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Abstract: Fruit and vegetables (FV) are part of a healthy diet and should be frequently consumed
already at a young age. However, intake of FV is difficult to assess in children and adolescents due
to various misreporting aspects. Thus, measurement of dietary biomarkers may be a promising
alternative to assess FV intake more objectively at young age. To date, dietary biomarkers have
been primarily studied in adults, and research focused on their usefulness in children is scarce.
However, clinical studies have revealed important differences between children and adults, most
importantly in their gut microbiome composition, resulting in differences in postprandial metabolism,
as well as in food choices and meal compositions that may influence individual biomarker levels.
Therefore, the present review aimed to identify biomarkers of FV intake (BFVI) currently available in
children and adolescents and to explore whether there are any differences in the BFVI profile above
between children and adolescents and adults. In addition, the current level of validation of BFVI
in children and adolescents was examined. In total, 28 studies were eligible for this review, and
18 compounds were identified as potential biomarkers for FV intake in children and adolescents.
Carotenoid concentration in skin was a valuable biomarker for total FV intake for both children
and adult populations. Common BFVI in blood in adults (e.g., carotenoids and vitamin C) showed
inconsistent results in children and adolescents. Biomarkers particularly useful in children included
urinary hippuric acid as a biomarker of polyphenolic compound intake originating from FV and the
combination of N-methylnicotinic acid and acetylornithine as a biomarker of bean intake. Further
studies are needed to assess their kinetics, dose–response, and other validation aspects. There is
limited evidence so far regarding valid BFVI in children and adolescents. Thus, to put BFVI into
practice in children and adolescents, further studies, particularly based on metabolomics, are needed
to identify and validate BFVI that can be used in future epidemiological studies.

Keywords: biomarker; fruit; vegetable; children; adolescents; validation

1. Introduction

The measurement of fruit and vegetables (FV) intake in children and adolescents is
critical for unravelling the association between dietary exposure and current and later
adulthood health [1,2]. To date, self-reports and observer-recorded methods are the most
common dietary assessment tools. However, self-reported methods, such as 24 h dietary
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recall and food frequency questionnaires (FFQs), are subject to random or systematic
measurement errors due to poor instruments, poor recall, or misreporting of dietary in-
take [3]. For young children, parents or teachers must assist them to complete a dietary
assessment [4]. It is noteworthy that children may consume a significant amount of food
outside the home where parents may not be aware [5]. While teachers are serving many
children, it may be difficult to record every student’s food consumption accurately [6].
For older children and adolescents, social desirability seems to increasingly bias reporting
accuracy [7]. On the other hand, observer-recorded methods such as digital photography
or plate weighing offer more valid estimation than self-reported methods [8], but these
methods are laborious and are limited to studies with small sample sizes.

Biomarkers of fruit and vegetables intake (BFVI) may aid in the unbiased assessment
of FV consumption. To date, numerous interventional and observational studies have been
conducted to identify new BFVI in adult subjects and subgroups of men and women [9,10].
In contrast, studies in children and adolescents are rare. Clinical studies have revealed
that age, gut microbiota, and diet could result in interindividual variability of postprandial
metabolism [11–13]. For these reasons, BFVI in young people (2–18 years) and adults may
not necessarily be comparable. Margalef et al. [11] discovered a significant reduction in
flavanol absorption and phase II flavanol metabolism in adult rats when compared with
young rats. This observation may be due to differences in microbiota composition. It is
well known that intestinal microbiota undergo maturation from birth to adulthood [12,14].
In addition, many differences at the genus level between young children and adults as well
as adolescents and adults have been observed in fecal samples, especially for the genius
Bifidobacterium [12,13]. Recently, Radjabzadeh et al. [15] observed a shift in branched chain
amino acid metabolism, from catabolic pathways in children to biosynthetic pathways in
adults. More evidently, dietary behaviors vary between children and parents by nutrients
and food groups [16,17], which leads to variable postprandial metabolism as well. For
instance, the absorption of carotenoids can be promoted by different dietary fat intakes [18].

Given the above evidence, we suggest that there is a high demand for discovery and
validation studies on BFVI specifically in children and adolescents. So far, new potential
biomarkers are mainly identified through a single explorative study by metabolic profiling
of biofluids or tissues after intake of various foods or based on food chemistry. However,
they must be further validated to ensure that they accurately represent the level of intake
of the food considered, that the sample type and time of sampling are appropriate for
the intended use, and that the analytical method is valid according to current standards.
Recently, Dragsted et al. [19] developed a comprehensive biomarker validation scheme
based on eight criteria. Therefore, the aims of this extensive literature review are (1) to
summarize potential BFVI for children and adolescents, (2) to explore whether there are any
differences in the BFVI profile above between adults and children and adolescents, (3) and
to examine the current level of validation of candidate BFVI in children and adolescents by
following the validation procedure proposed by Dragsted et al. [19].

2. Methods

The reviewing process was conducted following guidelines for food biomarkers of food
intake as defined by the FoodBAll consortium (BFIRev) [20] and adherence to the PRISMA
statement (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) [21]. We
registered the review project with OSF Registries (DOI: 10.17605/OSF.IO/9H8UB, https://osf.
io/9h8ub/, accessed on 29 October 2021).

2.1. Selection of Food Groups

For this review, we took all fruit and vegetable species into consideration, while in
the search strategy section, we only listed some of the fruits and vegetables most widely
consumed by children and adolescents. Thus, for the fruit group, literature search included
fruit, citrus, berry, apple, grape, pear, orange, banana, mango, and pineapple as keywords.

https://osf.io/9h8ub/
https://osf.io/9h8ub/
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The vegetable group consisted of vegetables, tomato, potato, onion, pea, leek, spinach,
lettuce, endive, asparagus, kale, brassica, cabbage, and “cruciferous vegetables”.

