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Abstract
Objective: To investigate the usefulness of serum carotenoids as biomarkers of fruit
and vegetable consumption.
Design: Reproducibility study on three repeat measurements of serum carotenoids.
Correlation analysis of carotenoids and dietary food intake, and regression analysis
of potential predictive parameters for serum carotenoid levels.
Setting: New York, USA.
Subjects: Women participating in the New York Women's Health Study, a prospective
study of sex hormones, diet and breast cancer. Forty-eight women with three repeat
blood samples and 302 women having a blood sample and a dietary history
questionnaire (including 47 subjects from the reproducibility study).
Results: Serum carotenoid concentrations were highly reproducible between one-
and two-year repeat samples. Estimated fruit and vegetable consumption was
positively correlated with serum carotenoid concentrations but correlation coeffi-
cients were low. Consumption of fruit was predictive for serum levels of beta-
carotene, alpha-carotene and beta-cryptoxanthin, while vegetable consumption was
predictive for serum beta-carotene, lutein, zeaxanthin and lycopene. Serum
concentrations of cholesterol and triglycerides were predictive for serum carotenoids
but adjustment for their levels had little or no influence on the correlation between
fruit and vegetable consumption and serum carotenoid concentrations.
Conclusions: One single serum measurement of alpha-carotene, beta-carotene and
lutein can accurately rank subjects according to their usual serum level. Serum
concentrations, however, correlate only moderately with estimated dietary intake of
fruits or vegetables and should therefore be used with caution as biomarkers of fruit
and vegetable intake.
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There is a strong and consistent pattern showing that diets

high in vegetables and fruits decrease the risk of many

cancers and other degenerative diseases such as cardio-

vascular diseases1. Carotenoids are natural pigments

generally found in fruits and vegetables. More than 600

naturally occurring carotenoids are known today2,3, and

analysis of serum and human breast milk has shown that

about 20 carotenoids derived from fruits and vegetables

may be absorbed and metabolised by humans4,5. Foods

and supplements that contain carotenoids are the only

source for humans, as carotenoids are synthesised only by

plants.

It has been suggested that blood concentrations of

carotenoids may be integrated biochemical markers of

vegetable, fruit and supplement intake. Many epidemio-

logical studies, however, have relied on single measure-

ments of carotenoids in blood without clear evidence that

a single serum or plasma measurement is adequate to

characterise an individual long-term level, relative to

other subjects in the population being studied. In fact, a
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measured concentration may have many exogenous and

endogenous determinants, such as intake, absorption,

distribution over body compartments or tissues, metabo-

lism, excretion or the analytical method. High intra-

individual, relative to inter-individual, variability may

cause misclassification of a substantial number of

individuals when a single measurement is used. Also,

the association between a marker and the true dietary

intake level or a disease parameter will be attenuated by

these additional random variations. Several investiga-

tors6,7 have suggested that multiple samples from each

individual are required to identify the true serum

concentration at an acceptable confidence level. The

number of samples required can then be reduced by

minimising inter-assay variability and identifying factors

that influence circulating levels.

The purpose of this study was to investigate the quality

and usefulness of serum carotenoids as a biochemical

marker of fruit and vegetable consumption in a popula-

tion of women from New York who were participating in

a prospective study on hormones, diet and breast cancer.

The reproducibility of serum concentrations and the

influence of parameters on circulating blood levels and

on intake±blood level relationships were investigated in

the same population in order to evaluate carotenoids in

blood as markers of nutritional status and as markers of

dietary intake of fruits and vegetables.

Subjects and methods

Subjects

Study subjects were participants in a prospective cohort

study on hormones, diet and cancer: the New York

University Women's Health Study (NYUWHS). Between

March 1985 and June 1991, 14,275 women aged 34±65

years who visited a large breast cancer screening centre in

New York City (Guttman Breast Diagnostic Institute)

agreed to donate 30 ml of peripheral venous blood and to

answer a lifestyle and medical history questionnaire, as

well as a self-administered food-frequency questionnaire

(FFQ). No recommendations were made about diet or use

of supplements. Each time a cohort member returned to

the clinic for subsequent annual mammographic screen-

ing, she was asked to donate an additional blood sample.

Details concerning subject recruitment are published

elsewhere8,9.

