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Abstract

Background: The reflection spectroscopy (RS)-based skin carotenoid score (SCS) has been
validated to assess carotenoid intake. However, associations between the SCS and in-
dividual dietary carotenoid species have been inconsistently reported in the previous
literature. This study examined the utility of using a carotenoid screener along with RS to
assess individual dietary carotenoid species intake among U.S. adults. Methods: Adults
(N = 280) from eight U.S. sites completed a 44-item carotenoid intake screener to estimate
total and individual dietary carotenoid intake (α-carotene, β-carotene, β-cryptoxanthin,
lutein + zeaxanthin, and lycopene) over the past 7 days. Each participant’s SCS was
measured using two Veggie Meter® devices. Spearman’s Rank correlation tests and linear
mixed models with a random intercept for site were conducted. Results: Mean (± Standard
Deviations) carotenoid intake ranged from 21,226.8 ± 9914.1 to 28,863.5 ± 22,462.2 µg/day,
and mean SCS ranged from 229.2 ± 72.3 to 325.6 ± 94.1 across the eight sites. Partici-
pants’ SCS was significantly associated with self-reported total carotenoids (mg)/week
(rs = 0.2 and B = 0.11; p < 0.01) and with all individual carotenoids (rs ranged from
0.15 to 0.23, p < 0.01; B ranged from 0.11 to 21.1, p < 0.01), except lycopene. Conclu-
sions: Our findings suggest that combining the carotenoid intake screener with RS may
offer a practical approach for assessing individual carotenoid species intake in adults.
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1. Introduction
Carotenoids are fat-soluble pigments and phytochemicals abundant in brightly col-

ored fruits and vegetables [1,2] and have numerous health benefits [3–7]. The six major
carotenoids in the human diet are α-carotene, β-carotene, lycopene, β-cryptoxanthin, lutein,
and zeaxanthin [1]. Each carotenoid has distinct biological functions, including serving
as precursors to vitamin A [1], supporting metabolic health, reducing the risk of chronic
diseases, and helping prevent age-related macular degeneration and cataracts [1,5]. De-
spite these benefits, brightly colored vegetables, which are the primary dietary sources of
carotenoids, remain among the least consumed type of vegetables in the U.S. population [8].

Data from the National Health and Nutrition Examination Survey (NHANES) 2009–
2018 indicate that approximately two-thirds of total dietary carotenoids in the U.S. diet come
from lycopene-rich foods, such as tomato products, salsa, pizza, and watermelon, while
only 33% are derived from other carotenoid-rich sources such as carrots, spinach, kale, sweet
potato, and broccoli [9]. In addition, household purchase data suggest declining trends in
fruit and vegetable purchases following the COVID-19 pandemic in 2020 [10]. Together,
these trends underscore the need for targeted interventions and continued monitoring
of carotenoid intake in the U.S. population. However, monitoring diet is challenging
because traditional dietary assessment methods are resource-intensive, time-consuming,
and laborious. Consequently, objective and non-invasive approaches to assess carotenoid
intake are increasingly needed.

The Veggie Meter® (Longevity Link Corporation, Salt Lake City, Utah 84108, USA) is a
reflection spectroscopy (RS)-based device that offers a non-invasive method to measure skin
carotenoids in adults and children [11]. Skin carotenoids serve as an objective biomarker of
carotenoid-rich fruit and vegetable intake over the past four to eight weeks [12,13]. The
Veggie Meter® has been validated against plasma carotenoids in randomized controlled tri-
als in adults that showed a minimum increase in skin carotenoid score (SCS) of 97 units [14]
following an 8-week intervention with a high-dose (31 mg/day) lycopene-rich juice and
123 units [15] following a 6-week intervention with a high-dose (8 mg/day) β-carotene-rich
juice. A higher SCS has also been associated with better overall diet quality [16] and
improved metabolic health indicators in adults [17,18]. These findings suggest that SCS
assessment has strong potential as a non-invasive tool for dietary monitoring and health
screening in community-based nutrition programs.