2.2. Literature Search for Biomarkers of Fruit and Vegetables Intake (BFVI) in Children
and Adolescents

An extensive literature search was carried out in three databases (PubMed, Scopus,
and Web of Science) in January 2021 and updated in August 2021. Keywords included a
combination of fruits and vegetables and a group of search terms (fruit* OR vegetable*
OR citrus OR berry OR berries OR apple* OR grape* OR pear* OR orange* OR banana*
OR mango* OR pineapple* OR tomato* OR potato* OR onion* OR pea* OR leek* OR
spinach* OR lettuce* OR endive* OR asparagus* OR kale OR brassica OR cabbage* OR
“cruciferous vegetable*”) AND (urine OR urinary OR plasma OR serum* OR excretion* OR
blood OR skin OR saliva) AND (biomarker* OR marker* OR metabolite* OR biokinetics
OR biotransformation OR bioavailability OR ADME OR metabolom*) AND (child OR
youth OR juvenile* OR preschool OR boy* OR girl* OR teenage* OR children OR childhood
OR adolescence OR infant* OR infancy OR adolescent*). Keywords were applied in the
fields [Title/Abstract] for Scopus and Web of Science, while for PubMed we added an
extra [Mesh] term for some specific words, namely, “fruit”, “vegetables”, “Metabolome”,
“Metabolomics” “Biomarkers”, “Infant”, “Child”, and “Adolescent”. The search setups
for PubMed, Scopus, and Web of Science are presented in Supplementary File S1. The
search was limited to papers in English language with no restriction of publication date.
Articles including human intervention studies (randomized controlled trials, controlled
clinical trials, acute, short-term, or long-term studies) or observational studies (cohort,
case-control, cross-sectional studies) were taken into consideration. Search results were
imported into EndNote X9 (Thomson Reuters, New York, NY, USA). After removal of
duplicates, a primary selection was conducted in Rayyan (Rayyan Systems Inc., Cambridge,
MA, USA) based on the relevance of abstract and title. The exclusion criteria were as
follows: effect on physiology or clinical endpoint, effect on drug metabolism, food analysis,
in vitro studies, animal studies, irrelevant foods, children over 18 years old, fruit and
vegetable juice and drink intake, conference abstracts, short communications, editorials,
and comments. The screening process was conducted by two reviewers, L.Y. and S.M.,
who performed the screening independently. A third reviewer, A.F., was responsible
for resolving the disagreement. Full texts were obtained for the selected articles and
further assessed for eligibility according to their relevance in the identification of BFVI in
children and adolescents. Additional papers were identified from a reference list in these
papers. The relationships between potential biomarkers and intake of FV were assessed by
Pearson or Spearman correlation coefficients. A p-value of 0.05 or below was considered
statistically significant. The strength of correlation was classified as weak (r < 0.2), moderate
(0.2 ≤ r < 0.6), and strong (r ≥ 0.6).

2.3. Identification and Characterization of Candidate BFVI

For each potential biomarker identified, a secondary search was needed to retrieve
relevant information to assess its plausibility. If a potential BFVI met one or more of
the following criteria, it was considered a candidate biomarker [20]: (1) the metabolite
has high specificity for the targeted food or food group, (2) the compound is highly
characteristic of the food investigated (e.g., abundant in the targeted food compared with
other foods), and (3) the marker is not fully specific but could be used in a multimarker
approach. The search was conducted with (“the name and synonyms of the compound”
OR “the name and synonyms of any parent compound”) AND (biomarker* OR marker*
OR metabolite* OR biokinetics OR biotransformation OR bioavailability OR ADME OR
metabolom*). In this step, Google Scholar was also used as a search platform, in addition
to the above three databases. Additionally, the compounds were searched manually in
the online databases HMDB (https://hmdb.ca/, accessed on 15 March 2021), Phenol-
Explorer 3.6 (http://phenol-explorer.eu/, accessed on 15 March 2021), and PubChem

https://hmdb.ca/
http://phenol-explorer.eu/
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(https://pubchem.ncbi.nlm.nih.gov/, accessed on 15 March 2021) to determine all the
possible dietary or metabolic origins of the candidate BFVI.

2.4. Evaluation of the Validation of Candidate BFVI

The secondary search was also used to obtain additional information for assessing the
level of validation for biomarkers. A set of validation criteria proposed by Dragsted et al. [19]
was applied to evaluate the level of validation of candidate biomarkers. The validation scheme
is based on eight questions that encompass biological and chemical aspects: Q1: Is the marker
compound plausible as a specific biomarker for the food or food group (chemical/biological
plausibility)? Q2: Is there a dose–response relationship at relevant intake levels of the targeted
food (quantitative aspect)? Q3: Is the biomarker kinetics described adequately to make a
wise choice of sample type, frequency, and time window (time–response)? Q4: Has the
marker been shown to be robust after intake of complex meals reflecting dietary habits of
the targeted population (robustness)? Q5: Has the marker been shown to compare well with
other markers or questionnaire data for the same food/food group (reliability)? Q6: Is the
marker chemically and biologically stable during biospecimen collection and storage, making
measurements reliable and feasible (stability)? Q7: Are analytical variability (CV%), accuracy,
sensitivity, and specificity known to be adequate for at least one reported analytical method
(analytical performance)? Q8: Has the analysis been successfully reproduced in another
laboratory (reproducibility)?