For the reproducibility study, 48 cohort members (24

pre-menopausal, 24 post-menopausal), who had three

blood samples taken at almost exactly one-year intervals,

were selected. One measurement was missing for beta-

cryptoxanthin and three for alpha-carotene. When the

first blood sample was taken, the subjects were on

average 52.6 years old (SD 7.5, range 38±67) and had an

average body mass index (BMI) of 24.1 kg m22 (SD 3.1,

range 19.5±34.6). Women taking vitamin supplements

were not excluded, but at the time of the first blood

sample only two women consumed a beta-carotene

supplement daily.

For the validation study, results from first measure-

ments in these 48 women were pooled with results from

270 control subjects from a nested case±control study on

breast cancer10. Eleven subjects were excluded because of

incomplete food intake questionnaires, four because of

missing anthropometric measurements and, for one

subject who was included in both the reproducibility

and the breast cancer study, only results from the latter

study were maintained. As a result, 302 subjects were

included in the validation study, all having complete data

for diet, anthropometry and laboratory measurements of

serum carotenoids. Only six subjects indicated use of a

beta-carotene supplement, five of them daily. At the time

of blood collection, women were on average 51.7 years

old (SD 8.3, range 35±65), had an average BMI of

25.2 kg m22 (SD 4.9, range 16.9±55.1), 144 women said

they were pre-menopausal and 158 post-menopausal.

Cholesterol and triglyceride measurements were available

for 228 subjects.

Blood collection

A 30-ml peripheral venous blood sample was drawn

between 9 a.m. and 3 p.m. from non-fasting women and

immediately centrifuged at 2000g for 15 min at room

temperature. The serum was partitioned in 1-ml aliquots

in screw-cap tubes and immediately stored at 2808C until

biochemical analysis. The samples for the present study

were shipped under dry ice to our laboratories in Lyon,

France and stored at 2808C upon arrival.

Laboratory analyses

On the day of analysis, samples were thawed at room

temperature and protected from light during the entire

experiment. Assays for levels of carotenoids, retinol and

alpha-tocopherol were done with reversed-phase high-

performance liquid chromatography (HPLC)11 on a

Hewlett Packard 1100 system with ultraviolet� visible

�UV � VIS� light sources and diode array detection

(Hewlett Packard, les Ullis, France). For the reproduci-

bility study, the three serum samples from each subject

were analysed within the same batch. Control samples

from a pool were included every day, completely blind

for the laboratory technicians. Between-day coefficients

of variation (CV) varied from a maximum of 6.8% (beta-

carotene) to a minimum of 4.5% (beta-cryptoxanthin),

except for zeaxanthin which had a CV of 11.4%. Total

cholesterol and triglycerides �N � 228� (expressed as

mmol l21) were measured using an enzymatic method at

378C with colorimetric detection on an automated system

(Hitachi 747, Roche, France).

Estimated food intake

Dietary food intake was estimated using a self-adminis-

tered, semi-quantitative diet questionnaire consisting of
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70 items of typical American foods, adapted from a

questionnaire developed and validated at the National

Cancer Institute12.

Statistics

Statistical analysis was performed with SAS statistical

software for PC release 8.0 (SAS Institute, Inc., Cary, NC).

t-Tests were used to compare carotenoid means per visit,

after loge transformation to reduce departures from the

normal distribution. Statistical significance was estimated

using 95% confidence intervals and two-sided P-values.

Spearman's rank correlation coefficients were calculated

between repeat measurements. Adjustment for serum

total cholesterol, serum triglycerides and body mass index

(BMI, kg m22) did not improve rank-order correlations,

so crude correlations are presented here. The intra-class

correlation coefficient, which is the proportion of the total

variance due to between-subject variance, was used to

quantify the reproducibility of the serum carotenoid

concentrations. Restricted maximum likelihood techni-

ques in SAS PROC VARCOMP were used to estimate the

intra-class correlation coefficients. The number of sepa-

rate days (D) necessary to rank individuals correctly

according to their long-term analyte levels was computed

using the formula proposed by Nelson et al.13: D �
�r2=1 ÿ r2��S2

W=S2
B�; where r is the unobservable correla-

tion between the measured and the true underlying

values for an individual for a day, and S2
W and S2

B are the

observed within- and between-subject variances. As

explained by Cooney et al.6, a chosen value of r � 0:9

would mean that at least 80% of subjects in the extreme

thirds of the distribution would be correctly classified, and

,1% would be grossly misclassified in the incorrect

extreme thirds. The number of days (D) required

increases with the precision desired on the measurement

(r).

