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Abstract
High fruit and vegetable (FAV) intake is associated with a lower prevalence of chronic diseases. Identifying the ideal number of FAV servings
needed to reduce chronic disease risk is, however, difficult because of biases inherent to common self-report dietary assessment tools. The
aim of our study was to examine the associations between daily FAV intake and plasma carotenoid concentrations in men and women
enrolled in a series of fully controlled dietary interventions. We compiled and analysed data from a group of 155 men and 109 women who
participated in six fully controlled dietary interventions and compared post-intervention fasting plasma carotenoid (α-carotene, β-carotene,
β-cryptoxanthin, lutein, lycopene, zeaxanthin) concentrations with regard to the daily FAV servings consumed by the participants. We found
that plasma β-cryptoxanthin, lutein and zeaxanthin concentrations were positively associated with daily FAV servings (P≤ 0·005). However,
daily FAV intake was negatively associated with plasma α-carotene (P< 0·0005) and lycopene (P< 0·0001) concentrations, whereas no
association was noted with plasma β-carotene. When men and women were analysed separately, we found that for any given number of FAV
servings consumed women had higher circulating lutein concentrations compared with men (P< 0·01). Significant sex× FAV (P< 0·0001) and
sex×dietary β-cryptoxanthin (P< 0·0005) interactions were also noted favouring higher plasma β-cryptoxanthin concentrations in women
than in men for a given FAV consumption. Results from these fully controlled dietary feeding studies indicate that plasma β-cryptoxanthin and
lutein concentrations can be used as robust biomarkers of FAV consumption. They also suggest the existence of sex differences influencing
circulating β-cryptoxanthin and lutein concentrations following FAV consumption.
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Healthy nutritional habits are associated with a reduced risk of
chronic diseases, and most nutritional guidelines advocate
increasing the consumption of fruits and vegetables (FAV) in
order to prevent CVD, type 2 diabetes (T2D) and some types
of cancer(1–4). The extent of health benefits resulting from
increased FAV consumption, however, depends on the adher-
ence of individuals to prescribed nutritional recommendations.
Many methods are commonly used to evaluate food
consumption, including food diaries, FFQ and 24-h recalls(5).
Automated forms of these tools are particularly affordable, can
be easily administered and provide proper estimates of food
and nutrient intakes, which explain their use in large-scale
clinical trials and epidemiological studies(5). However, these
methods also rely on self-report, which has been heavily
criticised recently(6), with potentially important estimation
biases regarding certain foods(7–9).
Measuring markers of food consumption in various biological

specimens (urine, blood, tissues, etc.) has therefore been
suggested to be a more accurate and consistent indication of
dietary intakes and patterns(10). To that effect, recovery

biomarkers (e.g. doubly labelled water, urinary measures)
are more accurate in estimating dietary intakes compared with
concentration biomarkers such as circulating carotenoids,
which are, however, less expensive and often easier to collect.
Carotenoids are a family of more than 700 fat-soluble pigments
that are present in varying quantities in FAV(11). As they cannot
be synthesised by humans(10), carotenoids found in circulation
are considered to be reliable biomarkers of dietary carotenoid
intake, even though conditions such as obesity have been
shown to influence this association(12). Accordingly, FAV
consumption accounts for up to 90% of dietary carotenoid
intake with the most common blood carotenoids being
α-carotene, β-carotene, β-cryptoxanthin, lutein, lycopene and
zeaxanthin, which represent >95% of total circulating
carotenoids(11).

The use of circulating carotenoid concentrations as
biomarkers of FAV intake has been mostly validated against
self-reported measures of FAV consumption(13–18). On the other
hand, fully controlled dietary interventions – that is, studies in
which subjects are provided with all the foods to consume
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and do so under the supervision of research staff – provide a
more robust setting to assess the concordance between blood
concentrations of biomarkers and food intake. Over the past
few years, we have conducted a series of fully controlled
dietary interventions with a wide range of daily FAV
servings(19–23). The present analysis was therefore conducted
with the intent to examine the extent to which circulating
carotenoid concentrations are concordant with variations in
dietary carotenoid and FAV intakes of healthy men and women
enrolled in fully controlled dietary interventions. We hypothe-
sise that dietary carotenoid and FAV intakes are positively
associated with plasma carotenoid concentrations in both men
and women.