2.5. Risk of Bias and Quality of Study Assessment

The quality of the included publications was assessed by two independent reviewers
(L.Y. and S.M.), and differences were resolved after discussion. The adapted Biocross
tool was used to evaluate the quality of cross-sectional studies and cohort studies [22].
The tool considered nine dimensions, and each dimension consisted of several items.
For every positively evaluated item, 1 point was awarded. Thus, the maximum total
score was 25 points. A detailed description can be found in Supplementary File S2. The
overall study quality was classified according to the awarded points as follows: poor (≤8),
moderate (9–17), and high (≥18). Intervention studies were assessed by the Effective Public
Health Practice Project (EPHPP) tool (https://www.ephpp.ca/quality-assessment-tool-for-
quantitative-studies/, accessed on 15 March 2021). This instrument is a more generic tool
that can be adopted to a wide range of study designs, including randomized controlled
trials, controlled clinical trials, and observational studies with and without control groups.
The tool assesses 6 domains: selection bias, study design, confounders, blinding, data
collection methods, and withdrawals/dropouts. Each domain can be graded as strong
(1 point), moderate (2 points), or weak (3 points). For example, if the participants are
randomly selected from a comprehensive list or from a source (e.g., clinic) in a systematic
manner, or self-referred, the selection bias is scored as 1 or 2 or 3, respectively.

3. Results

A total number of 3752 papers were retrieved from three databases, while the num-
ber of 402 from Scopus was the result after removal of duplicates from PubMed. After
screening based on title and abstract, 49 papers were selected for full text reading. A total
of 26 additional papers were removed, including 2 conference abstracts, 8 manuscripts
regarding adult subjects, and 16 investigating pesticide contaminants. Through full text
reading, 5 more papers were identified from the reference lists of these included articles.
Subsequently, a total of 28 papers qualified for inclusion in the present review. Six of these
papers investigated potential BFVI from skin samples, 20 from blood and 5 from urine,
including 1 with both blood and urine samples and another 2 with both blood and skin
samples. A flowchart of the selection of the articles is presented in Figure 1.

https://pubchem.ncbi.nlm.nih.gov/
https://www.ephpp.ca/quality-assessment-tool-for-quantitative-studies/
https://www.ephpp.ca/quality-assessment-tool-for-quantitative-studies/
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Figure 1. Flowchart of paper selection for BFVI in children and adolescents.

A summary of the retained literature and the list of the potential biomarkers in children
and adolescents is presented in Table 1, including information related to the characteristics
of the subjects and study design. As indicated in Table 1, 20 cross-sectional studies, 1 cohort
study, and 7 intervention studies reported associations between FV intake and plasma,
serum, urine, and skin biomarker concentrations in children and adolescents. All studies
except 1 for Lau et al. [23] aimed at verifying or assisting FV intake assessment instruments
by using potential biomarkers on the basis of hypothesis-driven targeted metabolomic
approaches. Lau et al. [23] used an untargeted high-throughput nuclear magnetic resonance
spectroscopy to identify novel biomarkers. There were barely any data in the literature
on potential BFVI for specific fruits or vegetables consumed at a young age. Only a few
intervention studies investigated associations between wild blueberry, amaranth, cowpea,
and Momordica cochinchinensis consumption and metabolites in children and adolescents,
with 1 exception (papaya) conducted in a cross-sectional study. In total, 18 different
potential BFVI were investigated in children and adolescents. The number of potential
BFVI measured per study varied from 1 to 6.
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Table 1. Overview of the selected studies on biomarkers of fruit and vegetables intake in children and adolescents.

Dietary Factor Sample Size Country Age (Years) Study Design Potential Biomarkers 1 Primary References

Skin biomarkers

F/V 45 (20 boys) USA 5–17 Cross-sectional Total carotenoids [24]
F/V 381 (193 boys) USA 3–5 Cross-sectional Total carotenoids [25]
F/V 177 (83 boys) USA 2–12 Cross-sectional Total carotenoids [26]
F/V 166 (62 boys) USA 9–12 Cross-sectional Total carotenoids [27]
F/V 374 (N) NM NM Noncontrolled dietary

intervention Total carotenoids [28]
F/V 143 (68 boys) USA 9–11 Cross-sectional Total carotenoids [29]

Blood biomarkers

F/V 1192 (651 boys) France, Greece, Lithuania, Norway,
Spain, UK 6–11 Cross-sectional Acetylornithine [23]

F/V 45 (20 boys) USA 5–17 Cross-sectional Total carotenoids [24]
F/V 166 (62 boys) USA 9–12 Cross-sectional Total carotenoids [27]
F/V 81 (34 boys) Danish 8–11 Cross-sectional α- and β-Carotene,

β-cryptoxanthin [30]
F/V 97 (43 boys) USA 6–10 Cross-sectional Total carotenoids and vitamin C [31]
F/V 122 boys Spain 15–17 Cross-sectional Total carotenoids [32]
F/V 285 (boys 153) USA 12–17 Cross-sectional α-Carotene [33]

F/V 93 (N) Australia 5–12 Cross-sectional β-Carotene, lycopene
α-Carotene, cryptoxanthin [34]

DGOV/green vegetable 210 (99 boys) Brazil 9–13 Cross-sectional β-carotene, 5-MTHF [35]
Fruit/green-yellow vegetable 398 (214 boys) Japan 10–11 and 13–14 Cross-sectional β-Carotene, cryptoxanthin, [36]

