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Abstract
Resonance Raman Spectroscopy (RRS) is a non-invasive method that has been developed to
assess carotenoid status in human tissues including human skin in vivo. Skin carotenoid status has
been suggested as a promising biomarker for human studies. This manuscript describes research
done relevant to the development of this biomarker, including its reproducibility, validity,
feasibility for use in field settings, and factors that affect the biomarker such as diet, smoking, and
adiposity. Recent studies have evaluated the response of the biomarker to controlled carotenoid
interventions, both supplement-based and dietary [e.g., provision of a high-carotenoid fruit and
vegetable (F/V)-enriched diet], demonstrating consistent response to intervention. The totality of
evidence supports the use of skin carotenoid status as an objective biomarker of F/V intake,
although in the cross-sectional setting, diet explains only some of the variation in this biomarker.
However, this limitation is also a strength in that skin carotenoids may effectively serve as an
integrated biomarker of health, with higher status reflecting greater F/V intake, lack of smoking,
and lack of adiposity. Thus, this biomarker holds promise as both a health biomarker and an
objective indicator of F/V intake, supporting its further development and utilization for medical
and public health purposes.
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1.0 INTRODUCTION TO SKIN CAROTENOIDS: HEALTH EFFECTS
Carotenoids accumulate in human skin, with the levels of carotenoids reflecting dietary
intake and bioavailability from food sources.1 The most common carotenoids in the Western
diet are alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene, lutein, and zeaxanthin.2

After absorption in the intestine, carotenoids are transported through the bloodstream by
lipoproteins to various target tissues,3,4 including skin. Cholesterol transporters, such as
scavenger receptor class B1 type 1 protein (SR-B1) and Cluster of Differentiation 36
membrane protein (CD 36), appear to facilitate absorption of carotenoids in the intestine,5

and these transporters may also facilitate carotenoid absorption in the epidermal layers of the
skin.6 Some have suggested that sweat and sebum may also transport carotenoids to the skin
surface, allowing the carotenoids to subsequently penetrate back into the skin.7 Carotenoids
are lipophilic molecules found in many tissues, including skin--especially in skin sites where
the stratum corneum, the upper-most skin layer, is thick.8 Body sites highest in total skin
carotenoid levels include the sole of the foot, forehead, and palm of the hand9 (e.g.,
vegetarians are commonly noted to have “yellow” palms due to visible carotenoid
accumulation). All of the major carotenoids have been detected in human skin using
chemical (e.g., HPLC) analysis.8,10

There has been and continues to be considerable interest in possible health effects of
carotenoids in skin as reviewed elsewhere.11–13 Arguably the best-studied potential health
effect of carotenoids beyond a role in provitamin A activity is a role in photoprotection, that
is, the protection against erythema and sunlight damage.11–15 Beta-carotene has established
efficacy in the treatment of erythropoietic protoporphyria, a photosensitivity disease.16,17 In
humans without this disease, there is also evidence from controlled studies that carotenoids
such as beta-carotene have efficacy in the protection from sunburn,18 although the sun
protection factor (SPF) is modest (i.e., approximately equal to 2). Carotenoids are known to
quench singlet oxygen and other free radical species, which are generated in the skin by
exposure to UVA and can cause skin damage.16 Several recent studies have examined the
potential protective effects of carotenoids against premature photoaging of the skin, marked
by signs such as wrinkling, pigmentation, dryness, and inelasticity. There is suggestive
evidence for a protective effect of beta-carotene on photoaging.19 It has also been suggested
that other carotenoids, such as lycopene20 and astaxanthin21 may also protect against
photoaging. Tobacco smoking, which also generates free radical species, is another cause of
premature skin aging,22 further suggesting that free radical quenching ability of carotenoids
may contribute to photoprotection/reducing premature skin aging.