Although many studies reported small but positive correlations between SCSs and to-
tal dietary carotenoid intake, associations with SCSs and individual dietary carotenoids var-
ied. For example, correlations between dietary lycopene intake and SCSs have consistently
been reported as non-significant [19–23]. Additionally, while some studies demonstrated
significant positive associations between the RS-based SCS and α-carotene, β-cryptoxanthin,
lutein and zeaxanthin [19,24], others reported no association [20–23,25,26]. These incon-
sistencies may be due to differences in dietary assessment methods or low intake levels
of certain carotenoids among study populations. Consequently, research and community
nutrition programs seeking to assess individual dietary carotenoid intake may benefit from
pairing SCS measurements with a targeted dietary carotenoid assessment tool that is valid
for the U.S. population and is easy to administer.

Dietary screeners are brief, nutrient-focused instruments that efficiently capture tar-
geted intake information with minimal participant burden [27]. To the authors’ knowledge,
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only one carotenoid screener has been developed for U.S. adults and validated within
a limited population. Casperson et al. (2023) [28] developed and validated a 44-item
carotenoid intake screener against corresponding plasma carotenoids (r = 0.35) and with
the RS-based SCS (r = 0.24) in nonobese Midwestern American adults, where 89% were non-
Hispanic White participants [28]. Faraji et al. (2022) [21] used the same carotenoid intake
screener to measure dietary carotenoids in African American/Black college students and
found no relationship between total dietary carotenoids and plasma carotenoids. However,
Faraji et al. reported significant positive correlations (r) between SCSs and total dietary
carotenoids (0.25), β-carotene (0.23), and lutein and zeaxanthin (0.28) [21]. No associations
were observed for lycopene, β-cryptoxanthin, and α-carotene [21].

Taken together, existing evidence indicates that the RS-based SCS shows inconsis-
tent associations with specific dietary carotenoids. Furthermore, the currently available
brief carotenoid intake screener has been validated only within two small, region-specific
populations [21,28], which limits its broader applicability. Therefore, the present study
extends previous validation work by evaluating the 44-item carotenoid intake screener
in a geographically diverse sample of U.S. adults. This study explored associations for
individual carotenoid species to determine whether the previously reported non-significant
correlations persist in a larger and more heterogeneous population. By doing so, this study
provides new evidence regarding the generalizability of the screener and its utility for
assessing dietary carotenoid intake in diverse U.S. adults.

2. Materials and Methods
2.1. Study Design, Recruitment, and Enrollment

This was a cross-sectional research study that was conducted across 8 different sites in
the U.S. The sites were: the University of Oklahoma Health Sciences Center in Oklahoma City,
OK; the University of Nebraska in Lincoln, Nebraska (UNL); East Carolina University and
North Carolina State University collaborative, North Carolina (ECU/NC State); the University
of Arkansas for Medical Sciences (UAMS) campuses at Fayetteville (UAMS-Fayetteville) and
Little Rock (UAMS-Little Rock); Oklahoma State University in Stillwater, OK (OSU); the Grand
Forks Human Nutrition Research Center in Grand Forks, North Dakota (GFHNRC); and the
San Francisco Department of Public Health (SFDPH). Each site received its own IRB approval
from the respective University Institutional Review Board. All sites participated in protocol
development, study design, and data collection. The OUHSC was the coordinating site, and
the OUHSC investigator was either added to the IRB application for all sites or completed a
data transfer agreement. The original study aim was to assess inter- and intra-device reliability
of a total of 16 Veggie Meter® devices across these 8 sites (two devices per site), and this
current research is a secondary aim of the original study [29].

2.2. Recruitment and Participants

Participants were recruited through word-of-mouth, online flyer distribution, and
emails, until about 35 participants were recruited per site. Interested participants contacted
the respective research project managers at the site, and then via email or phone conversa-
tion, an in-person visit to the laboratory setting was scheduled. Eligible participants were
English-speaking, healthy adults 18 to 65 years old who had no impairments or deformities
to their non-dominant ring finger. Participants were excluded or told to reschedule if they
ate Doritos, Cheetos, or Takis in the previous three days prior to their appointment or used
self-tanning lotion in the past two weeks prior to their data collection visit. Recruitment
and data collection occurred from July 2022 through November 2023, and participants in
some sites received financial compensation of varying amounts ($15, $25, and $35) based
on the site-level funding availability and IRB approvals.
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2.3. Procedure