Methods

Study population

A total of 155 men and 109 women have participated in
different fully controlled dietary interventions undertaken in
our research facility since 2004. Specific selection criteria for
participants of each intervention have been previously
published(19–23). Overall, participants had to be healthy, and
were excluded on the basis of current treatment for history of
hypertension, CVD, T2D or other endocrine disorders, if they
were smokers or had an alcohol consumption >1 drink/d.
Dietary supplement use was also considered a reason to
exclude participants from all the studies. Each participant
signed a written informed consent from to take part in the
studies, which were all approved by the Human Research Ethics
Committee of Université Laval.

Description of fully controlled dietary interventions

As indicated above, we have taken advantage of data from
a series of isoenergetic fully controlled dietary interventions
conducted over the last 10 years by our research group(19–23) in
order to perform the present analysis. Complete detailed
descriptions of diet 1 (registered at ClinicalTrials.gov as
NCT00988650)(20), diet 2 (NCT00930137)(23), diet 3 (NCT013-
51012)(21), diet 4 (NCT01163175)(22), diet 5 (NCT01293344)(19)

and diet 6 (NCT00988650)(20) have been previously published. In
brief, diet 1 (6·8 (SD 1·0) FAV servings/d) was a 5-week control
diet of a study assessing the impact of the Mediterranean diet and
was designed to reflect average macronutrient intakes of North
American men(24); diets 2 (7·4 (SD 0·9) FAV servings/d) and 4
(9·8 (SD 1·6) FAV servings/d) were 4-week control diets low in
trans-fatty acids (TFA) of ruminant origin (0·3 and 0·8% of
energy, respectively) from studies investigating the metabolic
impact of TFA from milk; diet 3 (9·6 (SD 2·4) FAV
servings/d) was part of a study looking at the metabolic impacts
of different vegetable oils and consisted of a 4-week, weight-
maintaining diet of fixed macronutrient composition for protein
(15% of energy), carbohydrates (50% of energy) and fats (35%
of energy), with a blend of maize and safflower oils (25:75)
contributing to dietary fat intake (18%); diets 5 (19·1 (SD 3·6) FAV
servings/d) and 6 (21·0 (SD 3·0) FAV servings/d) corresponded to
5-week Mediterranean diets – that is, they contained key foods of

the Mediterranean pyramid (e.g. olive oil, whole-grain products,
FAV, legumes, nuts, cheese and yogurt, fish, poultry, red wine)(25)

and provided a MUFA:SFA ratio of 2·7 corresponding to the
one found in the traditional Mediterranean diet(26). Table 1
summarises the macronutrient composition of the different dietary
interventions, whereas the online Supplementary Tables S1
and S2 list the FAV provided and consumed by the participants
in each diet.

In all cases, subjects arrived at our Clinical Investigation Unit
(CIU) on weekdays to have their body weight measured and
consume their lunch meal (approximately 35% of daily energy
intake) under staff supervision. All meals (including foods
and beverages) were prepared and packaged at the CIU, and
participants were provided with their evening meals and the
next day’s breakfast to take home, giving us the opportunity to
control for energy, macronutrient and food intakes. Food was
provided under isoenergetic conditions in order to maintain
body weight constant, and a 7-d cyclic menu was used in all
dietary interventions. Participants were instructed to consume
only the foods provided. Compliance of participants with their
specific diets was excellent (>95% in all cases). Dietary inter-
ventions were formulated using the Nutrition Data System
software (version 4.03_31; Nutrition Coordinating Center).
Participants were instructed to maintain their usual physical
activity level throughout the experiments except for the 3 d that
preceded blood sampling at the end of the feeding period,
during which they were asked to refrain from intense physical
exercise. Dietary carotenoid intake was calculated using the
Canadian Nutrient File (http://webprod3.hc-sc.gc.ca/cnf-fce/
index-eng.jsp), which was also used to obtain the
energy, macronutrient and micronutrient contents of the
different diets.

