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ORIGINAL ARTICLE

Components of variation in serum carotenoid
concentrations: the Polyp Prevention Trial

MR Forman1,6, CB Borkowf2,7, MM Cantwell1,6, S Steck3,8, A Schatzkin4, PS Albert5 and E Lanza2

1Laboratory of Biosystems and Cancer, Center for Cancer Research, National Cancer Institute, Bethesda, MD, USA; 2Center for Cancer
Research, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA; 3Cancer Prevention Fellowship Program,
Division of Cancer Prevention, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA; 4Division of Cancer
Epidemiology and Genetics, National Cancer Institute, Bethesda, MD, USA and 5Division of Cancer Treatment and Diagnosis,
National Cancer Institute, Bethesda, MD, USA

Objectives: The intra- and interindividual variations and season and center effects were estimated from a series of serum
carotenoid concentrations in the Polyp Prevention Trial (PPT) participants.
Subjects/Methods: Fasting blood was collected annually for 4 years in all 1905 participants, and a subcohort of 901 participants
were selected within each (of eight) center(s), by gender and dietary arm of the study, for measurement of five major carotenoid
peaks. Using variance of component methods, the variation in serum carotenoid concentrations about the underlying mean was
partitioned into explanatory components attributed to various sources.
Results: The contributions of the inter- and intraindividual variances to the overall variation in carotenoid concentrations were in
the range of 61–70 and 20–35%, respectively, whereas center and center-by-season effects provided 2.6–9.5 and 0.2–1.4%,
respectively. The highest percent (35%) of intraindividual variation was exhibited by lycopene, and the highest percent (70%
apiece) of interindividual variation was exhibited by lutein/zeaxanthin and b-carotene. Serum lycopene had the highest ratio of
intra- to interindividual variation of 0.57, whereas lutein had the lowest ratio of 0.29. We estimate that the ratio of intra-
to interindividual variance around the mean carotenoid concentration can be reduced greatly by collecting 3–4 compared to
1 blood measurement in large-scale trials like the PPT.
Conclusion: In the largest study of components of variation in individuals at high risk for colorectal cancer, the largest
contributors to variation in serum carotenoid concentrations were intra- and interindividual effects followed by center and
center-by-season effects.
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Introduction

Serum carotenoid concentrations may more accurately

reflect a dietary intervention plan that increases or decreases

specific vegetables and fruits than one’s reports of usual fruit

and vegetable intake (Rock et al., 1992; Campbell et al., 1994;

Le Marchand et al., 1994; Michaud et al., 1998; Polsinelli

et al., 1998; Forman et al., 1999; Smith-Warner et al., 2000;

John et al., 2002; Pollard et al., 2003; Jansen et al., 2004;

Al-Delaimy et al., 2005). The association of serum carotenoid

concentrations with dietary fruit and vegetable intakes may

in part be due to sources of variation in measurement of

dietary and serum carotenoids. Season of the year for dietary

assessment and for blood collection, inter- and intraindivi-

dual variations in intake, and food processing and

preparation are contributors to variation in circulating

carotenoid concentrations (Castenmiller et al., 1999, 2000).

Characteristics such as age, body mass, smoking status and

alcohol consumption also influence serum carotenoid
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concentrations (Forman et al., 1993; Tang et al., 2003).

Dietary tools, their mode of administration, memory and

length of recall, health status of the respondent, food

composition databases and laboratory assays are issues that

factor in the ability to detect a diet–serum association

(Al-Delaimy et al., 2005). Indeed, the range of diet–serum

carotenoid correlation varies by the individual carotenoid,

the carotenoid-rich food sources of the population, as well as

the abovementioned characteristics and methodological

issues (Romieu et al., 1990).

Many factors influence the bioavailability of carotenoids.

For example, enzymatic disruption of the food matrix can

enhance bioavailability of b-carotene from whole leaf and

liquefied spinach, but it has no effect on lutein bioavail-

ability (Castenmiller et al., 1999). The administration of a

single or combined pharmacological dose of carotenoids can

reduce or enhance uptake. An oral dose of lutein impairs

zeaxanthin bioavailability and reduces b-carotene uptake in

some but enhances uptake in other patients (Kostic et al.,

1995). An oral dose of b-carotene reduces lutein bioavail-

ability by 54–61% (Thurmann et al., 2005). Certain dietary

fibers reduce the absorption of carotenoids in women (Riedl

et al., 1999), whereas lycopene eaten with a lipid-rich food

like avocado enhances its absorption from a tomato matrix

(Unlu et al., 2005). Indeed, the capacity of the digestive

system to release carotenoids from the food matrix may be

the first step toward determining bioavailability of the

carotenoid. Both the small and large intestines are respon-

sible for differential uptake of individual carotenoids

(Goni et al., 2006).