Participants visited the research data collection sites one time. During the data col-
lection visits to the laboratory settings, research team members collected signed consents
from participants. After collecting consents, participants’ height and weight data were
collected at 5 sites. At two research sites, SFDPH and UAMS-Little Rock, participants’
self-reported height and weight were collected; the UAMS-Fayetteville site did not collect
any anthropometric data. Then, participants completed online surveys using Qualtrics on
a laptop or iPad at 5 sites or in paper–pencil modality at three sites: OSU, GFNHRC, and
SFDPH. The total time commitment for completing these three questionnaires was 30 to
50 min for the participants. During this single visit to the research lab, the research team
members collected participants’ SCSs using two Veggie Meter® devices. Below is a more
detailed protocol for each of these measures.

2.4. Anthropometric Measures

At the 5 research sites that measured participants’ height and weight, height was mea-
sured in bare or socked feet to the nearest half centimeter (cm) and weight was measured
to the nearest 0.01 kg. Body Mass Index (BMI) was calculated from corrected height and
weight using the formula BMI = (Weight in kg)/(Height in m)2. Further details about
height–weight measurement are reported elsewhere [29].

2.5. Online Questionnaire and Survey

Participants filled out three online questionnaires in total. The first questionnaire asked
about participants’ demographic characteristics, such as age, sex, race/ethnicity, and smok-
ing status. The second questionnaire asked about participants’ dietary intake of carotenoid-
rich foods over the last week using a short 44-item dietary carotenoid intake screener
developed and validated by Casperson et al. (2023) [28] and Faraji et al. (2022) [21]. In the
current study, it took about 20 min for participants to complete this screener. The USDA-
ARS GFHNRC provided values of micrograms of total dietary carotenoids, β-carotene,
α-carotene, β-cryptoxanthin, lycopene, lutein and zeaxanthin provided per serving of
each food in the screener [21,28]. Total 7-day intake for each carotenoid was calculated by
multiplying the carotenoid content (µg/serving) of each food by the number of servings
consumed and summing across all foods.

The third questionnaire asked participants about their skin reactivity, using the Fitz-
patrick scale [30], which is a reliable and valid self-report tool [31]. This tool is consid-
ered the gold standard for assessing skin reactivity to the sun’s ultraviolet radiation and
the skin’s ability to tan and is highly correlated with skin melanin content (rs = 0.98,
p < 0.001) [32]. In the current study, this data was collected as an alternative indicator of
skin pigmentation or melanin content.

2.6. Skin Carotenoid Score (SCS)

The original study aimed to capture inter-device reliability of the Veggie Meter®

devices. Detailed protocols for the SCS data collection for each site have been reported [29].
We collected a total of 10 scans using two Veggie Meter® devices (Device 1 and Device 2)
for each participant per site (8 sites; 16 devices total). Device numbering was arbitrary and
determined independently by data collectors at each site. During data collection, the Veggie
Meter® devices were calibrated based on the manual provided by the company (Longevity
Link Corporation, Salt lake City, Utah 84108, USA) [33]. After calibrating, participants
were asked to wash and dry their hands, then place their non-dominant ring finger on
the lens to collect the SCS. Participants inserted and removed their fingers for each scan,
with a five-minute gap between each scan until 5 non-consecutive SCSs were collected
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from each device. Every site used a unique pair of Veggie Meter® devices to collect the
data. For each pair of scans, the order of the devices was counterbalanced. Researchers
immediately recorded these SCSs on a paper-based form and later filled out an online
Qualtrics form to merge all datasets from the 8 sites. Between the two devices at each site
intra-class correlation coefficients ranged from 0.58 to 0.94, and absolute relative differences
ranged from 12.7% to 22% [29]. Due to variability in inter-device reliability across sites, we
analyzed SCS values separately by device position. Data from Device 1 across sites were
pooled to compute correlations, and the same was done for every Device 2, yielding two
sets of correlations based on eight site-specific device pairs.

2.7. Data Analysis

Datasets were checked for erroneous values, missingness, and duplicates. Values of
“Prefer not to answer” or “Don’t know/not sure” were treated as missing. About 0.4–1.8%
of data were missing across the variables, except marital status (12.86%) and BMI data for
the UAMS-Fayetteville. Participants’ average SCS was calculated for each set of devices.