Anthropometry and plasma lipids

Body weight, height as well as waist and hip circumferences of
each participant were measured by standardised procedures(27).

Plasma carotenoids

Chemicals. Retinyl acetate, α-carotene, lutein, zeaxanthin,
β-cryptoxanthin, β-carotene and lycopene were purchased
from Sigma. All solvents were of HPLC grade and purchased
from VWR. HPLC water was obtained using a MilliQ water
purification system from Millipore.

Standards preparation. Stock solutions for each carotenoid
were prepared (1mg in 100ml of solvent) in either ethanol
(C2H6O, for lutein, zeaxanthin and β-cryptoxanthin) or hexane
(C6H14, for β-carotene and lycopene). Solutions were left to
shake overnight at 4°C under dim light. The exact concentration
of each stock solution was then determined using a UV
spectrophotometer, and the specific molecular extinction
coefficient (e) of each carotenoid was determined(28).
Appropriate volumes of stock solutions were then transferred
to amber Eppendorf tubes and evaporated under N. On the day
of the analyses, carotenoid standards were solubilised with
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methanol–dichloromethane (65:35, v/v) to obtain a final
concentration of 2 µM. These solutions were then diluted to
obtain calibration curves. Retinyl acetate (15 µM) was used as
an internal standard.

Samples preparation. Post-intervention plasma samples
maintained at −80°C were thawed a day before analyses.
Samples were vortexed and then centrifuged at 3500 rpm
for 10min at 4°C. Aliquots of 100 µl of plasma were then
transferred to Eppendorf tubes (1·5ml) along with 20 µl of
2-propanol and 20 µl of carotenoid standard, and the tubes
were vortexed. Samples were transferred to a 400-μl fixed
well plate (ISOLUTE® SLE+ ; Biotage), and 900 µl of hexane–
isopropanol (90:10, v/v) was added to each well. Each
extracted sample was evaporated under N, and once dry
the sample was reconstituted with 300 µl of methanol–
dichloromethane (65:35, v/v). Plates were shaken for 10min,
and samples were transferred into HPLC glass vials to
be analysed.

HPLC. HPLC-UV analysis of the samples was performed using
an Agilent 1260 liquid handling system (Agilent) equipped with
a binary pump system and a C30 reversed phase column (YMC
America Inc.) kept at constant temperature (35°C). Carotenoids
of the different samples were separated with a mobile phase
consisting of methanol–water (98:2, v/v; Eluent A) and methyl-
tert-butyl ether (Eluent B; VWR). Flow rate was set at 1ml/min,
and the gradient elution was as follows: 2% Eluent B (initial),
2·0–80% Eluent B (0·0–27·0min), isocratic 80% Eluent B
(27·0–31·0min), 80·0–2·0% Eluent B (31·0–31·1min) and
isocratic 2% Eluent B (31·1–34·0min). The UV detector was set
at 450 nm, and identification of each compound was confirmed
using retention time and UV spectra (190–640 nm) of the
pure compounds. Data acquisition was carried out using
Chemstation software (Agilent).

Statistical analyses

Data are presented as mean values and standard deviations
unless stated otherwise. General linear model (GLM) proce-
dures were used to test differences in the dietary composition as
well as plasma carotenoid concentrations of participants
enrolled in the different nutritional interventions. Associations
of daily servings of FAV and dietary carotenoid intake estimated
from the nutrient files with post-intervention plasma carotenoid
concentrations were tested for linear trend using the GLM
procedure with statistical adjustment for sex and age, when
appropriate. The interaction between sex and FAV intake
in determining the blood concentrations of the various
carotenoids was investigated using proper interaction terms in
the GLM. Spearman’s correlation coefficients were computed
to study the associations between body weight and total
carotenoid dietary intake and plasma concentrations. All
analyses were performed using SAS statistical package
(version 9.3, SAS Institute Inc.). Throughout the analyses,
a P≤ 0·05 was considered to be statistically significant.