F/V 80 (23 boys) Brazil 13.0 ± 1.1 Cross-sectional β-Carotene [37]
Fruit/root vegetable 207 (129 boys) Finnish 1–3 Cohort study α- and β-Carotene [38]

Papaya 159 (81 boys) Costa Rican 12–20 Cross-sectional β-Cryptoxanthin [39]
Momordica cochinchinensis (gac) 185 (N) Vietnam 2–6 Controlled dietary intervention α- and β-Carotene, retinol,

lycopene, zeaxanthin [40]
Amaranth 35 (N) India 2–6 Controlled dietary intervention Vitamin A [41]

Sun-dried cowpea and amaranth leaves 152 (N) Kenya 2.5–6 Controlled dietary intervention β-Carotene, retinol [42]

F/V 390 (163 boys)
Austria, Belgium, France,

Germany, Greece, Hungary, Italy,
Spain, and Sweden

12.5–17.5 Cross-sectional Vitamin C, β-carotene [43]

F/V 174 (82 boys) Australia 0–17 Noncontrolled dietary
intervention

β-Cryptoxanthin,
lutein–zeaxanthin, vitamin C [44]

F/V 45 (21 boys) Brazil 6–10 Cross-sectional Combination of β-carotene, retinol,
vitamin C and α-tocopherol [45]

Orange fruit/
dark-green leafy vegetable 238 (104 boys) Indonesia 7–11 Controlled dietary intervention Retinol, β-carotene,

β-cryptoxanthin, lutein, lycopene [46]

Urinary biomarkers

F/V 330 (215 boys) Australia 8 Cross-sectional Potassium [47]

Wild blueberry 15 (7 boys) UK 7–10 Controlled dietary intervention Hippuric acid, dihydro caffeic acid
3-O-sulfate [48]

F/V 240 (120 boys) Germany 9–10 and 12–15 Cross-sectional Hippuric acid [49]
FlavFV 287 (48% boys) Germany 9–16 Cross-sectional Hippuric acid [50]

F/V 1192 (651 boys) France, Greece, Lithuania,
Norway, Spain, UK 6–11 Cross-sectional Hippurate, proline betaine,

NMNA, scyllo-inositol, acetate [23]

1 These compounds were found to be significantly associated with fruit and vegetables intake; F/V: fruit and vegetables; N: sex not specified; NM: not mention; DGOV: dark green and
orange vegetables; FlavFV: flavonoid intake from fruit and vegetables; 5-MTHF: 5-methyltetrahydrofolate; WWB: wild blueberry. NMNA: N-methylnicotinic acid.
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3.1. Skin Biomarkers

Six of the included studies involved carotenoid measurements in skin to evaluate or
verify FV intake in children and adolescents. The ages of the included children ranged
from 2 to 17 years. The skin carotenoid concentrations were measured by two noninvasive,
quick, and optical technologies, resonance Raman spectroscopy (RRS) (n = 5) and pressure-
mediated reflection spectroscopy (RS) (n = 1). Correspondingly, they were compared with
FV consumptions, which were assessed by various tools, for example, 24 h recalls, fruit and
vegetable intake frequency questionnaire, food frequency screener, and liking survey. Skin
carotenoids measured by RRS were positively associated (r > 0.35, p < 0.05) with total FV
consumption [24–28], except in a study in which FV intake was assessed by the National
Cancer Institute’s All-Day Fruit and Vegetable (NCI FV) Screener [26]. In this study, the
authors used two tools to assess FV intake—NCI FV and 24 h dietary recall (24H FV)—and
they suggested that the NCI FV screener is not a valid tool for FV intake assessment [26].
RRS scores were also verified by serum and plasma carotenoid concentrations separately in
two studies [24,27], in which blood carotenoids were measured by high-performance liquid
chromatography. Skin carotenoids measured by RRS were strongly correlated (r = 0.62,
p < 0.001) with both serum and plasma carotenoids. While Martinelli et al. [29] applied
Veggie Meter (VM), a widely used RS device, to assess skin carotenoids, they only found
weak correlations (r = 0.174, p = 0.042) between total vegetable consumption and VM scores.
For the fruit group, no significant correlations were observed.

3.2. Blood Biomarkers

In blood samples, carotenoids and their derivatives and conjugates were the most
commonly reported metabolites (19 out of 22; 86%) after consumption of individual or total
fruit and vegetables, including α-carotene, β-carotene, lycopene, lutein, zeaxanthin, and
cryptoxanthin. In some studies, zeaxanthin was included in the content of lutein, because
of limitations in their chromatographic separation. The second most frequently identified
metabolites were vitamins and their derivatives, including vitamin A (retinol), vitamin C,
α-tocopherol (the most biologically active form of vitamin E), and 5-methyltetrahydrofolate
(vitamin B family members). In addition, acetylornithine, which belongs to the class of
N-acyl-L-alpha-amino acids, was identified in serum samples after FV consumption [23].