1.1 INTRODUCTION TO SKIN CAROTENOIDS AS A BIOMARKER OF FRUIT AND
VEGETABLE INTAKE

Not only is skin carotenoid assessment of interest for studying the direct effects of
carotenoids on skin, but there is great interest in assessing skin carotenoids as a biomarker of
fruit and vegetable intake. Higher relative to lower fruit and vegetable intake has been
associated with a reduction in the risk of a number of chronic diseases, including various
cancers,23 cardiovascular disease,24 age-related degenerative diseases,25 and obesity.26

Many countries, including the U.S., are supporting interventions to increase fruit and
vegetable intake, and the recent Dietary Guidelines for Americans 2010 27 recommendation
states that individuals should “increase vegetable and fruit intake.” In order to identify
populations at particular risk for inadequate intake of fruits and vegetables, and to evaluate
the success of interventions aimed at increasing fruit and vegetable intake, objective
indicators of fruit and vegetable intake are critically needed. This is especially true in studies
involving children, where it is extraordinarily difficult to obtain valid dietary intake data.28

Parents and caregivers typically do not observe all meals consumed, and young children lack
the cognitive ability to self-report diet.
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Fruits and vegetables are concentrated sources of carotenoids. Carotenoids can be measured
in blood and in other tissues, and levels in blood and tissues are correlated with dietary
intake of both total and specific carotenoids.29 Plasma concentrations of carotenoids also
increase significantly in response to fruit/vegetable behavioral interventions.30,31 Given their
widespread distribution in fruits and vegetables, carotenoids have been used as an objective
biomarker of fruit and vegetable intake. The National Academy of Sciences2 stated “blood
concentrations of carotenoids are the best biological markers for consumption of fruits and
vegetables.”

Thus, blood concentrations of carotenoids can and have served as concentration biomarkers
of fruit and vegetable intake, and are used in nutritional surveillance (e.g., NHANES
biochemical components), in observational research studies, and as a marker of adherence in
relevant behavioral interventions. Concentration biomarkers can be used to calibrate and
correct for measurement error in self-reported nutrient intake data, improving the quality of
dietary exposure data for epidemiologic research.32 Despite these advantages of blood
carotenoids as a biomarker, there are real and significant disadvantages to the use of plasma
or serum carotenoid concentrations, including cost (of sample collection, processing,
storage, and chemical analysis, usually by HPLC); the need for study participants to agree to
submit to venipuncture, which may introduce participation bias; sample lability during
processing and analysis; and the relatively short half-life of carotenoids in blood.33 Adipose
tissue is thought to be a more stable depot of carotenoids,34 and a few epidemiologic studies
have utilized adipose tissue to assess carotenoid status. However, this approach requires
biopsies and extensive sample preparation prior to HPLC analysis (to remove lipid) and thus
is even more prohibitive to use in the setting of large population studies. Despite the costs
and other limitations, blood carotenoids have been the biomarker of choice for fruit and
vegetable intake for human studies.

1.2 NONINVASIVE ASSESSMENT OF SKIN CAROTENOIDS
As described above, skin carotenoids are of current interest as a biomarker associated with
better health, as well as a potential biomarker of fruit and vegetable intake. Both of these
areas of research would be greatly facilitated by the availability of non-invasive approaches
to rapidly assess carotenoid status in living human skin. Because of some of the unique
properties of carotenoids, both reflectance based methods35 as well as methods utilizing
resonance Raman light scattering spectroscopy (RRS) have been evaluated.

RRS is a form of laser spectroscopy that detects the characteristic vibrational/rotational
energy levels of a molecule. Carotenoids are particularly well suited to RRS, as all have a
conjugated carbon backbone molecular structure, strongly absorbing in the blue wavelength
region and thus providing the basis for efficient resonant laser excitation of the molecules
with visible laser lines. The backbone consists of alternating carbon double- and single-
bonds, with the conjugation length differing between particular carotenoid species. The
stretch vibration frequencies of the carbon double and single bonds can be detected with
RRS, where they appear as sharp spectral lines that are shifted by the vibration frequencies
relative to the frequency of the excitation laser.9 In homogeneous, optically thin solvent
systems, the intensity of the resonance Raman scattered light is linearly related to the
carotenoid concentration, thus serving as an optical measure for carotenoid content.

These light scattering properties have led us to explore the use of RRS for the non-invasive
quantitative optical measurement of carotenoids and their spatial distributions in living
human tissue, initially in the human macula (retina),36–38 and shortly after also in human
skin8,9,39–41 and oral mucosal tissue.9 Typical spectra for skin are shown in Fig. 1 and
compared with an RRS spectrum for a beta-carotene solution. A growing number of studies,
done by our group as well as other research groups over the past several years, support the
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promise of this approach. Below we summarize what is known about skin carotenoid status
as assessed by RRS, including reproducibility, validity, feasibility of use in field settings,
and factors known to affect skin carotenoid status. We conclude with a discussion of future
research needs with regard to assessment of skin carotenoid status.