Results

Physical characteristics as well as FAV and dietary carotenoid
intakes of participants enrolled in different dietary interventions
sorted according to the daily number of FAV servings consumed
are presented in Table 1. There were significant differences in
physical characteristics between diet groups due to variations in
the specific selection criteria of the six diet-controlled inter-
ventions that we used in this analysis. The mean age of the 264
participants was 42·6 (SD 14·4) years, 41% of them were
women, and interventions lasted between 4 and 5 weeks. Daily
FAV intake of the different diets averaged 12·3 (SD 5·8) servings
and ranged from 6·8 (SD 1·0) to 21·0 (SD 3·0) servings/d
(P< 0·0001 for linear trend; Table 2). Similar trends were
observed when FAV servings were expressed per a standard
2500-kcal energy intake or in g/d (P< 0·0001). We found that
the increment in daily FAV servings across diets was attributable
to increases in both fruit (P< 0·0001) and vegetable servings
(P< 0·0001), with the number of daily vegetable servings con-
sumed by the participants remaining slightly above than that of
fruits in all diets. Furthermore, we found positive linear trends
for dietary α-carotene, β-carotene, β-cryptoxanthin and lutein
intakes (P< 0·0001 for all; Table 2), whereas there were
significant negative linear trends (P< 0·0001) for dietary
lycopene and retinol intakes when diets were ranked according
to daily FAV servings consumed.

Fig. 1 illustrates the linear trend analysis of the associations
of plasma α-carotene, β-carotene, lycopene and retinol
concentrations with their corresponding dietary intakes as well as
with the daily number of FAV servings consumed by the partici-
pants. Circulating concentrations of α-carotene and lycopene were
positively associated with their corresponding dietary intakes
(P<0·0001 for linear trend for both) but negatively with the
number of FAV consumed daily (P< 0·0001 for linear trend for
both). Plasma β-carotene and retinol concentrations showed no
significant association with either their daily dietary intakes or
number of FAV servings consumed (Fig. 1).

As illustrated in Fig. 2, we found that plasma β-cryptoxanthin,
lutein and zeaxanthin concentrations were all positively
associated with their corresponding dietary intakes (P≤ 0·0005)
as well as with the daily number of FAV servings consumed
(P≤ 0·005). Similar patterns of associations were noted when
we considered daily fruit or vegetable servings separately
(data not shown).

As lutein and β-cryptoxanthin were found to be the best
correlates of daily FAV servings consumed, we compared the
associations of plasma lutein and β-cryptoxanthin concentra-
tions with their respective daily dietary intakes and FAV
servings consumed in men and women separately (Fig. 3). We
found significant sex× dietary β-cryptoxanthin (P< 0·0005)
and sex× FAV servings (P< 0·005) interactions with regard
to circulating β-cryptoxanthin concentrations, as women
showed a steeper increase in plasma β-cryptoxanthin
concentrations with increasing dietary β-cryptoxanthin intake
and daily number of FAV servings consumed compared with
men (Fig. 3). In contrast, significantly higher plasma lutein
concentrations were noted in women at any concentration of
dietary lutein + zeaxanthin intake or daily number of FAV
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Table 1. Characteristics of the participants and macronutrient content of the different diets*
(Mean values and standard deviations)