Given that prior studies reported bivariate correlations between the SCS and dietary
carotenoids, Spearman’s Rank correlation analyses were done. First, random separate
correlation analyses were conducted for each set of devices. Additionally, linear mixed-
effects regression models were conducted to examine associations between individual
predictors and participant-level SCS, controlling for BMI for each set of devices. To test
the significance of each predictor, the full model was compared with a reduced model that
excluded the predictor of interest, using Type III likelihood ratio tests to calculate p-values.
Each regression model included a random intercept to account for clustering by site. The
units for dietary carotenoids were set as milligrams (mg) in the correlation and regression
models. Complete-case analysis was used for all statistical models.

Adjusted p-values were calculated for multiple correlation analyses and comparisons
using the Bonferroni method for all predictors, where the number of predictors k = 60
across all models run. All data analyses were conducted using R v4.5.0.

3. Results
Demographic characteristics and descriptive statistics are provided in Table 1. The

total number of participants included in the current analyses was 280, and the number of
participants per site ranged from 33 to 37. The majority were female (72.4%). About 9.8%
of the participants self-reported their race as African American, 1.5% American Indian
or Alaska Native, 19.3% Asian, 0.4% Pacific Islander, 68% White, and 1.1% from other
racial identities. About 8.6% of the participants reported Hispanic ethnicity. The majority
of participants (81.7%) were college graduates or higher. Participants’ ages ranged from
18 to 70 years, with a mean age of 31.7 (±10.2) years. About 94% reported that they did
not currently smoke and/or use any vaping or electronic smoking devices. Participants
fell into several Fitzpatrick scale score categories, with most (74.7%) being either Type III,
Medium White to Olive, or Type IV, Olive Tone (Table 1). Participants’ mean BMI was
26.96 ± 6.03 kg/m2, and 4.4% of the participants were underweight; 40.6% had normal
weight; 27.7% had overweight; and 27.3% had obesity.

For 90% of participants, we measured the SCS by scanning their left ring finger.
Participants’ mean SCS for device set 1 ranged from 229.2 ± 72.3 to 325.6 ± 94.1, and for
device set 2, the mean SCS ranged from 241 ± 65.6 to 304.9 ± 87.1. The mean (±SD) SCS
from each device per site is provided in Table 1. The mean (±SD) dietary carotenoid intake
across the sites for all participants is reported in Table 2. The mean total dietary carotenoid
intake was 24,739.2 ± 16,073 (mcg/week). Participants’ mean dietary intake for each food
on the carotenoid intake screener is provided in Supplementary File S1.
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Table 1. Demographic characteristics and descriptive statistics for a geographically diverse U.S.
sample recruited from eight different research sites (N = 280).

Characteristics/Variables N (%) 1

Sex

Male 77 (27.6%)
Female 202 (72.4%)

Race

African American or Black 27 (9.8%)
American Indian or Alaska Native 4 (1.5%)
Asian 53 (19.3%)
Pacific Islander 1 (0.4%)
White 187 (68%)
Other 3 (1.1%)

Ethnicity

Hispanic or Latino 24 (8.6%)
Non-Hispanic 255 (91.4%)

Education

High school/GED 13 (4.7%)
Some college or tech school (1–3 yrs) 38 (13.6%)
College graduate 115 (41.2%)
Professional or graduate school 113 (40.5%)

Marital Status

Single 106 (43.4%)
Living with partner (unmarried) 27 (11.1%)
Married 101 (41.4%)
Separated 3 (1.2%)
Divorced 7 (2.9%)

Smoked at least 100 cigarettes in your entire life?

Yes 43 (15.6%)
No 232 (84.4%)

How often do you currently smoke?

Every day 2 (0.7%)
Some days 13 (4.7%)
Not at all 260 (94.6%)

How often do you currently use chewing tobacco, snuff, or snus?

Every day 0 (0)
Some days 1 (0.4%)
Not at all 276 (99.6%)

How often do you currently use e-cigarettes, a vape pen, or an e-hookah?