Earlier research has reported intra- and interindividual

variations in serum carotenoid concentrations in small

samples (Tangney et al., 1987; Yong et al., 1994; Talwar

et al., 2005), in smokers (Block et al., 2006) and in one large

sample of the European Prospective Investigation of Cancer

(EPIC) (Ferrari et al., 2005). Yet large-scale multicenter trials,

such as the Polyp Prevention Trial (PPT; Appendix), or

observational research like the EPIC, contribute additional

sources of variation in serum carotenoid concentrations due

to potential within- and between-center and seasonal

differences in serum levels (Al-Delaimy et al., 2005). The

optimal data set in a long-term study would have serial

measurements of serum carotenoids over time in a cohort to

identify contributors to variation in serum levels. These data

could provide benchmark estimates of the number of blood

collections required to minimize the effect of components of

variation to serum measurements.

Knowledge of the sources of variation in serum carotenoid

concentrations is fundamental to the development of a long-

term intervention trial such as the PPT. Carotenoid concen-

trations were considered biomarkers for compliance among

participants who were randomly assigned to a dietary

regimen with enhanced fruit and vegetable intake compared

to those who remained on their usual dietary regimen for 4

years. Using annual blood collections to measure serum

carotenoid concentrations in the PPT participants, the

objectives of this study are (1) to describe seasonal variation

in serum carotenoid concentrations by the participating

center in the PPT; (2) to examine whether seasonal variation

in serum carotenoid levels occurs across centers; (3) to

determine the components of variation in serum carotenoid

concentrations in PPT participants; and finally (4) to

estimate the number of blood collections to reduce variation

in serum carotenoid levels in a trial like the PPT.

Materials, subjects and methods

Study design

The PPT was a multicenter, randomized, controlled trial of

the effect of a low-fat, high-fiber, high-fruit and high-

vegetable dietary intervention on the recurrence of large

bowel adenomas. The overall design, rationale, dietary

intervention, end point ascertainment and results of the

PPT have been reported previously (Lanza et al., 1996, 2001;

Schatzkin et al., 2000). Between 1991 and 1994, the PPT

enrolled 2079 men and women, who were aged X35 years

and had at least one histologically confirmed large bowel

adenomatous polyp removed during a colonoscopy within

the previous 6 months at one of eight clinical centers in the

United States (listed in Acknowledgements). Of the 2079

participants who were randomized to either the dietary

intervention arm or their usual diet, 1905 completed the

study after 4 years. All PPT participants completed a

modified 106-item Block-National Cancer Institute food

frequency questionnaire and a lifestyle questionnaire that

included information on non-steroidal anti-inflammatory

use, physical activity and smoking status at baseline. The

food frequency questionnaire was repeated annually at the

same time as the blood collection. Adenoma recurrence was

assessed by a colonoscopy at the end of each year of follow-

up. Participants were defined as having a recurrence if a

polyp appeared during an endoscopic procedure following

the colonoscopy after the first year of the trial. The study was

approved by the Institutional Review Boards of the National

Cancer Institute and the collaborating centers. All subjects

provided written informed consent.

After 4 years of annual blood collections, a subcohort of

901 participants was selected proportionately within each

center and by gender to represent both arms of the PPT. Each

person had at least one blood collection over the 4 years. The

percentage of the 901 participants who had 3–4 (all) blood

collections were 79% (New York), 87% (Winston-Salem),

88% (Buffalo and Chicago), 91% (Pittsburgh), 94% (Salt Lake

City), 95% (Oakland) and 96% (Bethesda). Venous blood

samples were taken after an overnight fast.

Serum carotenoid analysis

Concentrations of five carotenoids (a-carotene, b-carotene,

lutein/zeaxanthin, cryptoxanthin and lycopene) were mea-

sured using high-performance liquid chromatography in
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serum samples (Sowell et al., 1994). The coefficients of

variation for 109 blinded quality control samples from

healthy individuals at the National Institutes of Health

Clinical Center were 6.9% for a-carotene, 6.4% for

b-carotene, 8.2% for lutein/zeaxanthin, 12.4% for crypto-

xanthin and 7.3% for lycopene (Steck-Scott et al., 2004).

Statistical methods

Fisher’s exact test was used to compare the proportion of

participants in the intervention and control groups on

baseline demographic characteristics (Agresti and Min,

2002). Welch’s t-test (with unequal variances) was used to

compare the means of continuous baseline characteristics in

the intervention and control groups (Altman and Dore,

1991). All statistical analyses, except Fisher’s exact tests, were

performed in the S-Plus 2000 programming language.

Linear mixed models (Searle et al., 1992) were computed to

test for seasonal effects on carotenoid levels over time. We

treated treatment group as a fixed parameter in all models to

adjust for the effect (if any) of the shift by the intervention

group on the mean serum carotenoid levels. Note that on

average, serum carotenoid levels did not appreciably differ

by group over the 4 years of the study, as intervention group

participants increased intake of non-carotenoid-rich fruit

like apples and vegetables like legumes. Therefore, we

adjusted for treatment group and yearly effects and included

a random-effects term, which accounts for correlation in the

repeated measures. Seasonal patterns in mean carotenoid

levels were incorporated in the linear mixed model using

a series of harmonic terms (based on sines and cosines).