Spearman's rank-order correlation coefficients were

calculated to investigate the associations between serum

carotenoids and dietary intake of different food groups,

BMI, serum cholesterol and triglycerides. Correlations

with dietary intakes were adjusted for BMI. The influence

of different dietary factors, serum cholesterol and

triglycerides, age at blood collection, menstrual status,

body mass index (BMI, kg m22), season and storage time

were investigated using multiple regression analysis in

GLM procedures with the serum carotenoid as the

dependent variable. The backward elimination procedure

was used to estimate sum of squares for each indepen-

dent variable (denominated as Type III estimates in SAS).

The ratio of each variable's sum of squares over the sum

of squares of the model (partial r2) indicates the

proportion of the variation that is explained by the

model that can be attributed to each independent

variable. Date of blood collection was used as an

approximate to storage time before laboratory analysis.

Results

Reproducibility

Average levels of carotenoids, retinol and alpha-toco-

pherol did not differ between first and second samples.

However, third sample levels of beta-cryptoxanthin �P �
0:02�; lutein �P � 0:009� and zeaxanthin �P � 0:007� were

significantly lower than first sample levels. Serum levels of

carotenoids were moderately to highly reproducible

within subjects, and the number of days of measurement

necessary to rank individuals correctly according to their

long-term carotenoid levels was close to one for alpha-

carotene, beta-carotene, lutein and alpha-tocopherol

(Table 1).

Relation to dietary intake

Serum carotenoids except lycopene correlated positively

with estimated dietary intake (FFQ) of fruits and

vegetables, after correction for BMI (Table 2). They also

correlated positively with dietary intake of cereals and

cereal products, fish and dairy products, and negatively

with consumption of meat and meat products, such as

cured meat and gravy. Serum lycopene was not sig-

nificantly correlated with any food group. Correlation

coefficients were generally low.

BMI was negatively associated with serum carotenoids

except for lycopene. Spearman rank-order correlation

coefficients varied from 20.17 for beta-carotene to 20.25

for beta-cryptoxanthin in the total population �N � 302�
and from 20.18 for beta-carotene to 20.28 for lutein in

Table 1 Reproducibility of carotenoid concentrations in three serum samples taken with one-year intervals �N � 48�

r(1-2)² r(2-3)² r(1-3)² r(Intraclass)³ Ratio W/B§ Number of measurements required¶

Beta-carotene 0.86 0.85 0.86 0.84 0.19 0.8
Alpha-carotene 0.81* 0.83* 0.69* 0.83* 0.21 0.9
Lutein 0.79 0.75 0.81 0.80 0.25 1.1
Zeaxanthin 0.79 0.71 0.71 0.63 0.58 2.5
Beta-cryptoxanthin 0.78* 0.75* 0.75 0.58* 0.73 3.1
Lycopene 0.61 0.62 0.55 0.63 0.59 2.5

* N � 47:
² Spearman rank-order correlation between two measurements.
³ Intraclass correlation calculated as the ratio of the within-subject variance to the total variance.
§ Ratio of within (W) to between (B) subject variability.
¶ Number of measurements needed to correctly rank at least 80% of individuals in the extreme thirds of the distribution.

831Serum carotenoids as biomarkers

https://doi.org/10.1079/PHN2000115 Published online by Cambridge University Press

https://doi.org/10.1079/PHN2000115


the subgroup of 228 subjects. In that subgroup, serum

cholesterol was weakly correlated with serum beta-

carotene �r � 0:16�; lutein �r � 0:19�; zeaxanthin �r �
0:34�; beta-cryptoxanthin �r � 0:20� and lycopene �r �
0:22�; as was serum triglycerides with alpha-carotene

�r � 20:16�; beta-carotene �r � 20:18�; lutein �r �
20:15� and beta-cryptoxanthin �r � 20:15�:

Except for the concentration of beta-carotene that was

predicted by both fruit and vegetable consumption, serum

carotenoids were either predicted by fruit consumption

(alpha-carotene and beta-cryptoxanthin) or by vegetable

consumption (lutein, zeaxanthin and lycopene) (Table 3).

Serum cholesterol was predictive for serum carotenoids

except for beta-cryptoxanthin, and serum triglycerides for

carotenoids except zeaxanthin and lycopene.

Correction for serum cholesterol, serum triglycerides or

correction for both blood lipids simultaneously in

addition to correction for BMI did not change correlations

between estimated intake of fruits and serum carotenoids

(Table 4). Correlations with vegetable consumption were

slightly higher after additional adjustment for serum

cholesterol and triglycerides.