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6

Variables Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD P across diets†

No. of subjects (M/F) 26/0 0/61 29/17 37/0 37/31 26/0
Age (years) 49·3a 11·7 38·3b,c 17·1 49·9a 14·2 32·4c 14·9 41·9b 7·3 49·3a 11·7 0·0001
Weight (kg) 98·4a 18·3 63·5b 8·8 86·4c 15·0 73·6d 8·5 85·4c 15·8 97·1a 18·3 0·0001
BMI (kg/m2) 32·4a 5·3 23·6b 2·9 30·0c 4·2 23·6b 2·7 29·4c 4·4 31·1a 5·3 0·0001
Waist circumference (cm) 111·5a 12·0 81·1b 8·8 104·2c 9·9 80·9b 8·8 113·1c 12·4 110·9a 11·7 0·0001
Duration (weeks) 5 4 4 4 5 5
Energy intake (kJ/d) 13 171 1933 9485 1146 11770 2192 13 376 2201 12217 2197 13 263 1854
Energy intake (kcal/d) 3148a 462 2267b 274 2813c 524 3197a 526 2920c 525 3170a 443 0·0001
Lipids (% energy) 34 33 36 37 32 32

Total (g/d) 119·0a 17·5 83·1b 10·1 113·4a 21·1 131·5a 21·7 103·8d 18·7 112·7a 15·8 0·0001
SFA (g/d) 45·5a 6·7 25·7b 3·1 24·4b,c 4·6 65·8d 10·8 21·8c 3·9 23·7b,c 3·3 0·0001
MUFA (g/d) 46·0a 6·8 36·0b 4·4 35·8b 6·7 42·0c 6·9 58·8d 10·6 63·8e 8·9 0·0001
PUFA (g/d) 18·2a 2·7 15·1b 1·8 44·8c 8·4 16·3a,b 2·7 15·4b 2·8 16·7a,b 2·3 0·0001

Carbohydrates (% energy) 48 54 48 50 50 50
Total (g/d) 380·9a,b 56·0 308·4c 37·3 346·8d 64·7 400·5a 66·0 365·2b,d 65·6 396·4a 55·4 0·0001
Fibre (g/d) 25·1a 3·7 25·6b 3·1 39·5c 7·4 26·6b 4·4 49·3d 8·9 53·6e 7·5 0·0001

Proteins (% energy) 17 15 16 14 17 17
Total (g/d) 133·8a 19·7 85·0b 10·3 116·1c,d 21·7 111·9c 18·4 124·1d 22·3 134·7a 18·8 0·0001

M/F, male/female.
a,b,c,d,e Mean values with unlike superscript letters were significantly different.
* Macronutrients reported as percentage of daily energy have no standard deviations because all subjects consumed the same diet; hence, there is no between-subject variation in these variables except for the mean of all six diets.
† Data were adjusted for sex and age.

Table 2. Characteristics and daily micronutrient intakes of participants
(Mean values and standard deviations)