Every day 6 (2.2%)
Some days 11 (4%)
Not at all 260 (93.9%)

Finger used for skin carotenoid score

Left ring finger 252 (90%)
Right ring finger 28 (10%)

Fitzpatrick scale score categories

Type I (0–6); Light, Pale White 7 (2.5%)
Type II (7–13); White, Fair 45 (16.3%)
Type III (14–20); Medium White to Olive 112 (40.4%)
Type IV (21–27); Olive Tone 95 (34.3%)
Type V (28–34); Light Brown 18 (6.5%)
Type VI (35–40); Dark Brown 0 (0)

Mean ± SD

Age 31.69 ± 10.17
Height (in cm) 167.72 ± 9.48
Weight (in kg) 75.87 ± 18.14
Body Mass Index (BMI) (=kg/m2) 26.96 ± 6.03
Mean skin carotenoid score (SCS) 282.97 ± 26.47
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Table 1. Cont.

Characteristics/Variables N (%) 1

Mean SCS per site 2 Device 1 Device 2

OUHSC 291.34 ± 90.04 296.57 ± 86.29
UNL 289.73 ± 74.29 280.77 ± 72.35
ECU/NC state 274.47 ± 60.60 241.03 ± 65.55
GNHNRC 276.61 ± 83.86 277.05 ± 85.28
UAMS-Fayetteville 293.64 ± 60.11 300.69 ± 62.92
UAMS-Little Rock 229.17 ± 72.34 243.50 ± 74.09
SFDPH 325.63 ± 94.08 295.01 ± 99.93
OSU 307.30 ± 87.84 304.94 ± 87.13

1 Percentages were calculated using available (non-missing) data; therefore, denominators may differ across
variables and Percentages may not total 100% because of rounding to the nearest decimal place. 2 Participants’
skin carotenoid score (SCS) was collected using two Veggie Meter® devices (Device 1 and Device 2). There were a
total of 8 sites and 16 Veggie Meter® devices. For each participant, a total of 10 scans were collected.

Table 2. Mean dietary carotenoid intake (mcg) for 7 days across 8 research sites measured using the
carotenoid intake screener in a geographically diverse U.S. sample (N = 278) 1.

Carotenoids Total OUHSC UNL ECU/ NC State GNHNRC UAMS-Fayetteville UAMS-Little Rock SFDPH OSU

α-Carotene 933.8 ± 1242.1 703.9 ± 702.4 1009.6 ± 878.7 580.8 ± 452.6 1123.4 ± 1378 670 ± 556.3 803.5 ± 711.4 1844.2 ± 2617.6 720.06 ± 582.90

β-Carotene 7439.7 ± 6336.7 7239.1 ± 7066 7791.7 ± 7000.7 6823 ± 4975.5 6872.3 ± 5257.9 5943.7 ± 3909.7 7513.2 ± 6424.6 10,377.7 ± 7746.2 6871.3 ± 6916.7

β-Cryptoxanthin 137.3 ± 111.6 114.4 ± 96.9 163.4 ± 144.9 96.2 ± 104.7 134.2 ± 105.2 152 ± 97.4 156.1 ± 124.4 162.5 ± 110.4 120 ± 88.7

Lutein + zeaxanthin 7416.5 ± 7311.9 8668.3 ± 10,263 7893.2 ± 9110.9 7411.2 ± 7456.3 5439.4 ± 4457 6381.7 ± 5684.4 6679 ± 5905 10,301.5 ± 7166.5 6498.4 ± 6183.6

Lycopene 8811.9 ± 6453.1 8026.1 ± 3720.9 12,005.3 ± 9345.9 7787.6 ± 5386.6 9100.4 ± 7205.3 8079.4 ± 4773 8907.1 ± 5286.9 9088.3 ± 6208.8 7459.4 ± 7375.9

Total carotenoids 24,739.2 ± 16,073 24,751.9 ± 17,833.5 28,863.5 ± 22,462.2 22,698.7 ± 13,514.2 22,670 ± 12,091.6 21,226.8 ± 9914.1 24,059.1 ± 12,353 31,774.3 ± 17,903.1 21,669 ± 16,981

1 Carotenoid intake screener is a validated 44-item dietary screener for assessing total and individual dietary
carotene in U.S. populations [28,29].