However, the usage of blood carotenoids to assess FV intake is not always consistent
in children and adolescents from the included papers. Four studies [41,42] demonstrated
that carotenoid concentrations in plasma or serum were significantly correlated with total
FV intake. Notario-Barandiaran et al. [32] showed that serum carotenoids correlated
stronger with vegetable intake (r = 0.33) than fruit intake (r = 0.19) in male adolescents
in Spain [32]. Moreover, Nguyen et al. [27] showed that total plasma carotenoids were
significantly correlated (r = 0.49, p = 0.003) with fruit consumption but not with vegetable
intake. Similarly, Hillesheim et al. [35] showed that plasma β-carotene was significantly
related (r = 0.36, p < 0.05) to total vegetable intake and dark green and orange vegetables.
Comparable research was conducted in serum, and the authors demonstrated that green-
yellow vegetables and total FV intake were significantly correlated (r = 0.205, p < 0.047)
with β-carotene [36,37]. On the other hand, Biltoft-Jensen et al. [30] observed that vegetable
intake and α-carotene showed the strongest correlation (r = 0.43, p < 0.01), and β-carotene
was more related to juice intake (r = 0.32, p < 0.01) [30]. Meanwhile, Prasad et al. suggested
that serum α-carotene and β-carotene levels were predominately determined by root
vegetable serving [38]. Additional studies suggested that plasma β-cryptoxanthin was
most strongly correlated with fruit intake [30,36]. For individual FV, papaya intake is
the best predictor (r = 0.41) of plasma β-cryptoxanthin concentration [39]. Intake of gac
fruit (Momordica cochinchinensis) significantly increased the plasma concentration of α- and
β-carotene, lycopene, and zeaxanthin [40]. Cowpea leaves, a kind of green leafy vegetable,
significantly increased serum β-carotene [41,42].

Four papers involving the usage of vitamin C observed a correlation with overall
FV intake, except Vandevijvere et al., who found an inconsistent relationship between
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vitamin C levels in blood and vegetable intake in adolescents [43]. However, among
the four studies, only two took vitamin C supplementation into consideration [44,45].
Vitamin A was determined to connect with gac fruit [40], amaranth [41], cowpea leaf [42],
and orange fruit intake [46], respectively. Collese et al. [45] suggested to use the combined
plasma vitamins (combined in a score of plasma vitamin recommendations) including
β-carotene (provitamin A), retinol, α-tocopherol, and vitamin C to assist total FV intake
evaluation in 6- to 10-year-old children [45].

3.3. Urinary Biomarkers

Five studies investigated urinary biomarkers of FV intake in children and adoles-
cents [23,47–50]. In the sole untargeted metabolomic study in this list, five compounds
were reported to be associated with FV consumption [23]. They found that hippuric acid
was positively associated with both fruit and vegetable consumption, and proline betaine,
N-methylnicotinic acid (NMNA), and scyllo-inositol were positively associated with fruit
intake, while acetate was positively associated with potato intake. The urinary hippuric
acid excretion and FV intake relationship was confirmed in another study conducted by
Krupp et al. [49]. Confounders, including coffee, tea, cocoa, and whole grain intakes, were
adjusted in the regression models, and it turned out that the hippuric acid and FV asso-
ciation was even stronger after adjustment in adolescents. Penczynski et al. [50] showed
that flavonoid intake from FV correlated with hippuric acid excretion in adolescents, but
it is noteworthy that in sensitivity analyses urinary hippuric acid excretion was similarly
associated with FV intake and flavonoid intake from FV. In addition, they found that
covariates such as coffee, tea, and cocoa intake did not change the correlation between
hippuric acid excretion and flavonoid intake from FV. They suggested that urinary hippuric
acid is a promising biomarker for flavonoid intake from FV in adolescents. In another study,
Barfoot et al. [48] showed that consuming wild blueberry alone could also increase urinary
hippuric acid and dihydro caffeic acid 3-O-sulfate. Jones et al. [47] found that overnight
urinary potassium correlated significantly with FV intake (r = 0.12, p = 0.03) as well.

3.4. Evaluation of Level of Validation of Candidate Biomarkers

The criteria of plausibility described previously [20] were applied to potential BFVI,
and the reasons for including or excluding them as candidate biomarkers are presented
in Table 2. Carotenoids and vitamin C were associated with total FV intake instead of
specific FV intake, so we discussed them separately. Table 3 summarizes the results of the
validation level of candidate biomarkers for specific FV intake based on the eight questions
proposed by Dragsted et al. [19].

Table 2. Summary of candidate BFVI for specific FV intake and reason for inclusion or exclusion.

Metabolites HMDB ID PubChem CID Biofluid Specificity Reason References

α-Tocopherol 1893 57393415 Blood no Common for many sources [51]
5-MTHF 1396 135398561 Blood no Common for many sources [52]

Potassium 586 5462222 Urine no Common for many sources [53–55]
Acetate - 175 Urine no Common for many sources [56]

Hippuric acid 714 464 Urine yes Specific to polyphenolic compounds [57,58]
Dihydro caffeic
acid 3-O-sulfate 41721 49844181 Urine yes Combined biomarker [59]

Proline betaine 4827 115244 Urine yes Specific to citrus [60]
NMNA - 5571 Urine yes Specific to beans [61]

Acetylornithine 3357 6992102 Blood yes Combined biomarker [62]
Scyllo-Inositol 6088 892 Urine yes Specific to coconut [63]

5-MTHF: 5-methyltetrahydrofolate; NMNA: N-methylnicotinic acid. Criteria: (1) the marker has high specificity
for the targeted food or food group, such as arsenobetaine for fish; (2) the compound is highly characteristic of the
food investigated (e.g., markers that are very high in the targeted food compared with others, such as chlorogenic
acid for coffee); and (3) the marker is not fully specific but could be used in a multimarker approach (e.g., tartaric
acid is present in grapes but combined with ethyl glucuronide may provide a good estimation of wine intake.
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Table 3. Overview of the validation criteria for candidate intake biomarkers.