We tested for seasonality within each center by

comparing models with and without the terms
P3

k¼1½yk sinð2kptÞ þ gk cosð2kptÞ�; where t denotes time as a

fraction of the year during which the particular measure-

ment was taken, using a likelihood ratio test (w2 with 6

degrees of freedom (d.f.)). The incorporation of three

harmonic terms is a flexible way to represent complex

seasonal or circadian patterns (Albert and Hunsberger, 2005).

Next, we tested whether seasonal patterns differed by center

(three harmonics for seasonal pattern and eight centers) by

using a linear mixed model and testing for a season-by-

center interaction using a likelihood ratio test (w2 with

42 d.f.). These models were fit using maximum likelihood

methods.

Linear mixed models (Searle et al., 1992) were used to

partition the variance in serum carotenoid levels into

explanatory components. Rather than modeling the

seasonal patterns with fixed harmonic terms, as was done

in the previous analysis, we modeled seasonal patterns with

month-within-center random effects. This was done to

compare the magnitude of seasonal variation with that of

other sources of variation. Specifically, we included treat-

ment group and year of measurement as fixed effects, and

subject, center and month within center as random effects.

The models were fit using restricted maximum likelihood,

and the variance components and the proportion of variance

attributed to each source were estimated for each carotenoid

for the total population and stratified by gender. Total

variance was the sum of all sources of variation, notably the

sum of variation due to center, month of blood draw in

center, and intra- and interindividual variation. Examination

of potential confounding factors such as body mass index

and serum cholesterol concentrations did not reveal any

significant effects of these factors; therefore, they were not

entered in the analysis.

The estimated variance components were used to address

the question of the optimal number of repeated measure-

ments for an individual in future similar studies. We used the

results of the variance component analysis to calculate the

ratios of (a) the variance of a typical subject’s mean serum

carotenoid levels based on r repeated measurements,

compared with (b) the variance of a typical subject’s mean

serum carotenoid levels without measurement error (that is,

the total variance–the analytical variance of the quality

control samples). These ratios were estimated for each

carotenoid.

Results

Baseline characteristics for all 901 participants with serum

carotenoid measurements did not differ by arm of the PPT

(all P40.20) (Table 1). One participant in the intervention

group did not have a baseline serum carotenoid measure-

ment but had measurements for all subsequent years.

Models of within-center seasonal differences

The P-values of significance tests for within-center seasonal

differences for serum carotenoids were estimated by mixed

effects models (Table 2). Seasonal variation in total serum

carotenoids differed markedly in three centers, notably

Pittsburgh, Utah and Chicago, and marginally in a fourth

center, Bethesda (P¼0.0008, 0.0001, 0.037 and 0.052,

respectively). Significant seasonal variation in total serum

carotenoid levels within the four centers remained after

adjustment for study year and for treatment arm of the

study. Similarly, there was a marked seasonal difference in

lutein/zeaxanthin concentrations in these four centers.

Cryptoxanthin differed markedly in New York City, Chicago

and Bethesda, whereas lycopene differed markedly in six of

the eight study centers. a-Carotene differed in Oakland,

Pittsburgh, Buffalo and Utah, and b-carotene differed in

Pittsburgh, Utah and Chicago.

Models of between-center seasonal differences

Seasonal variation in concentrations of total serum carote-

noids, lutein/zeaxanthin, lycopene, a- and b-carotene was

significantly different across centers after adjustment for

year, center and treatment effects. Serum carotenoid
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concentrations did not show a distinct consistent seasonal

pattern across the different centers; however, we did find

that seasonality was more pronounced in the northern

centers than the southern centers. Moreover, there were

significant center-by-season interactions for concentrations

of lutein/zeaxanthin (P¼0.002), lycopene (P¼0.005),

a-carotene (P¼0.001), b-carotene (P¼0.03) and total carote-

noids (P¼0.0005) (Table 2). The center-by-season inter-

action for cryptoxanthin was borderline significant

(P¼ 0.069).

Components of variation

The major sources of variation in total serum carotenoid

levels were the inter- and intraindividual variances (Table 3).

Interindividual variances contributed between 61 and 70%

of the variation in individual and total serum carotenoid

concentrations, with the highest percents in lutein/zeaxan-

thin and b-carotene. Intraindividual variation ranged from

20 to 35% of all variation in individual and total serum

carotenoids, with the highest percent exhibited by lycopene.

