Model R2

a-Carotene Carrot 0?281 ,0?001 0?358
Soups 0?088 ,0?001
Orange/mandarin 0?076 ,0?001
Broccoli 0?093 ,0?001
Sweet corn 0?054 0?005
Use multivitamins (yes/no) 0?051 0?007

b-Carotene Carrot 0?129 ,0?001 0?229
Pumpkin 0?054 0?004
Soups 0?072 ,0?001
Cantaloupe/honeydew 0?044 0?020
Vitamin A 0?076 ,0?001

b-Cryptoxanthin Orange/mandarin 0?318 ,0?001 0?284
Orange/lemon juice 0?101 ,0?001
Broccoli 0?076 ,0?001
Peaches/nectarines 0?075 ,0?001
Avocado 0?043 0?020

Lutein/zeaxanthin Green leafy vegetables (silverbeet, spinach) 0?044 0?017 0?207
Salad greens (lettuce, endive) 0?068 ,0?001
Broccoli 0?072 ,0?001
Orange/mandarin 0?054 0?003
Onions/leeks 0?058 0?001
Avocado 0?052 0?004

Lycopene Pasta dishes 0?113 ,0?001 0?138
Pizza 0?061 0?002
Tomato 0?082 ,0?001
Legume soup 0?049 0?011

*Partial correlation coefficient adjusted for each of the foods listed above and age, sex, BMI, country of birth, smoking, vitamin A, C, E and multivitamin supplements.
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Investigation into Cancer and Nutrition from across Europe,

associations between plasma carotenoids and fruit and

vegetables and subgroups of these were evaluated(36). Total

fruit intake was the strongest predictor of b-cryptoxanthin,

fruit other than citrus for lutein, fruit and vegetables for

zeaxanthin, tomato products for lycopene, carrots for

a-carotene; and for b-carotene no single item was a good

predictor, consistent with its many dietary sources in this

population(36). Differences between European and US stu-

dies may to some degree reflect different dietary patterns. A

recent Australian study evaluated plasma carotenoids

against intakes of total fruit and vegetables and found

strong associations for each carotenoid except lycopene

with both fruit and vegetable intake, adjusting for a wide

range of potential confounders(37). This is generally con-

sistent with our findings.

The lack of association between diet and plasma retinol

concentrations is consistent with other studies cited by

Kaaks et al.(23) and Hunter(14). Serum or plasma retinol

concentration only reflects intake at the extremes of

intake, otherwise it is homeostatically controlled and

remains reasonably constant(14,38), as reflected in the

relatively high reliability observed for plasma retinol.

We observed no association between dietary vitamin E

intake (a-tocopherol equivalents) and plasma con-

centrations of either a- or g-tocopherol. This is in contrast

to Willett et al.(39), who found a correlation between

dietary vitamin E (without supplements) and plasma

a-tocopherol of 0?34 after adjusting for energy intake,

plasma lipids, age and sex. Elsewhere, it has been noted

that correlations between a-tocopherol intake and plasma

levels are largely attributable to intake from dietary sup-

plements(40), consistent with our observation that plasma

a-tocopherol was most strongly associated with use of

vitamin E supplements (typically a-tocopherol acetate).

Several other studies have also reported no association

between diet and plasma levels of a-tocopherol(41,42) and

it has been suggested that there is a stronger correlation

between dietary and plasma g-tocopherol than for

a-tocopherol(40), but we were not able to differentiate

between a- and g-tocopherol in diet.

In conclusion, the correlations we observed between

plasma and dietary carotenoids were within the ranges

observed in previous studies; however, due to poor

reliability for the intake of b-cryptoxanthin, and for both

intake and plasma lycopene, we are less confident of our

ability to measure intakes of these carotenoids. More

sophisticated assessment of dietary patterns, food pre-

paration and seasonal variation in intake of specific foods

may be required to better determine the relationships of

intake to circulating levels. Tissue-specific uptake of

carotenoids such as lutein and lycopene may also influ-

ence circulating levels. Plasma levels of retinol and

tocopherols do not appear to be useful as biomarkers of

intake in most studies, and we observed no associations

with intake. Plasma levels of carotenoids also show strongT
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associations with intake of fruit and vegetables, suggest-

ing that these are reasonably measured by the FFQ.
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