Substrate Biomarker Plausibility Dose–
Response

Time–
Response Robustness Reliability Stability Analytical

Performance Reproducibility

Polyphenolic
compounds Urine

Dihydro caffeic
acid

3-O-sulfate
Y U U Y U U U U

Polyphenolic
compounds Urine Hippuric acid Y U U U Y Y Y Y

Citrus Urine Proline betaine Y U U U U U Y U
Beans Urine NMNA Y U U U U U Y U

Coconut Urine Scyllo-inositol Y U U U U U Y U
Beans Serum Acetylornithine Y U U U U U Y U

NMNA: N-methylnicotinic acid. Q1: Is the marker compound plausible as a specific biomarker for the food or
food group (chemical/biological plausibility)? Q2: Is there a dose–response relationship at relevant intake levels of
the targeted food (quantitative aspect)? Q3: Is the biomarker kinetics described adequately to make a wise choice
of sample type, frequency, and time window (time–response)? Q4: Has the marker been shown to be robust after
intake of complex meals reflecting dietary habits of the targeted population (robustness)? Q5: Has the marker been
shown to compare well with other markers or questionnaire data for the same food/food group (reliability)? Q6: Is
the marker chemically and biologically stable during biospecimen collection and storage, making measurements
reliable and feasible (stability)? Q7: Are analytical variability (CV%), accuracy, sensitivity, and specificity known
to be adequate for at least one reported analytical method (analytical performance)? Q8: Has the analysis been
successfully reproduced in another laboratory (reproducibility)? Y = yes; U = unknown.

3.5. Risk of Bias and Quality of Study Assessment

The quality assessment of the publications is summarized in Supplementary File S3.
The quality scores of 19 cross-sectional and cohort studies ranged from 13 to 23. Their
average quality was moderate (mean = 17.4 ± 2.7). The quality of 9 studies was scored as
high, and 10 were scored as moderate. The most common reasons for a low-quality ranking
were that laboratory staff was not blinded for the analyses, and that reproducibility of the
laboratory analysis was not assessed. As for the 7 intervention studies, 2 of them were
rated to be of high quality, 4 moderate, and 1 poor. The reasons for the low-quality rating
were that they failed to select representative individuals of the target population and there
was missing information regarding control of confounders.

4. Discussion
4.1. Total FV Intake Biomarkers

The results of our systematic review support the use of the skin carotenoid measured
by the RRS method to assess FV intake in children and adolescents. Covariates such as age,
ethnicity, BMI, weight, waist circumference percentiles, energy intake, and fat intake did
not seem to confound the observed associations significantly. The preferred body site for
measuring skin carotenoids is the palm of the hands because the skin has lower melanin
levels and is less affected by other factors, such as ethnicity or sunlight exposure. Ethnic
affiliations were diverse in RRS measurement studies with two of them including more than
50% nonwhite children, and two others more than 20% nonwhite children. In summary,
skin carotenoids detected by RRS technology is a valid biomarker to assess dietary FV
intake not only in adults but also in children and adolescents [64].

In comparison, the use of serum or plasma carotenoid concentrations to assess total FV
intake should be carefully considered in children and adolescents. Associations between
biomarkers and reported dietary intake varied widely between studies, which confirms
a previous systematic review of studies conducted in adults by Baldrick et al. [9]. They
included 63 intervention studies that investigated plasma or serum biomarkers for total
FV intake, and all but 6 detected a significant increase in plasma or serum carotenoids
after intervention. Possible reasons for a moderate blood carotenoid response to FV intake
could be the fact that carotenoids have a long elimination half-life after absorption, and
short-term kinetics in blood may be buffered by carotenoids stored in body tissues [65]. In
addition, provitamin A carotenoids (β-carotene, α-carotene, and cryptoxanthin) undergo
extensive conversion to retinyl esters in the mucosa, and dietary fat plays an important role
in biotransformation [66]. Tissues such as liver, adipose tissue, skin, and eye in humans
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accumulate carotenoids as well [67]. Therefore, the blood concentration of carotenoids may
not be the optimal measure to quantify FV intake.

In general, there are three hypothetical factors that influence the measured carotenoid
concentrations of the skin: (1) translocation from subcutaneous or visceral fat tissue, blood,
and lymph [68]; (2) secretion onto the skin surface via sweat glands and/or sebaceous
glands [69]; and (3) topical application of antioxidants in the form of creams and lotions [70].
Blood and skin levels of the carotenoids increase during supplementation; however, in-
creases in skin are delayed. After cessation of supplementation, carotenoid levels in blood
decrease faster than in skin [71]. It is suggested that LDL receptors in skin may play a role
in the carotenoid uptake [71], and an overall gradient is present within skin layers [68].
That may be the possible reasons that carotenoid concentration in skin is less variable
than that in blood, although the usual intake of carotenoid may alter its concentration.
However, insight mechanism still needs to be investigated. As a result, skin carotenoids
are thought to be a more stable indicator of long-term FV intake, compared with plasma or
serum carotenoids.

In a systematic review and meta-analysis of an RCT published up to December 2013,
vitamin C is one of the preferred indicators of group FV intake in adults [72]. However, our
systematic review provides inconsistent evidence for the usage of vitamin C in children,
because Vandevijvere et al. [43] observed that plasma vitamin C had a very weak relation-
ship with vegetable intake in adolescents. Therefore, it remains prudent to use plasma
vitamin C as a surrogate marker of overall FV intake in adolescents.