2.0 BIOMARKER DEVELOPMENT: INTRA- VERSUS INTER-SUBJECT
VARIABILITY

An early step in the development of any biomarker is characterizing the intra-(within)
subject variability as well as the inter- (between) subject variability. Ideal biomarkers would
vary widely across different individuals within a population, but be relatively constant over
time within an individual. To understand the variability in skin carotenoids as assessed by
RRS, we conducted two initial surveys in which we recruited 57 and 1,375 healthy adults,
respectively, and measured the carotenoid status by RRS, choosing the palm of the hand as a
convenient tissue site. Wide distributions were evident, with large variation throughout the
populations.9,42 More recently, 74 healthy adults were recruited and their carotenoid status
assessed by RRS longitudinally six times over the ensuing six months.43 As shown in Figure
2A, we observed again a wide distribution of skin carotenoid status that was nearly normal
(slight right skew). We conducted a third, large study (N=381) in 3 to 4 year old children,44

which showed a similarly wide distribution (Figure 2B). Thus, there is adequate inter-
subject variation in skin carotenoid status as assessed by RRS.

We assessed the reproducibility of the skin carotenoid biomarker over time with intraclass
correlation coefficients (ICCs) across three body sites (palm, inner forearm, and outer
forearm) and over each of six time points.43 ICCs for total carotenoids for each of the six
time points ranged from 0.85 to 0.89, indicating that participants who had high Raman
counts in skin of one body site were similarly high in the skin of other body sites assessed.
ICCs for total carotenoids within each body site over time were as follows: palm = 0.97;
inner forearm = 0.95; outer forearm = 0.93, showing that biomarker levels were highly
consistent over time within each body site, with the highest reproducibility shown for the
palm. Similarly, another research group assessed skin carotenoids longitudinally in 10
subjects over a one-year period. They noted some seasonal variation (amounting to a 26%
overall increase in skin carotenoids) from winter/spring values to summer/autumn values.45

They also commented on some significant variation within just a single day; however, our
group has not observed this in multiple human studies suggesting that a significant
artifactual instrument variation rather than biological variation cannot be ruled out as a
source of this variation.

Another method to assess reproducibility for biomarkers is to assess agreement between a
single biomarker measure of skin carotenoid status, and the mean of multiple measures of
skin carotenoid status. We performed this analysis using data from our longitudinal study in
adults (six scans over six months), and observed good agreement between skin carotenoid
status measured by RRS at baseline and multiple time points.46 Of the 18 subjects
categorized in the highest quartile at baseline, 14 remained in the highest quartile when
carotenoid status was estimated as the average of six time points. Sixteen of the 18 subjects
categorized as the lowest quartile of carotenoid status at baseline remained in the lowest
quartile when their status was averaged over time. Overall, 56 of the total 74 subjects
remained in the same category of skin carotenoid status, and the weighted Kappa showed an
80% agreement (95% CI = 0.72–0.88) between the measures, supporting the feasibility of
obtaining a single measure as an index of usual carotenoid status, at least over six months (a
period with marked seasonal variation in climate and availability of fresh fruit and
vegetables where the study was conducted).
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2.1 BIOMARKER DEVELOPMENT: VALIDITY
Living human skin presents a highly heterogeneous tissue structure, is highly scattering, and
also contains several strongly absorbing and spectrally overlapping chromophores. In view
of the resulting highly complex light-tissue interaction scenario, it is necessary to validate
that the RRS device is assessing skin carotenoid status accurately. Details of the validation
work have been described previously47; here we describe two human studies in which we
compared RRS measured values in human skin against chemical (HPLC) analyses of skin
obtained from healthy adults. In the first study, we recruited a sample of 28 healthy adults
who agreed to undergo dermal posterior hip biopsy (3 mm punch), after being scanned at the
site of the biopsy using RRS. We then compared correlations between the RRS biomarker
(total carotenoids) and the relative levels in the dermal skin biopsies using HPLC. Total
carotenoid level in skin by RRS was significantly correlated with total carotenoid level in
skin by HPLC (r = 0.66, p = 0.0001).43 Because we were working with very small tissue
samples (with corresponding analytical challenges for HPLC analyses) and with punch
geometries in which the biopsied tissue thickness exceeded the light penetration depth, we
performed a second study, where heel skin carotenoid levels were measured in vivo using
the RRS method in eight subjects, and compared to HPLC results of relatively thin heel skin
slices (which produce more tissue than skin biopsies). The resulting correlation coefficient
was 0.95,47 indicating accurate quantitation.