Serum lycopene levels had the highest ratio of intra- to

interindividual variance (0.57), whereas lutein/zeaxanthin

had the lowest ratio (0.29). Center effects contributed from

2.6 to 9.5% of the variation in individual and total

carotenoid concentrations, whereas the variation in month

within center (which can be considered a proxy for seasonal

effect in this analysis) had a minimal contribution to the

overall variation in serum levels (range of 0.2–1.4%).

Furthermore, analyses did not reveal gender differences in

the percent contribution of the various sources to the

components of variation models (data not shown).

The ratios of the variance of a participant’s typical

estimated mean serum carotenoid concentration with

r measurements per participant, compared to the variance

with no measurement error, appear in Table 4. The ratio is

reduced greatly by increasing the number of measurements

by 3–4 compared to just 1 measurement; however, a small

additional reduction in the ratio is achieved by taking more

than 4 or 5 measurements per participant.

Discussion

In the present study, seasonal patterns within centers and a

center-by-season interaction appeared for the total and

individual serum carotenoids. The major sources of variation

in serum carotenoid levels were the inter- and intraindivi-

dual variances. Interindividual variances contributed be-

tween 61 and 70% of the variation in individual and total

serum carotenoid concentrations, with the highest percents

in lutein/zeaxanthin and b-carotene. Intraindividual varia-

tion ranged from 20 to 35% of all variation in individual and

Table 1 Mean (±s.e.) or percent for demographic characteristics by
treatment arm at baseline: PPT

Total Intervention
group

Control
group

Number 901 450 451
Age (years) 61.0±0.3 61.1±0.5 60.9±0.5
Male sex (%) 67.7 66.9 68.5
4High school educationa (%) 76.9 75.5 78.5
Current smoker (%) 12.7 13.3 12.0
Alcohol intake (g/day) 3.5±0.2 3.4±0.3 3.6±0.3
Body mass index (kg/m2) 27.6±0.1 27.5±0.2 27.6±0.2
Plasma total cholesterol (mg/
100 ml)

200.7±1.2 202.0±1.8 199.4±1.6

Serum total carotenoids (mg/
100 ml)b

91.2±1.4 91.2±1.9 91.2±1.9

Lutein/zeaxanthin (mg/100 ml) 25.1±0.4 24.9±0.5 25.3±0.6
Cryptoxanthin (mg/100 ml) 11.1±0.3 11.0±0.3 11.1±0.4
Lycopene (mg/100 ml) 23.5±0.4 23.3±0.5 23.7±0.5
a-Carotene (mg/100 ml) 6.6±0.2 6.6±0.3 6.5±0.3
b-Carotene (mg/100 ml) 25.0±0.7 25.4±1.1 24.6±0.9

Abbreviation: PPT, Polyp Prevention Trial.
aFor one participant, education data were missing.
bFor one participant, all baseline serum carotenoid data were missing.

Table 2 P-values for tests of seasonal variation in total and individual serum carotenoid concentrations by study center

Centera Individual and total carotenoids

Lutein/zeaxanthin Cryptoxanthin Lycopene a-Carotene b-Carotene Total carotenoids

Oakland 0.20 0.65 0.019 0.002 0.79 0.88
Pittsburgh 0.043 0.21 0.048 0.006 0.0004 0.0008
Winston-Salem 0.25 0.33 0.003 0.29 0.61 0.14
Buffalo 0.65 0.80 0.65 0.017 0.41 0.85
New York city 0.78 0.038 0.004 0.061 0.65 0.32
Salt Lake city 0.009 0.002 0.005 0.002 0.006 0.0001
North Chicago 0.047 0.037 0.26 0.096 0.047 0.038
Bethesda 0.001 0.099 0.007 0.20 0.73 0.052
Interactionb 0.002 0.069 0.005 0.001 0.034 0.0005

aTests for seasonal trends within center were based on likelihood ratio tests for the inclusion of three pairs of harmonic terms (w2 with 6 d.f.).
bGlobal test for interaction, based on likelihood ratio tests of whether the seasonal patterns were the same across all centers (w2 with 42 d.f.).
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total serum carotenoids, with the highest percent exhibited

by lycopene. Serum lycopene had the highest ratio of intra-

to interindividual variance (0.57), whereas lutein/zeaxanthin

had the lowest ratio (0.29). Center effects contributed from

2.6 to 9.5% of the variation in individual and total

carotenoid concentrations, whereas the variation attributed

to season (that is, the month-within-center variation) had a

minimal contribution to the overall variation in serum levels

(range 0.2–1.4%).