4.2. Candidate Biomarkers for Intake of Specific Fruit and Vegetable

Metabolites such as individual carotenoids, α-tocopherol, 5-MTHF in blood and potas-
sium, and acetate in urine are ubiquitously present in plant origin foods or nature [53,54,73],
thus they are not suitable as biomarkers for a specific type of FV. Although papaya is
indeed one of the richest sources of β-cryptoxanthin, in a study with 159 Costa Rican
adolescents [39], this compound was also found in other orange- or red-colored foods, such
as orange, mango, apricot, sweet peppers, and pumpkin [18,74]. Vázquez-Manjarrez et al.
mentioned that the blood concentration of lycopene is more likely to reflect the intake
of tomato products [75]. However, it is noteworthy that lycopene is permitted as a food
colorant by the European Union (EU) since 2008 [76]. The main food applications of ly-
copene include soft drinks, flavored milk products, bakery products, and blancmanges [77].
According to the European Food Safety Authority (EFSA), the average exposure of lycopene
from both food colorant and natural occurrence was higher in children than in adults and
only slightly lower than acceptable daily intakes (ADIs) (0.5 mg/kg body weight) [78].
Therefore, using lycopene concentration may overestimate tomato intake.

Other compound concentrations also increase after FV intake in children and ado-
lescents, namely, hippuric acid, dihydro caffeic acid 3-O-sulfate, proline betaine, NMNA,
scyllo-inositol in urine, and acetylornithine in serum. They are kept as candidate BFVI, and
we will discuss them in the following text separately.

Krupp et al. [49] reported that urinary hippuric acid is a promising biomarker for FV
intake in children and adolescents. Penczynski et al. [50] successfully applied this method-
ology to assess flavonoid intake from FV in a DONALD cohort study including 287 healthy
adolescents. They suggest that hippuric acid can be a reliable indicator of flavonoid intake
from FV in adolescents [50]. Though hippuric acid excretion is significantly associated with
both FV and flavonoid intake from FV, it may be a more promising biomarker for polyphe-
nolic compound intake from FV in children and adolescents, given the fact that hippuric
acid is predominantly synthesized from both various flavonoids (for example, catechin,
quercetin, kaempferol, and myricetin) and nonflavonoid polyphenolic compounds (for
example, chlorogenic acids, caffeic acids) [59]. It is well known that the majority of total
polyphenols come from nonfruit and nonvegetable sources, such as coffee, tea, and cocoa.
For this reason, hippuric acid was considered a candidate biomarker for polyphenol-rich
food intake in adults [79] However, children and adolescents have lower consumption of
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coffee, cocoa, and tea than adults, and thus the excretion of urinary hippuric acid in children
may indeed mainly depend on their FV consumption. On the other hand, controlling the
consumption of tea, coffee, and cocoa is recommended in adolescents with considerable
intake levels when using hippuric acid to assess polyphenolic compound intake from FV.
To date, kinetic and dose dependence information regarding hippuric acid excretion after
polyphenolic compound intake from FV in children and adolescents is lacking. Regarding
analytical aspects, hippuric acid is stable at room temperature (25 ◦C) for 2 weeks and at
0 ◦C for 1 month [80]. Both Penczynski et al. and Krupp et al. used the method provided
by Tomokuni et al. [81] with slight modification. Hippuric acid measurements were per-
formed in triplicate, and the arithmetic means of the three measurements were used in
the analysis. Additional studies on dose–response and time–response are needed to reach
the full validation according to all criteria. The results of validation level assessment are
presented in Table 3. Dihydro caffeic acid 3-O-sulfate shares the same precursors with
hippuric acid, such as quinic acid, but goes through different metabolism processes [59]. In
this case, dihydro caffeic acid 3-O-sulfate may be considered in combination with hippuric
acid to assess the polyphenolic compounds. However, the robustness and other aspects of
validation of the combined biomarker need to be investigated in the future.

Proline betaine has been identified as a potential biomarker of citrus fruit intake
in many independent studies on adult subjects [60,82]. Though proline betaine has been
detected in a variety of foods, such as seafood, vegetables, meat, and coffee, its concentration
in these foods is quite low, except in Chinese artichoke, which contains a similar amount
of proline betaine as citrus juice [83]. High excretion of proline betaine in urine can thus
be due to citrus juice and Chinese artichoke consumption. Orange is the most abundant
source of proline betaine among the citrus fruit. Since Chinese artichoke is a rather rare
vegetable and not part of the daily diet, proline betaine may specifically predict citrus fruit
consumption. The time–response [60], dose–response [84], and robustness [60] of proline
betaine being a biomarker of citrus fruit intake have been well studied in adults. In the only
study involving children, citrus fruit were not distinguished with the general fruit group in
the food frequency questionnaire, and proline betaine was found to be correlated with fruit
intake [23]. Based on the above evidence, proline betaine may also be a plausible biomarker
for citrus fruit intake in children, but its robustness and other aspects of validation need
further investigation.

Lau et al. [23] reported that both urinary NMNA and serum acetylornithine were
correlated with fruit intake, and additionally, they were associated with each other (r = 0.23).
On the other hand, NMNA, also known as trigonelline, is found in high amounts in
coffee, fenugreek, and common pea. The only fruit containing trace amounts of NMNA
is muskmelon [85,86]. Posma and colleagues [61] conducted an intervention study to
identify novel dietary metabolites related to apples, peas, and onions with a combined
spectroscopy strategy in adults. Urinary NMNA concentration showed a dose-dependent
increase after the consumption of peas. Another randomized controlled intervention study
conducted by Perera et al. found serum acetylornithine and NMNA to be markers of dry
beans intake based on a test of 46 middle-aged men [87]. Based on the above evidence,
the relationship between NMNA and fruit may result from the poor quality of the food
frequency questionnaire. Lau et al. [23] only classified foods into 11 general items, and
peas and beans were not taken into consideration. The important confounder for the
relationship between NMNA and acetylornithine and intake of peas and beans is coffee
intake. Nevertheless, in children with restricted coffee consumption, the combination of
NMNA and acetylornithine may still be a plausible biomarker to assess general bean intake.
However, further studies regarding its robustness, time–response, and dose–response
are needed.