2.2 BIOMARKER DEVELOPMENT: DETERMINANTS
Prior to using skin carotenoid status as a biomarker for human studies, a clear understanding
of factors that affect the biomarker is needed. Below we summarize determinants as reported
in the literature. Of note, some of these factors are known to be correlated with each other;
for example, smokers are known to consume fewer fruits and vegetables than non-
smokers.48–51 Thus, we have employed both univariate and multivariate analyses to
understand the significance and impact of various potentially correlated factors on skin
carotenoid status.

Diet—An analysis of our early survey of 1,375 healthy subjects indicated a pronounced
cross-sectional relationship between self-reported fruit and vegetable intake (a source of
carotenoids) and skin carotenoid RRS status.40,42 Subsequent cross sectional studies are also
quite consistent in showing significant associations between self-reported consumption of
fruits/vegetables and/or dietary carotenoid intake and skin carotenoid status, as measured by
RRS. This has been observed both in adults43,45,52,53 and children.44 Interestingly, in the
study of children, both parental report of the child’s frequency of consumption of fruits and
vegetables, as well as parental report of the child’s preference for carotenoid-rich fruits and
vegetables, was significantly correlated with skin carotenoid status. Thus, it is clear that skin
carotenoid status is a biomarker of diet; however, as is the case with diet in relation to
plasma carotenoids, the correlation coefficients are modest with substantial variation in skin
carotenoid status (cross-sectionally) unexplained by dietary intake. Note that this is typical
for many concentration biomarkers of nutrition in current use; the only biomarkers for which
diet explains most of the variance are reference or recovery biomarkers such as doubly-
labeled water and urinary nitrogen.32,54,55

Smoking—Our early survey of 1,375 healthy subjects revealed that smokers had much
lower levels of skin carotenoids than non-smokers.40,42 This has subsequently been
observed in other studies.43,56 More specifically, smokers had about a 20–30% reduction in
skin carotenoid levels when compared to non-smokers. Because some of this effect is likely
due to lower intake of carotenoids (in addition to the direct effects of tobacco-induced
oxidation of carotenoids), we performed multivariate analyses in one of our studies, which
showed, after correcting for dietary intake, that smoking was still associated with lower
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carotenoid status at baseline, although the p value was marginally significant (p = 0.07).46 In
our study of children, having a smoker in the home (and therefore having the child exposed
to environmental tobacco smoke) was also associated with a modest reduction (7%) in skin
carotenoid status (p < 0.10) although this was not significant in multivariate analyses.44

These findings are consistent with a large body of evidence linking smoking with substantial
reductions in plasma carotenoid levels57–61 and with research indicating that some, but not
all, of the reduction is due to lower intakes of carotenoids.60

Adiposity—Body mass index (BMI, or weight in kg divided by height in meters squared)
is a proxy measure of body fatness commonly used in human studies and is weakly and
inconsistently associated with lower skin carotenoid status. More specifically, Meinke et al.
observed that obese subjects (BMI ≥ 30) had 13% lower skin carotenoids, as measured by
RRS, compared to normal/overweight subjects (BMI < 30), p < 0.05.56 Rerksuppaphol and
Rerksuppaphol also observed lower skin carotenoid status in obese subjects relative to
normal weight subjects, but the association with obesity was not significant.52 In our own
work in adults, the highest skin carotenoid values were observed in subjects who were
underweight or normal body weight, although there was no trend and the association was not
significant.43 Similarly, in children, the highest skin carotenoid status was observed in
underweight and normal body weight children, although the trend was inconsistent and the
differences not statistically significant.44 Lower skin carotenoid status in persons of greater
adiposity may reflect that adipose tissue is serving as a reservoir for fat-soluble carotenoids,
may be a consequence of obesity-mediated inflammation (e.g., plasma carotenoids are
inversely correlated with biomarkers of inflammation such as C-reactive protein and
IL-6 62–64) or may reflect dietary intake differences between groups with different BMIs.
while we attempted to adjust for self-reported dietary differences in our statistical models,
diet is prone to measurement error and it remains uncertain whether lower carotenoid status
in the setting of obesity reflects poorer diet, inflammation, a greater adipose tissue reservoir,
or multiple effects.