Spearman’s Rank correlations between the SCS and total dietary carotenoids for device
set 1 was rs1 = 0.21, p < 0.001 and for device set 2 was rs2 = 0.17, p = 0.004. The SCS was also
correlated with dietary α-carotene (rs1 = 0.22, p < 0.001; rs2 = 0.21, p < 0.001), β-carotene
(rs1 = 0.25, p < 0.001; rs2 = 0.21, p < 0.001), β-cryptoxanthin (rs1 = 0.21, p < 0.001; rs2 = 0.23,
p < 0.001), and lutein and zeaxanthin (rs1 = 0.21, p < 0.001; rs2 = 0.15, p < 0.001). Correlation
between lycopene and SCSs was not significant (rs1 = −0.01, p = 0.8; rs2 = 0.005, p =0.9).

Regression results were similar to Spearman’s Rank correlations. For both sets of
devices, among the demographic characteristics, Fitzpatrick skin type, smoking habits, and
other non-dietary variables, only BMI was significantly correlated with SCSs. A higher BMI
was associated with a lower SCS (B1 = −4.2, p < 0.0001; B2 = −4, p < 0.0001). After adjusting
for multiple comparisons and controlling for BMI, α-carotene (B1 = 2.11, p < 0.001; B2 = 2.19,
p < 0.001), β-carotene (B1 = 0.47, p < 0.001; B2 = 0.43, p < 0.001), β-cryptoxanthin (B1 = 20.5,
p = 0.004; B2 = 21.1, p = 0.004), and total carotenoids (B1 = 0.13, p = 0.014; B2 = 0.11, p = 0.045)
remained significantly associated with SCSs. After adjusting for multiple analyses, lutein
and zeaxanthin were significantly correlated with SCSs from device set 1 but not with
device set 2 (B1 = 0.3, p = 0.008; B2 = 0.24, p = 0.01). Lycopene was not associated with
SCSs in either device set (B1 = −0.13, p = 1, B2 = −0.11, p = 1.0). All bivariate correlation
statistics, regression model coefficients, and corresponding p-values are reported in Table 3.
Additionally, marginal and conditional R2 values and effect size measures for mixed models
are provided in Supplementary File S2.

https://doi.org/10.3390/nu18152515

https://doi.org/10.3390/nu18152515


Nutrients 2026, 18, 2515 8 of 14

Table 3. Associations between dietary carotenoid intake and skin carotenoid score measured using
two sets of Veggie Meter® devices in a geographically diverse U.S. sample.

Dietary Carotenoid
Intake over 1 Week (mg)

Spearman’s Rank
Correlation 1 (n = 278)

Linear Mixed Models (n = 245)

Regression Coefficients 1,3,4

Unstandardized, B
(Standardized, β)

95% Confidence Interval 5

p-Values 6

rs p-Values 2 Lower Limit Upper Limit

Set of Device 1

α-Carotene 0.22 0.0003 2.11 (0.23) 1.06 3.16 0.0001
β-Carotene 0.25 0.0000 0.47 (0.26) 0.27 0.67 <0.0001

β-Cryptoxanthin 0.21 0.0004 20.5 (0.19) 8.6 32.39 0.0007
Lutein and zeaxanthin 0.21 0.0004 0.3 (0.18) 0.11 0.48 0.0013

Lycopene −0.01 0.8251 −0.13 (−0.07) −0.34 0.08 0.2198
Total carotenoids 0.21 0.0006 0.13 (0.18) 0.05 0.21 0.0022

Set of Device 2

α-Carotene 0.21 0.0004 2.19 (0.24) 1.13 3.25 0.0001
β-Carotene 0.21 0.0005 0.43 (0.24) 0.23 0.64 <0.0001

β-Cryptoxanthin 0.23 0.0002 21.14 (0.20) 9.05 33.22 0.0006
Lutein and zeaxanthin 0.15 0.0099 0.24 (0.15) 0.05 0.42 0.0125

Lycopene 0.005 0.9385 −0.11 (−0.06) −0.32 0.11 0.3250
Total carotenoids 0.17 0.0039 0.11 (0.16) 0.03 0.2 0.0076