Scyllo-inositol is one of the nine possible stereoisomers of inositol, rare in nature, but
present in some plants, such as barley seeds [88] and chrysanthemum buds [89]. It has
been determined that coconut milk is the most abundant source containing 0.05 mg/L
scyllo-inositol on average [90]. In this case, scyllo-inositol may be a putative biomarker for
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coconut fruit intake. However, it is still not clear whether scyllo-inositol is solely related
to coconut intake. On the other hand, myo-inositol, another inositol stereoisomer widely
spread in nature, could increase scyllo-inositol excretion in the urine by humans following
oral administration of myo-inositol (for example, cereal and sweetener). Consequently,
it might suggest that myo-inositol is converted into scyllo-inositol [63]. The robustness
of urinary scyllo-inositol is thus not well established. Scyllo-Inositol was measured by a
well-established method, 1H NMR spectroscopy. On the other hand, no data are available
regarding the other aspects of validation in children and adolescents.

5. Strengths and Limitations

As far as we know, this is the first extensive literature review to study biomarkers of FV
intake available in children and adolescents to date. This systematic review was conducted
under the well-defined criteria of the BFIRev protocol. The current study can provide
researchers an overview of the current level of validation of candidate BFVI in children
and adolescents. However, there are still some limitations. (1) Some of the included studies
were performed with low quality, but the overall quality was still moderate. (2) It is difficult
to compare some biomarkers between young people and adults, since data for young
people are scarce. (3) This review was constrained to biomarkers from skin, urine, and
blood samples, and there may be other promising specimens, such as breath, red blood cells,
and hair containing biomarkers, but research regarding these biospecimens is not common.

6. The Way Forward

Based on the included studies in this literature review, only a very small number of
predefined metabolites (e.g., carotenoids, vitamin C) were identified through hypothesis-
driven approaches in most of the articles. The value of food metabolome for dietary
exposure assessment still needs to be investigated extensively. An untargeted metabolomic
profiling strategy on a high-resolution full-scan MS can cover a wide range of metabolites
in a sample. However, this approach has limited reproducibility, and the data process-
ing is complex and must be coupled with advanced multivariate statistics. Indeed, due
to a lack of standards, identification of metabolites may be challenging. While targeted
analyses have great reliability, selectivity, and sensitivity and produce quantitative data,
they only assess a limited number of known metabolites, which may increase the risk of
overlooking the metabolomic response of interest. Therefore, efforts have been made to
extend the coverage and throughput of targeted metabolite quantification to overcome
these limitations. To data, new strategies, such as SWATHtoMRM, which utilizes the broad
coverage of SWATHMS technology to develop a high-coverage targeted metabolomic
method, have been developed [91]. After evaluating, it has great reproducibility and high
accuracy. Therefore, the application of large-scale targeted metabolomics may be a promis-
ing approach for novel biomarker discovery in the future. However, the application of
biomarkers on dietary intake assessment is still challenging due to their high variation, low
producibility, reliability, and robustness. First of all, metabolite identification, coverage,
and reproducibility are influenced by sample processing, storage, instrument type, and
the data analysis methods used. To date, no standardized and consensus protocols and
pipelines exist to develop and validate dietary biomarkers. Moreover, biomarker identifica-
tion and validation are limited by the lack of sufficient authentic chemical standards and
referential spectra. Second, interindividual variation due to differences in host genetics,
gut microbiome, and physiologic status, as well as interindividual variation because of
half-life of metabolites, exists, which makes dietary biomarkers less reliable. Furthermore,
the consumed food is metabolically transformed by endogenous processes or the gut mi-
crobiota. This leads to chemical byproducts that are very different from the ones originally
ingested in the food. Therefore, to find better food-specific biomarkers, it is important to
know more about the pathways through which these chemical constituents are biologically
transformed. It has been previously suggested that metabolomics should move beyond
biomarkers and towards mechanisms [92]. Ultimately, dietary biomarker discovery can
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provide hundreds of candidate biomarkers, but these biomarkers need to be thoroughly
validated to be meaningfully used in large cohort studies. While several concepts exist
regarding the validation of biomarkers, there are no universally accepted validation criteria
for dietary intake biomarkers. Given the above problems, the use of other omics (i.e.,
genomics, proteomics, and metagenomics) techniques in dietary biomarker analysis may
serve to complement the metabolomic information that is normally collected for dietary
biomarker studies.

7. Conclusions

Today, knowledge regarding valid BFVI in children and adolescents is still very limited.
Among the 28 included studies, only 1 was using untargeted metabolomic analysis in
young people, so explorative studies are missing in this age group. In this review, we found
that carotenoid concentration in skin is a valuable biomarker for total FV intake for both
young and adult populations. Common BFVI in adults (e.g., carotenoids and vitamin C)
showed inconsistent results in children and adolescents. Diet–metabolite associations
more plausible in children than adults include urinary hippuric acid with polyphenolic
compound intake from FV and the combined N-methylnicotinic acid and acetylornithine
with intake of beans. Proline betaine and scyllo-inositol are plausible biomarkers for citrus
fruit and coconut intake, respectively, in children and adolescents. However, further studies
are needed to assess their time–response, dose–response, and other validation aspects. In
conclusion, future research is needed to obtain valid BFVI in the vulnerable group of
children and adolescents, including discovery and in-depth validation studies.
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