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6

Variables Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD P across diets*

FAV (servings/d) 6·8a 1·0 7·4a 0·9 9·6b 2·4 9·8b 1·6 19·1c 3·6 21·0d 3·0 0·0001
FAV (servings/d per 10 460 kJ (2500 kcal)) 5·4a 0·1 8·1b 0·3 8·4c 0·6 7·7c 0·2 16·4d 0·5 16·6e 0·3 0·0001
FAV (g/d) 652a 96 627a 80 761b 187 909c 153 1431d 267 1569e 222 0·0001
Fruits (servings/d) 1·9a 0·3 2·7b 0·3 4·7c 1·1 3·0b 0·5 7·5d 1·4 8·3e 1·2 0·0001
Fruits (servings/d per 10 460 kJ (2500 kcal)) 1·6a 0·4 2·9b 0·1 4·1b 0·3 2·3c 0·1 6·4d 0·2 6·5e 0·1 0·0001
Fruits (g/d) 252a 37 289a 37 421b 103 366c 62 646d 121 708e 100 0·0001
Vegetables (servings/d) 4·9a 0·7 4·7a 0·6 4·9a 1·2 6·8b 1·1 11·6c 2·2 12·7d 1·8 0·0001
Vegetables (servings/d per 10 460 kJ (2500 kcal)) 3·9a 0·1 5·2b 0·2 4·3c 0·3 5·3d 0·1 9·9e 0·3 10·1f 1·2 0·0001
Vegetables (g/d) 400a 59 338b 43 340b 84 543c 91 785d 147 861e 122 0·0001
α-Carotene (mg/d) 1·64a 0·24 1·26b 0·15 2·15c 0·40 4·25d 0·70 1·81a,e 0·33 1·96e 0·28 0·0001
β-Carotene (mg/d) 5·67a 0·83 4·52b 0·55 11·10c 2·07 10·91c,d 1·80 9·51e 1·71 10·33d 1·44 0·0001
β-Cryptoxanthin (mg/d) 0·66a 0·10 0·55b 0·07 0·23c 0·04 0·24c 0·04 1·65d 0·30 1·79e 0·25 0·0001
Lutein + zeaxanthin (mg/d) 3·19a 0·47 2·62b 0·32 5·55c 1·04 3·45a 0·57 6·20d 1·11 6·73e 0·94 0·0001
Lycopene (mg/d) 18·25a 2·68 8·67b 1·05 6·46c 1·21 18·46a 3·04 9·39b,d 1·69 10·20d 1·43 0·0001
Retinol (mg/d) 0·69a 0·10 0·41b 0·05 0·43b 0·08 1·19c 0·20 0·29d 0·05 0·32d 0·04 0·0001

FAV, fruits and vegetables.
a,b,c,d,e,f Mean values with unlike superscript letters were significantly different.
* Data were adjusted for sex and age.
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servings compared with men (sex effect: P< 0·0001 for
both). However, no significant interaction was noted between
dietary lutein + zeaxanthin intake or daily number of FAV ser-
vings consumed and circulating lutein concentrations (Fig. 3).
Similar results were obtained when plasma zeaxanthin
concentrations were analysed alone (data not shown).
Finally, we looked at potential contributors to the variations

in circulating carotenoid concentrations (Fig. 4), and found
a significant positive association between BMI of participants

and total dietary carotenoid intake (r 0·28, P< 0·0001).
In contrast, BMI was negatively correlated to circulating
carotenoid concentrations (r −0·33, P< 0·0001).

Discussion

Results of the present analyses of data from highly controlled
feeding studies provide further support to the use of plasma
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β-cryptoxanthin and lutein concentrations as biomarkers of
mixed FAV consumption in both men and women. Our
observations are in line with previous results, mostly based on
self-report data, showing that circulating β-cryptoxanthin
concentrations are associated with FAV intake(13,14,29–33).
Furthermore, there is a large body of evidence showing
that plasma lutein concentrations are also associated with FAV
intake(13,29,32,34,35). We also found that plasma zeaxanthin
concentrations were positively associated with FAV intake, but
their circulating concentrations remained 2–3 times lower than
those of β-cryptoxanthin and lutein. However, contrary to what
we observed, plasma β-cryptoxanthin concentrations of men
and women were unchanged following increased daily FAV
consumption (from 2 to 5 servings/d) for a period of 14 d(34),
but the authors were unable to offer a reasonable explanation
for the lack of response of plasma β-cryptoxanthin to a higher
FAV intake. The lack of association of circulating lutein
concentrations with FAV intake in postmenopausal women
has also been reported(30).
On the other hand, although FAV are the primary source