1 Dependent variable = average skin carotenoid score (SCS). 2 Bolded p-values from Spearman’s rank correlations
remained significant after adjusting for multiple comparisons. Adjusted p-values were computed using the
Bonferroni method where total number of predictors were k = 6). 3 Model covariates included Body Mass Index
(BMI, kg/m2). 4 Total carotenoid and individual carotenoid species intakes over 7 days (mg) were used for
this analysis. Unstandardized Regression Coefficients (B) should be interpreted as the unit increase in dietary
carotenoid intake associated with 1 unit change in the skin carotenoid score (measured by the Veggie Meter®).
For example, a 4.7 mg/week increase in β-carotene intake corresponds to a 10-unit increase in the SCS, after
adjusting for BMI. Again, a 210 mg/week increase in β-cryptoxanthin intake corresponds to a 10-unit increase in
the SCS, after adjusting for BMI. 5 CI values are for Unstandardized Regression Coefficients. 6 Bolded p-values are
significant after adjusting for multiple analyses using the Bonferroni method, where the total number of predictors
k = 60 across all models.

4. Discussion
The current multisite study explored the relationship between the RS-based SCS and

self-reported dietary carotenoid intake measured using a dietary screener [21,28] and deter-
mined the utility of combining the carotenoid intake screener with RS. This was a secondary
aim analysis of a previously published study, where researchers used two sets of Veggie
Meter® devices to collect participants’ SCSs. The current study showed slight variation
in how participants’ SCSs were associated with total dietary carotenoids and individual
carotenoids. The observed correlations were significant but modest (rs ≈ 0.15–0.25), corre-
sponding to approximately 3–6.4% shared variances. Additionally, BMI was significantly
related to SCSs, but Fitzpatrick skin type, smoking status and other demographic factors
were not related to RS-based SCSs in this sample. Collectively, these findings add to
the evidence supporting the criterion-related validity and generalizability of the 44-item
carotenoid intake screener across a broader U.S. adult population than previously stud-
ied. In addition, they provide new evidence that inter-device variability among Veggie
Meter® devices may affect the strength of associations between SCSs and individual di-
etary carotenoids, underscoring the importance of standardized device calibration and the
complementary use of dietary assessment tools when estimating individual carotenoid
intake in research settings.

As this was a secondary analysis, the available dataset limited the ability to consider
many potentially relevant covariates that may have influenced the outcomes. Among
the variables considered, smoking habits were not associated with SCSs in the current
study. This may be because approximately 95% of participants in the current study were
non-smokers, compared to about 65% in a previous study that reported a significant
association [34]. Similarly, the majority of the participants were highly educated, with
95.3% having some college or graduate degrees. This potentially limited the statistical
power to detect effects of smoking and education in the current sample. Consistent with
prior research, there was a negative association between SCSs and BMI, likely due to the
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sequestering of the circulating carotenoids in adipose tissue among individuals with higher
body fat [5,35,36]. The original validation study of the carotenoid intake screener did not
include participants with obesity; however, in the current study, 27% of participants had
obesity. Thus, the current study extends the screener’s usability among individuals with
higher BMI.

Regarding correlations between individual dietary carotenoids and SCSs, the results were
also broadly consistent with prior studies. Prior studies have demonstrated small-to-moderate
correlations between total self-reported dietary carotenoid and SCSs (r = 0.17–0.69) reported
in several studies [19,25,28,37–41], which is comparable to the current study findings (rs = 0.17
to 0.21 and B = 0.11 to 0.13). Evidence for associations between individual dietary carotenoids
and the RS-based SCSs has been more limited. In previous research, results for lycopene,
β-cryptoxanthin, lutein and zeaxanthin varied across studies [19,25,42,43]. In the current
study, all self-reported intake of individual carotenoids except lycopene was significantly
correlated with SCSs in Device 1.