Discussion

The usefulness of serum carotenoids as biomarkers of

fruit and vegetable consumption in epidemiological

studies depends on their reproducibility, their relation

with intake, and the influence of other endogenous and

exogenous parameters on serum concentrations. The

ability to rank subjects adequately according to their usual

level based on one single blood measurement is highly

important for large-scale epidemiological studies, where

repeat blood sampling and analysis are often not feasible.

The moderate to high reproducibility of serum carote-

noids found in this study in a group of women

participating in the New York Women's Health Study

corresponds to what has been found in other studies14±17.

Table 2 Spearman rank-order correlation coefficients between serum carotenoid concentrations and intake of selected food groups
estimated by food-frequency questionnaire. Results are adjusted for body mass index �N � 302�

b-Carotene a-Carotene Lutein Zeaxanthin b-Cryptoxanthin

Fruits 0.28** 0.28** 0.21** 0.39**
Fruit juices 20.15** 0.13*
Vegetables 0.19** 0.24** 0.22** 0.24**
Cereals 0.16** 0.15** 0.15** 0.15**
Fish 0.20** 0.23** 0.12* 0.12*
Poultry 0.16**
Dairy products 0.12* 0.22**

Meat 20.14* 20.13*
Cured meat 20.21** 20.14* 20.16** 20.17**
Gravy 20.23** 20.17**
Tomato dishes² 20.14*

² Pasta with tomato sauce, pizza.
* P , 0:05:
** P , 0:01:

Table 3 Multiple regression analysis �N � 228�

df Beta-carotene Alpha-carotene Lutein Zeaxanthin Beta-cryptoxanthin Lycopene

R-square model 15 0.241 0.207 0.264 0.317 0.262 0.176

Variable rSS² P-value³ rSS P-value rSS P-value rSS P-value rSS P-value rSS P-value

Fruit§ 1 10.7 0.0079 13.5 0.0069 10.2 0.0060
Vegetable§ 1 7.0 0.0311 12.7 0.0021 4.5 0.0365 11.3 0.0250
Cereal§ 1 15.4 0.0008 11.9 0.0007 5.3 0.0468
Tomato dishes§¶ 1 12.4 0.0006
Potatoes§ 1 7.1 0.0213
Cured meat§ 1 5.7 0.0191
Menstrual status 1 4.1 0.0445
BMI 1 19.8 0.0001 14.8 0.0002 11.2 0.0040
Cholesterol 1 9.9 0.0105 11.5 0.0127 13.4 0.0016 26.1 ,0.0001 41.4 ,0.0001
Triglycerides 1 13.6 0.0028 11.2 0.0137 6.2 0.0303 10.1 0.0063
Season 3 12.0 0.0465
Date of first visit 1 7.6 0.0418

² Ratio of variable type III sum of squares to the model sum of squares, multiplied by 100.
³ P-values of F-test on type III sum of squares estimate.
§ Estimated intake.
¶ Pasta with tomato sauce, pizza, etc.
df: degrees of freedom.
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Beta-carotene appears to be highly reproducible and a

single sample is necessary to rank individuals accurately

according to their medium- to long-term level6,7. For the

other serum carotenoids, the necessary number of repeat

samples diverges, possibly because of population-specific

ratios of within- to between-subject variability as a

function of population-specific dietary patterns. Never-

theless, these figures should be interpreted with caution,

as calculations of within-subject variation were based on

only three repeat measurements from 48 subjects in this

study. In addition, the effect of season could not be

tested, as repeat samples were collected at almost exactly

one-year intervals. For beta-carotene, reproducibility in

our study was comparable to results from other studies

that included seasonal variation, which may indicate a

limited influence of season in our study population.

A stable dietary pattern may explain the high reprodu-

cibility of serum carotenoids, as carotenoid-containing

foods and supplements are the only source for humans.

Homeostatic control of carotenoid concentrations has not

been described, but subjects on a beta-carotene-restricted

diet were found to maintain initial beta-carotene con-

centrations over several days or weeks18. The response to

an oral dose of beta-carotene (either as a supplement or

in food) was found to vary widely among subjects19,

possibly as results of variable levels of mucosal uptake

and excretion. High between-subject variability of serum

carotenoid concentrations together with low within-

subject variability results in high reproducibility.

Consumption of fruit and vegetables is often part of a

healthy food pattern, replacing the consumption of less

healthy foods. This was confirmed in our study, where

foods that contain few carotenoids but that are probably

associated with a healthy food pattern (cereals, fish) were

positively associated with serum carotenoids whereas

meat and meat products were negatively associated.