of dietary carotenoids, our analyses indicate that plasma

α-carotene concentrations are negatively associated with the
daily number of FAV servings consumed by the participants
enrolled in these diet-controlled feeding studies, whereas plasma
β-carotene concentrations were not associated with FAV intake.
This is somewhat contradictory to previous self-report data stu-
dies that have shown positive associations between circulating
α-carotene and β-carotene concentrations with vege-
table(14,32,36,37) and fruit(13,14,34) consumption. A likely explana-
tion for the inverse relationship between plasma α-carotene
concentration and FAV intake could be that, although FAV intake
of diet 4 was in the lower range of intakes in studies we analysed,
it was also the one showing the highest proportion of carrots
(approximately 12% of total FAV intake or 1·25 servings/d), the
most potent dietary source of α-carotene(11). This may have
increased circulating α-carotene concentrations of participants
enrolled in diet 4 in the context of a lower FAV intake. Likewise,
a high proportion of β-carotene-rich foods(11) in diets with a
lower FAV intake, such as green leafy vegetables in diet 3 (>18%
of total FAV intake or 1·76 servings/d) and butter (75g/10 460kJ
(2500 kcal)) in diet 4, may have prevented us from noticing the
previously reported association between plasma β-carotene
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concentrations and FAV intake. Our results are, however, in line
with those suggesting that plasma β-carotene concentration may
not be a suitable marker of FAV intake as it may be affected by
specific dietary patterns(38).

Lycopene, a carotenoid highly abundant in tomatoes(11), has
attracted much attention in recent years because of its potential
benefits against chronic diseases(39). There is a positive
relationship between circulating lycopene concentrations and
FAV consumption(31), although this association was not
reported by all(14,29). Lycopene is, however, recognised as a
better biomarker of tomato (whole and processed) consump-
tion than of mixed FAV intake(10). In the present study, plasma
lycopene concentrations were positively associated with dietary
lycopene intake but also negatively correlated to the daily
number of FAV servings consumed by the participants. This
could be due to the fact that the diets with the highest lycopene
contents (diets 1 and 4) were not the ones with the highest
number of daily FAV servings consumed. When we further
investigated foods that contributed to dietary lycopene intake
within the context of our diet-controlled interventions, we
found that starchy vegetables (potatoes and maize) best
predicted dietary lycopene intake (data not shown). Starchy
vegetables are not a source of lycopene, but they were used
in the preparation of meals (e.g. mixed with ground beef)
consumed in the context of diets 1 and 4 and diets that were
accompanied by ketchup and chili sauce, which are potent
sources of lycopene(11,40). Thus, our results suggest that
circulating lycopene concentrations may not be the best-suited
biomarker of mixed FAV intake in diets where processed
tomato products are also consumed.

We further investigated potential sex differences in
circulating carotenoid concentrations, and found that plasma
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lutein concentrations were significantly higher in women
compared with men regardless of the number of daily FAV
servings consumed. We also noted that associations between
plasma β-cryptoxanthin and FAV intake were different between
men and women, as reflected by a significant sex× daily FAV
servings interaction determining circulating β-cryptoxanthin
concentrations. Specifically, women showed a proportionally
larger increase in plasma β-cryptoxanthin concentrations with
increasing FAV intake compared with men. Such sex differ-
ences in circulating lutein and β-cryptoxanthin concentrations
have already been reported(13,41), although the explanation for
such a phenomenon remains to be elucidated. Previous
observations have, however, suggested that body size may
interfere with the relationship between dietary carotenoid
intake and plasma concentration, with overweight individuals
showing lower circulating carotenoid concentrations compared
with non-obese subjects(12) probably because of the accumu-
lation of carotenoids within adipose tissue(42). In the present
study, we found a negative association between BMI and total
plasma carotenoid concentrations, which may partly explain the
observed sex difference in total plasma carotenoid concentra-
tions, as women who showed lower mean BMI compared with
men were also those showing higher total plasma carotenoid
concentrations. This reinforces the notion that besides potential
differences in absorption and/or metabolism of dietary
carotenoids obesity status must also be considered when
comparing and interpreting the physiological and nutritional
relevance of circulating carotenoid concentrations.
Strengths of our study include the use of data from a fairly