Our findings can be compared to the results from three

earlier reports (Tangney et al., 1987; Talwar et al., 2005; Block

et al., 2006). Talwar et al. reported carotenoid levels weekly

for 22 weeks in 14 men and women, aged 20–54 years

(Tangney et al., 1987; Talwar et al., 2005). Their range in the

intra- and interindividual variances was from 0.13 (lutein) to

0.24 (a-carotene) and from 0.31 (lutein) to 0.65 (a-carotene),

respectively. The ratio of the two variances was from 0.38 in

b-carotene to 0.69 in lycopene. Block et al. (2006) reported

two sets of carotenoid concentrations from the blood of 206

individuals, collected 2–4 weeks apart. The patients were

aged 45 years on average, 39% men, 54% White and 65%

smokers. The range in the intra- and interindividual

variances was from 0.117 (cryptoxanthin) to 0.665

(lycopene) and from 0.26 (cryptoxanthin) to 1.33

(lycopene), respectively. The ratio of the two variances was

from 0.317 (b-carotene) to 0.499 (lycopene). In a study of 24

men, similar patterns of variation in serum carotenoids

appeared using two fasting bloods collected 1 week apart

(Tangney et al., 1987; Talwar et al., 2005). In both investiga-

tions, the authors estimated 3–4 carotenoid measurements

to limit attenuation of regression coefficients to 10%

(Tangney et al., 1987; Block et al., 2006). The range in

the intra- and interindividual variances for the PPT was

comparable to previous research (Tangney et al., 1987; Talwar

et al., 2005; Block et al., 2006). Yet PPT individuals had an

adenomatous polyp within 6 months before the trial,

thereby providing for the first time the components of

variation in serum carotenoid concentrations in a high-risk

population for colorectal cancer.

To what extent does season influence serum carotenoid

concentrations? Seasonal patterns in reported fruit and

vegetable intake or carotenoid intake occur in markedly

different magnitudes by population, even after adjustment

for age, body mass index, alcohol, smoking and other

recognized covariates (Bates et al., 1984; Ziegler et al., 1987;

Rautalahti et al., 1993; Olmedilla et al., 1994; Cooney et al.,

1995; Forman et al., 1999). Seasonal effects are relatively

strong in countries without extensive food preservation and

transportation systems (Bates et al., 1984; Forman et al.,

1999), and therefore access to carotenoid-rich foods may be

season dependent. Economic diversity would also increase

between-person variation (Willett, 1998) and day-to-day

variation may be particularly large in developing countries

if expensive carotenoid-rich foods are affordable occasionally.

Although season of dietary and blood collections may not

affect population estimates, it may contribute to the

misclassification of individuals if intake/blood levels are

treated categorically or in a continuous manner (Subar et al.,

1994). The effect of season was significant in 3–6 PPT centers

depending on the carotenoid, but seasonal contribution to

variation in serum levels was more minimal than other

sources. The fairly homogenous socioeconomic status of PPT

participants and the availability of carotenoid food sources

throughout the year may have reduced the effects of

seasonality.

Carotenoids are colorful fat-soluble pigments that are

synthesized in nature by photosynthetic microorganisms

Table 3 Variance component analysis, the percentage of total variation in serum carotenoid levels attributed to each component and the ratio of intra-
to interindividual variation: PPT

Interindividual Center Month-in-center Intraindividual Intraindividual/interindividual

Variance % Variance % Variance % Variance % ratio

Lutein/zeaxanthin 0.15 70.5 0.017 8.1 0.0013 0.6 0.045 20.7 0.29
Cryptoxanthin 0.24 66.6 0.022 6.1 0.0008 0.2 0.098 27.1 0.41
Lycopene 0.17 61.0 0.008 2.6 0.0040 1.4 0.10 35.0 0.57
a-Carotene 0.38 67.5 0.054 9.5 0.0061 1.1 0.12 21.9 0.32
b-Carotene 0.40 70.7 0.044 7.8 0.0026 0.5 0.12 21.0 0.30
Total carotenoids 0.13 67.5 0.019 9.5 0.0013 0.7 0.044 22.3 0.33

Abbreviation: PPT, Polyp Prevention Trial.

Table 4 Ratios of the variance of a participant’s estimated mean serum
carotenoid concentration with r measurements per participant compared
to the variance with no measurement error per participant

Number of measurements per subject (r)

1 2 3 4 5 6 7 8

Lutein/zeaxanthin 1.30 1.15 1.10 1.07 1.06 1.05 1.04 1.04
Cryptoxanthin 1.38 1.19 1.13 1.10 1.08 1.06 1.05 1.05
Lycopene 1.68 1.34 1.23 1.17 1.14 1.11 1.10 1.08
a-Carotene 1.34 1.17 1.11 1.08 1.07 1.06 1.05 1.04
b-Carotene 1.35 1.17 1.12 1.09 1.07 1.06 1.05 1.04
Total carotenoids 1.34 1.17 1.11 1.09 1.07 1.06 1.05 1.04

These ratios are given by the formula R(r)¼ (vbþ ve/r)/vb, where vb denotes the

estimated interindividual variance, ve denotes the estimated intraindividual

variance and r denotes the number of measurements per individual.
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and plants. Several biomarkers of carotenoid intake have

been used to examine the carotenoid–disease association.