Serum lycopene was not significantly associated with

dietary intake of fruit and vegetables. Lycopene is derived

primarily from tomatoes and tomato products. Consump-

tion of more lycopene-rich foods such as pizza, ketchup,

spaghetti and chilli does not necessarily coincide with

high fruit and vegetable consumption.

Correlations between intake of fruit and vegetables and

blood carotenoid concentrations rarely exceed r � 0:520,

as was found in our study. High individual day-to-day

variation in blood levels, as suggested by Tangney et al.7,

does not seem to explain the low correlation, as

reproducibility of blood carotenoid concentrations is

high. Errors in estimates of dietary intake with food-

frequency questionnaires might in part explain the low

correlation. Other possible explanations may be factors

related to absorption, post-absorptive metabolism or even

physiological regulation of nutrient levels, which can be

important determinants of variation in the marker

independently of the true intake level. If the effects of

such intervening factors vary systematically between

individuals, this will affect the validity of the marker as

a measurement of dietary intake level, and correlations

with questionnaire measurements may remain weak even

if the average of several replicate biomarker measure-

ments is taken for each individual20,21.

In multiple regression analysis, fruit consumption was a

predictor for certain serum carotenoids while others were

predicted by intake of vegetables. In spite of its lower

reproducibility, serum beta-cryptoxanthin correlated

more strongly with estimated intake of fruits than

other serum carotenoid concentrations. This can be

explained by the relative predominance of, for exam-

ple, beta-cryptoxanthin in fruits and lutein in vegeta-

bles, and underlines the importance of measuring several

carotenoids in blood to evaluate fruit and vegetable

consumption.

The weak negative association of BMI with serum

carotenoids has been found in other studies16,22 but has

not yet been clearly explained. BMI often correlates

positively with blood levels of triglycerides but it is not

known if the first is a result of the second or vice versa.

Although serum cholesterol and triglycerides were

predictors of serum carotenoid concentrations and were

correlated (weakly) with serum carotenoids22, adjustment

for their levels did not the change rank-order correlation

with dietary intake of fruit and only slightly increased that

with intake of vegetables. As cholesterol and triglyceride

levels were highly reproducible, reproducibility of serum

Table 4 Spearman rank-order correlation coefficient between estimated consumption of fruit or vegetables and serum carotenoid
concentrations as a function of adjustment parameters �N � 228�

Adjustment Beta-carotene Alpha-carotene Lutein Beta-cryptoxanthin

Fruit
BMI 0.30 0.23 0.25 0.40
BMI, Chol 0.28 0.22 0.22 0.38
BMI, Trig 0.32 0.25 0.26 0.41
BMI, Chol, Trig 0.31 0.23 0.24 0.40

Vegetable
BMI 0.22 0.25 0.27 0.26
BMI, Chol 0.21 0.24 0.26 0.26
BMI, Trig 0.24 0.27 0.28 0.28
BMI, Chol, Trig 0.25 0.27 0.29 0.29
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carotenoids was not modified by adjustment, neither were

estimates of relative risk of serum carotenoids for breast

cancer in the same population10. Carroll et al.14 found no

effect from cholesterol and triglycerides adjustment either.

The relation between carotenoids and blood levels of

cholesterol and triglycerides is not well understood.

Carotenoids appear to be absorbed by duodenal mucosal

cells by a mechanism involving passive diffusion, similar

to that of cholesterol and the products of triglyceride

lipolysis23. Most of the cholesterol circulating in blood is,

however, of endogenous origin, so common absorption

seems an unlikely explanation for correlated blood levels.

The relation is more probably a result of common

transport in blood. Carotenoids are transported in blood

by lipoproteins, as are cholesterol and triglycerides. The

distribution among the various lipoprotein classes

appears to be determined by the physical characteristics

of individual carotenoids and the lipid composition of the

lipoproteins23. As adjustment for cholesterol and trigly-

cerides does not modify the relations of serum carote-

noids to diet or disease, and as their concentrations do not

therefore seem to be important determining factors,

adjustment of serum or plasma carotenoid concentrations

for these blood lipids does not seem justified.

In this group of women from New York, although one

single serum measurement can accurately rank subjects

according to the usual serum level for alpha-carotene,

beta-carotene and lutein, serum carotenoid concentra-

tions correlated only moderately with estimated con-

sumption of fruit or vegetables. As this study cannot

estimate how much of the low correlation between diet

and serum concentrations is explained by errors in the

dietary questionnaire and how much by determinants of

serum concentrations other than fruit and vegetable

consumption, serum carotenoids should be used with

caution as biomarkers of fruit and vegetable consumption.
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