large sample of men and women enrolled in fully controlled
feeding studies, allowing us to examine the relationship of
circulating biomarkers of consumption with the actual number
of daily FAV servings consumed by participants, whereas
most studies looking at carotenoids as biomarkers of FAV
consumption have relied on data collected through self-
reported dietary assessment tools(13,14,32,34,36,37). During the
preparation of the present article, a meta-analysis was
published(43) using data from twelve diet-controlled interven-
tion studies including 526 European men and women in whom
circulating carotenoid measures were available (largest sample
size for β-carotene (n 316) and smallest sample size for
lutein + zeaxanthin (n 35)). Studies considered for this meta-
analysis were interventions in which all foods and drinks or all
FAV consumed were provided to the participants for periods
varying from 7 to 90 d. Souverein et al.(43) reported that
circulating β-cryptoxanthin and lutein concentrations were
significantly associated with FAV intake, which is in line with
the results we have reported in this study. However, contrary to
what we found, plasma/serum α-carotene, β-carotene and
lycopene concentrations were also positively associated with
FAV intake(43). When taken together, our results and those of
Souverein et al.(43) suggest that circulating β-cryptoxanthin and
lutein concentrations may be more robust biomarkers of mixed
FAV intake than α-carotene, β-carotene and lycopene, which in
turn could be more sensible to the presence of specific FAV
categories (or by-products) in the diet.
The present study also has limitations that must be

acknowledged. First, dietary interventions that were compiled

in the present analyses were not primarily designed to identify
biomarkers of FAV consumption. For instance, in our analyses,
the lowest FAV intake of the participants was about
7 servings/d – a value that actually falls within the range of the
recommended FAV intake, that is, 7–10 FAV servings/d(44).
However, it must be kept in mind that a large number of
individuals do not meet nutritional recommendations and
especially those for FAV. Indeed, >60% of Canadians aged
12 years or older consume <5 FAV servings/d(45). In the USA,
13·1% of adults reportedly meet fruit intake recommendations
and 8·9% meet those for vegetables(46), whereas in Europe a
majority of people do not reach the WHO daily recommenda-
tion for FAV consumption of ≥400 g/d(47). In the studies we
used for the present analysis, FAV consumption was well above
the WHO threshold for all participants. Therefore, it would have
been interesting to have been able to include studies with
a lower range of FAV intakes not only in an attempt to identify
threshold values for circulating biomarkers such as plasma
carotenoid concentrations associated with the ideal number of
FAV servings needed to reduce chronic disease risk, but also to
verify to what extent plasma carotenoids also correlate with
lower daily FAV intake. Second, there are variations in the FAV
contents of the six dietary interventions used in our analyses,
which could impact the validity of our observations as the
proportion of carotenoids that are consumed likely differ
between diets. On the other hand, this variety in FAV provided
and consumed could also been seen as a strength as it may
better reflect the mixed FAV intakes generally observed in
the population. Third, it has been suggested that plasma
carotenoids may be more powerful markers of the changes in
the consumption of FAV. For our analyses, we compared
post-intervention plasma carotenoid concentrations and FAV
intakes rather than their respective changes over the course of
the interventions, which may have yielded stronger relation-
ships. Finally, our study does not take into account potential
metabolic or genetic characteristics of subjects or even seasonal
variations in the carotenoid content of foods, which most likely
affect carotenoid metabolism and circulating concentrations.

In summary, the present study shows that plasma
β-cryptoxanthin and lutein concentrations are reliable bio-
markers of mixed FAV consumption. Our results also provide us
with an insight on the importance of sex as a determinant of
circulating plasma carotenoid concentrations, especially
β-cryptoxanthin and lutein. The reliability of using circulating
β-cryptoxanthin, lutein or other carotenoid concentrations as
biomarkers of mixed FAV consumption and their relevance in the
validation of self-reporting dietary assessment methods in differ-
ent populations (adults, adolescents, elderly, pregnant women,
etc.) will need to be examined in future studies. In addition, the
determinants of sex difference in the response of plasma
β-cryptoxanthin and lutein concentrations to increased FAV
consumption will need to be further investigated as well as how
this affects the health benefits of FAV in chronic disease conditions.
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