Serum carotenoid concentrations are sensitive to dietary

intake, as they are not closely regulated by homeostatic

mechanisms. Significant diet–serum b-carotene correlations

range from 0.13 (Goodman et al., 1966) to 0.51 (Yong et al.,

1994). Plasma levels of other carotenoids are also reasonably

correlated with dietary intakes: 0.58 for a-carotene, 0.49 for

b-cryptoxanthin, 0.31 for lutein/zeaxanthin and 0.50 for

lycopene (Yong et al., 1994). Adipose tissue carotenoid

concentrations reflect storage depot levels and have low

correlations with dietary intake assessed by a food frequency

questionnaire in Costa Rica (r¼�0.06 to 0.20) (Kabagambe

et al., 2005) and in the Netherlands (r¼0.20) (Kardinaal

et al., 1995). Indeed, dietary carotenoid intake had higher

correlations with serum than adipose tissue concentrations

in a comparative study (Irwig et al., 2002). In the PPT,

adipose tissue samples were not collected to compare the

components of variation in adipose tissue with blood levels.

The results of our variance component analysis can assist

in the design of future studies and, in particular, offer the

ability to measure a person’s nutritional biochemical status

within an array of study subjects. Specifically, one can

determine the number of measurements per participant to

reduce the variance of the participant’s mean serum

carotenoid concentration. Once the intra- and interindivi-

dual variances are estimated, the ratio of the variance of the

typical participant’s estimated mean with r measurements

per participant, compared to the variance with an infinite

number of measurements, that is, no measurement error per

participant, can be calculated. For most carotenoids,

approximately four measurements per participant are re-

quired to have a variance of the typical participant’s

estimated mean no more than 10% larger than the variance

with no measurement error; however, seven serum measure-

ments of lycopene are required using the 10% cutoff. Based

on our analysis, for the majority of carotenoids, there is a

small payoff in taking more than four or five measurements

per participant. Investigators may consider other factors,

including the degree of accuracy in their studies, and the

cost of and participants’ burden from repeated measures to

determine the number of biospecimen collections. For many

epidemiologic studies, obtaining a highly accurate measure

of individual intake and serum concentrations by using

repeated measures is simply beyond practical possibilities.

In summary, components of variation in serum carotenoid

concentrations were calculated from a subcohort of 901 PPT

participants, all of whom had an adenomatous polyp before

entry in the trial. Among high-risk individuals for colorectal

cancer, intra- and interindividual variations in specific and

total carotenoids had the largest contributions to variation

in carotenoid concentrations. Season and center-by-season

effects provided less, albeit significant, contributions to the

variation in serum carotenoid concentrations than person

effects. Similar research would be of interest in cohort studies

of populations with limited economic resources and other

gastrointestinal disorders than in the PPT, especially using

more recent laboratory assays that can detect additional

minor carotenoid peaks than our findings.
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Jansen MC, Van Kappel AL, Ocké MC, Van ‘t Veer P, Boshuizen HC,
Riboli E et al. (2004). Plasma carotenoid levels in Dutch men and
women, and the relation with vegetable and fruit consumption.
Eur J Clin Nutr 58, 1386–1395.

Variation in serum carotenoids
MR Forman et al

768

European Journal of Clinical Nutrition



John JH, Ziebland S, Yudkin P, Roe LS, Neil HA, Oxford Fruit and
Vegetable Study Group (2002). Effects of fruit and vegetable
consumption on plasma antioxidant concentrations and blood
pressure: a randomised controlled trial. Lancet 359, 1969–1974.

Kabagambe EK, Baylin A, Ruiz-Narvaez E, Rimm EB, Campos H
(2005). Alcohol intake, drinking patterns, and risk of nonfatal
acute myocardial infarction in Costa Rica. Am J Clin Nutr 82,
1336–1345.

Kardinaal AF, van ‘t Veer P, Brants HA, van den Berg H,
van Schoonhoven J, Hermus RJ (1995). Relations between
antioxidant vitamins in adipose tissue, plasma, and diet. Am J
Epidemiol 141, 440–450.

Kostic D, White WS, Olson JA (1995). Intestinal absorption, serum
clearance, and interactions between lutein and beta-carotene
when administered to human adults in separate or combined oral
doses. Am J Clin Nutr 62, 604–610.

Lanza E, Schatzkin A, Ballard-Barbash R, Corle D, Clifford C, Paskett E
et al. (1996). The Polyp Prevention Trial II: dietary intervention
program and participant baseline dietary characteristics. Cancer
Epidemiol Biomarkers Prev 5, 385–392.

Lanza E, Schatzkin A, Daston C, Corle D, Freedman L,
Ballard-Barbash R et al., PPT Study Group (2001). Implementation
of a 4-y, high-fiber, high-fruit-and-vegetable, low-fat dietary
intervention: results of dietary changes in the Polyp Prevention
Trial. Am J Clin Nutr 74, 387–401.