Despite relatively high lycopene intake (approximately 36% of total carotenoid intake),
lycopene was not correlated with SCSs. Similarly, a 3-week intervention with lycopene-rich
juice in adults with obesity increased plasma lycopene but did not change the SCS [44].
Wu et al. also reported no significant correlation between plasma lycopene and the Veggie
Meter® SCS, suggesting that the RS-based SCS may not reliably detect lycopene [19]. In
contrast, Kiem et al. found a small but positive correlation (rs = 0.2, p < 0.001) between
plasma lycopene and the Veggie Meter® SCS. These inconsistent findings suggest that
further research is needed to explore the reliability of the Veggie Meter® in detecting
lycopene in skin [43]. The RS-based SCS should be interpreted cautiously in populations
with lycopene-rich diets (e.g., high consumption of tomatoes or watermelon).

There was high inter-device variability between the two sets of devices (absolute rela-
tive difference 7.5–22%) [29]. Device variability may have attenuated associations between
the SCS and specific dietary carotenoids, particularly for carotenoids that exhibit weaker re-
lationships with skin carotenoid concentrations. These findings highlight the importance of
considering inter-device variability when interpreting RS-based SCS measurements across
studies or devices. As evidence of variability among Veggie Meter® devices continues to
accumulate [45,46], combining the RS-based SCS with a dietary assessment tool, such as a
carotenoid intake screener, may provide a more robust assessment of individual carotenoid
intake than relying on either measure alone.

A methodological contribution of the current study is demonstrating that the carotenoid
intake screener [28] can capture carotenoid intake patterns in U.S. populations over the past
week with relatively low participant burden, requiring approximately 20 min to complete.
Additionally, researchers can estimate total and individual dietary carotenoid intake by
multiplying the reported servings of foods and beverages by their corresponding carotenoid
values per serving. By focusing specifically on carotenoid-rich foods, the screener may
provide a more direct and reliable estimate of carotenoid intake compared to methods
designed to capture overall dietary patterns, while reducing measurement error. Finally,
consistent with prior work, current study findings suggest that Fitzpatrick skin type (I to V)
did not modify associations between dietary carotenoids and the SCS [19,21]. This supports
the broader applicability of the RS-based SCS across individuals with diverse skin types.

Strengths and Limitations

This study has several strengths. The multisite design and use of eight different sets
of Veggie Meter® devices enhance the generalizability of findings. Researchers in the
current study considered a comprehensive list of demographic variables, smoking habits,
varied obesity status, and skin types further, which allowed for the exploration of potential
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covariates. Additionally, large variability in the data and standard deviations are expected
with a single data collection timepoint for dietary assessment [47]. However, the carotenoid
intake screener’s 7-day reference period may have better captured habitual intake of
carotenoid-rich foods than two 24 h recalls [47], which are widely used for monitoring
dietary intake in the U.S.

The current study is a secondary analysis of the original study [29]; therefore, data on
several potential covariates of SCSs could not be included in the analyses. For example,
dietary fat intake, physical activity, and seasonality may be associated with SCSs, but these
data were not collected in the current study, although some confounders were statistically
adjusted in the models. However, because of the cross-sectional nature of the dataset,
residual confounding cannot be excluded entirely. Another limitation is that carotenoid-
containing dietary supplement use was not assessed. Supplemental carotenoid intake may
increase skin carotenoid scores independently of dietary intake and therefore represents a
potential source of residual confounding. Consequently, some participants may have had an
elevated SCS that was not attributable solely to dietary carotenoid intake. In addition, self-
reported dietary intake remains subject to recall error and misreporting. While the screener
captures both total and specific carotenoids, it may not fully reflect differences in food
sources or carotenoid bioavailability. Among other limitations, the current sample was a
convenience sample and included predominantly female and highly educated participants.
Although ethnic diversity is included in the sample, the current sample was not designed
to be nationally representative. As a result of the sampling strategy in the original study,
Hispanic adults are under-represented and the Fitzpatrick skin types in the current sample
under-represent individuals at the Type I and VI categories [48]. The findings should be
interpreted with consideration of these limitations.

5. Conclusions
Consistent with prior research, the current study findings align with the growing body

of evidence that SCSs may be a reliable biomarker of carotenoid exposure overall but not of
lycopene. The current study findings provide additional evidence for the criterion-related
validity of the carotenoid intake screener and highlight the value of combining dietary
assessment tools with RS-based SCS measures to improve the methodological rigor of
future research studies in U.S. adults.
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