Le Marchand L, Hankin JH, Carter FS, Essling C, Luffey D, Franke AA
et al. (1994). A pilot study on the use of plasma carotenoids and
ascorbic acid as markers of compliance to a high fruit and
vegetable dietary intervention. Cancer Epidemiol Biomarkers Prev
3, 245–251.

Michaud DS, Giovannucci EL, Ascherio A, Rimm EB, Forman MR,
Sampson L et al. (1998). Associations of plasma carotenoid
concentrations and dietary intake of specific carotenoids in
samples of two prospective cohort studies using a new carotenoid
database. Cancer Epidemiol Biomarkers Prev 7, 283–290.

Olmedilla B, Granado F, Blanco I, Rojas-Hidalgo E (1994). Seasonal
and sex-related variations in six serum carotenoids, retinol, and
alpha-tocopherol. Am J Clin Nutr 60, 106–110.

Pollard J, Wild CP, White KL, Greenwood DC, Cade JE, Kirk SF et al.
(2003). Comparison of plasma biomarkers with dietary assessment
methods for fruit and vegetable intake. Eur J Clin Nutr 57, 988–998.

Polsinelli ML, Rock CL, Henderson SA, Drewnowski A (1998). Plasma
carotenoids as biomarkers of fruit and vegetable servings in
women. J Am Diet Assoc 98, 194–196.

Rautalahti M, Albanes D, Haukka J, Roos E, Gref CG, Virtamo J et al.
(1993). Seasonal variation of serum concentrations of beta-
carotene and alpha-tocopherol. Am J Clin Nutr 57, 551–556.

Riedl J, Linseisen J, Hoffmann J, Wolfram G (1999). Some dietary
fibers reduce the absorption of carotenoids in women. J Nutr 129,
2170–2176.

Rock CL, Swendseid ME, Jacob RA, McKee RW (1992). Plasma
carotenoid levels in human subjects fed a low carotenoid diet.
J Nutr 122, 96–100.

Romieu I, Stampfer MJ, Stryker WS, Hernandez M, Kaplan L, Sober A
et al. (1990). Food predictors of plasma beta-carotene and alpha-
tocopherol: validation of a food frequency questionnaire. Am
J Epidemiol 131, 864–876.

Schatzkin A, Lanza E, Corle D, Lance P, Iber F, Caan B et al. (2000).
Lack of effect of a low-fat, high-fiber diet on the recurrence of
colorectal adenomas. Polyp Prevention Trial Study Group. N Engl
J Med 342, 1149–1155.

Searle S, Casella G, McCulloch CE (1992). Variance Components. John
Wiley & Sons Inc.: New York.

Smith-Warner SA, Elmer PJ, Tharp TM, Fosdick L, Randall B, Gross M
et al. (2000). Increasing vegetable and fruit intake: randomized
intervention and monitoring in an at-risk population. Cancer
Epidemiol Biomarkers Prev 9, 307–317.

Sowell AL, Huff DL, Yeager PR, Caudill SP, Gunter EW (1994). Retinol,
alpha-tocopherol, lutein/zeaxanthin, beta-cryptoxanthin, lyco-
pene, alpha-carotene, trans-beta-carotene, and four retinyl esters
in serum determined simultaneously by reversed-phase HPLC with
multiwavelength detection. Clin Chem 40, 411–416.

Steck-Scott S, Forman MR, Sowell A, Borkowf CB, Albert PS,
Slattery M et al. (2004). Carotenoids, vitamin A and risk of
adenomatous polyp recurrence in the Polyp Prevention Trial. Int
J Cancer 112, 295–305.

Subar AF, Frey CM, Harlan LC, Kahle L (1994). Differences in reported
food frequency by season of questionnaire administration: the
1987 National Health Interview Survey. Epidemiology 5, 226–233.

Talwar DK, Azharuddin MK, Williamson C, Teoh YP, McMillan DC,
St J O’Reilly D et al. (2005). Biological variation of vitamins in
blood of healthy individuals. Clin Chem 51, 2145–2150.

Tang G, Qin J, Dolnikowski GG, Russell RM (2003). Short-term
(intestinal) and long-term (postintestinal) conversion of beta-
carotene to retinol in adults as assessed by a stable-isotope
reference method. Am J Clin Nutr 78, 259–266.

Tangney CC, Shekelle RB, Raynor W, Gale M, Betz EP (1987). Intra-
and interindividual variation in measurements of beta-carotene,
retinol, and tocopherols in diet and plasma. Am J Clin Nutr 45,
764–769.

Thurmann PA, Schalch W, Aebischer JC, Tenter U, Cohn W et al.
(2005). Plasma kinetics of lutein, zeaxanthin, and 3-dehydro-
lutein after multiple oral doses of a lutein supplement. Am J Clin
Nutr 82, 88–97.

Unlu NZ, Bohn T, Clinton SK, Schwartz SJ (2005). Carotenoid
absorption from salad and salsa by humans is enhanced by the
addition of avocado or avocado oil. J Nutr 135, 431–436.

Willett W (1998). Nutritional Epidemiology. Oxford: New York.
Yong LC, Forman MR, Beecher GR, Graubard BI, Campbell WS,

Reichman ME et al. (1994). Relationship between dietary intake
and plasma concentrations of carotenoids in premenopausal
women: application of the USDA-NCI carotenoid food-composi-
tion database. Am J Clin Nutr 60, 223–230.

Ziegler RG, Wilcox III HB, Mason TJ, Bill JS, Virgo PW (1987).
Seasonal variation in intake of carotenoids and vegetables and
fruits among white men in New Jersey. Am J Clin Nutr 45, 107–114.

Appendix
Participating Centers for the Polyp Prevention Trial: The

members of the Polyp Prevention Study Group participated

in the conduct of the Polyp Prevention Trial. However, the

data presented in this paper and the conclusions drawn from

them are solely the responsibility of the listed co-authors.

National Cancer Institute: Schatzkin A, Lanza E, Corle D,

Freedman LS, Clifford C, Tangrea J; Bowman Gray School of

Medicine: Cooper MR, Paskett E, Quandt S, DeGraffinreid C,

Bradham K, Kent L, Self M, Boyles D, West D, Martin L,

Taylor N, Dickenson E, Kuhn P, Harmon J, Richardson I, Lee

H, Marceau E; University of New York at Buffalo: Lance MP,

Marshall JR (currently University of Arizona), Hayes D,

Phillips J, Petrelli N, Shelton S, Randall E, Blake A, Wodarski

L, Deinzer M, Melton R; Edwards Hines, Jr. Hospital, Veterans

Administration Medical Center: Iber FL, Murphy P, Bote EC,

Brandt-Whittington L, Haroon N, Kazi N, Moore MA, Orloff

SB, Ottosen WJ, Patel M, Rothschild RL, Ryan M, Sullivan JM,

Variation in serum carotenoids
MR Forman et al

769

European Journal of Clinical Nutrition



Verma A; Kaiser Foundation Research Institute: Caan B,

Selby JV, Friedman G, Lawson M, Taff G, Snow D, Belfay M,

Schoenberger M, Sampel K, Giboney T, Randel M; Memorial

Sloan-Kettering Cancer Center: Shike M, Winawer S, Bloch A,

Mayer J, Morse R, Latkany L, D’Amato D, Schaffer A,

Cohen L; University of Pittsburgh: Weissfeld J, Schoen R,

Schade RR, Kuller L, Gahagan B, Caggiula A, Lucas C,

Coyne T, Pappert S, Robinson R, Landis V, Misko S, Search L;

University of Utah: Burt RW, Slattery M, Viscofsky N,

Benson J, Neilson J, McDivitt R, Briley M, Heinrich K,

Samowitz W; Walter Reed Army Medical Center: Kikendall JW,

Mateski DJ, Wong R, Stoute E, Jones-Miskovsky V,

Greaser A, Hancock S, Chandler S; Data and Nutrition

Coordinating Center (Westat): Cahill J, Hasson M, Daston C,

Brewer B, Zimmerman T, Sharbaugh C, O’Brien B,

Cranston L, Odaka N, Umbel K, Pinsky J, Price H,

Slonim A; Central Pathologists: Lewin K (University of

California, Los Angeles, CA, USA), Appelman H (University

of Michigan); Laboratories: Bachorik PS, Lovejoy K

(Johns Hopkins University); Sowell A (Centers for Disease

Control); Data and Safety Monitoring Committee: Greenberg ER

(Chair) (Dartmouth University); Feldman E (Augusta,

Georgia); Garza C (Cornell University); Summers R

(University of Iowa); Weiand S (through June 1995)

(University of Minnesota); DeMets D (beginning July 1995)

(University of Wisconsin).

Variation in serum carotenoids
MR Forman et al

770

European Journal of Clinical Nutrition


	Components of variation in serum carotenoid concentrations: the Polyp Prevention Trial
	Introduction
	Materials, subjects and methods
	Study design
	Serum carotenoid analysis
	Statistical methods

	Results
	Models of within-center seasonal differences
	Models of between-center seasonal differences
	Components of variation

	Discussion
	Table 1 Mean (±s.e.) or percent for demographic characteristics by treatment arm at baseline: PPT
	Table 2 P-values for tests of seasonal variation in total and individual serum carotenoid concentrations by study center
	Table 3 Variance component analysis, the percentage of total variation in serum carotenoid levels attributed to each component and the ratio of intra- to interindividual variation: PPT
	Table 4 Ratios of the variance of a participant’s estimated mean serum carotenoid concentration with r measurements per participant compared to the variance with no measurement error per participant
	References