Sunlight/Ultraviolet Radiation—Carotenoids are photolabile compounds, which may
explain our early observation that persons with habitual high sunlight exposure have
significantly lower skin carotenoid levels than people with little sunlight exposure.40,42 We
followed up on this cross-sectional association with a longitudinal study where we asked
subjects at each visit to self-report the number of hours during the past three days that their
skin had been exposed to the sun without sunscreen. We then performed statistical analyses
(linear mixed effects regression) to examine how the time-dependent measure of skin-
carotenoid status was associated with the time- dependent measure of recent sun exposure.
These analyses also indicated that recent sun exposure was a significant predictor of lower
skin carotenoid status over time (p=0.01).46 In this same study, we observed some seasonal
variation in skin carotenoid status, but in contrast to the results of Darvin et al.,45 who
observed higher carotenoid status in summer/autumn than spring, we observed lower skin
carotenoid status in the summer in this study.46 This may be because skin carotenoids reflect
dietary carotenoid intake over many weeks prior, and carotenoid intake in spring would be
expected to be relatively low in our climate (northeastern United States); however, it is also
plausible that sunlight/ultraviolet radiation may have accounted for some of the seasonal
variation observed in our study.

Further evidence for an effect of UV radiation on skin carotenoids comes from intervention
studies as summarized by Lademann et al. 65 UV irradiation of the skin of the forearm
resulted in significant decreases in beta-carotene and lycopene. In addition, infrared
irradiation also led to reductions in skin carotenoids. The authors speculate that solar
irradiation in the UV, IR and visible regions produced free radicals in skin that deplete
carotenoids.
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While sun exposure does appear to affect skin carotenoid status, it is worth noting that the
overall impact on carotenoids may be fairly modest (e.g., fully adjusted beta-coefficients
were small in our study),46 although we are unable to rule out a more substantial effect
under more extreme conditions of sun exposure than what were experienced in our free-
living study subjects.

Skin pigmentation—Most of the studies that have used RRS for skin carotenoid status
measures have been done in largely Caucasian populations, so there is limited information
available about the effect of skin pigmentation on RRS measures. In our adult study, we did
not have quantitative measures of melanin content in skin available, but instead assessed
skin color on the inner arm by matching it to a color wheel of skin tone samples used for
prosthetic devices (Steeper USA©, San Antonio, TX, USA). RRS measures were lowest in
the few subjects with the darkest skin tone,43 but this could reflect many other factors that
vary by race/ethnicity. When we performed multivariate analyses, skin tone was not
significantly associated with skin carotenoid status,46 although we had a small sample size,
and therefore limited power to detect an effect should one exist. More research is needed in
diverse populations, with quantitative measures of melanin content, to determine if skin
pigmentation is a determinant of skin carotenoid status. If so, correction of
spectrophotometrically assessed melanin in RRS devices is feasible for tissue locations
containing melanin. Generally, the influence of melanin on RRS scores can be largely
avoided by choosing measurement sites such as the palm of the hand9 or heel of the foot47

where melanin levels are typically low independent of ethnicity.

Genetic Factors—The enzyme that controls the metabolism of provitamin A carotenoids
into retinal (precursor to retinol), beta-carotene 15,15’-monoxygenase 1 (BCMO1), is
known to be polymorphic. In 2009, Leung et al.66 reported that two common
polymorphisms in this gene were associated with fasting plasma beta-carotene
concentrations. Ferrucci et al. used a genome-wide association approach to search for
genetic variants that were associated with circulating carotenoid levels; 4 single nucleotide
polymorphisms (SNPs) near the BCMO1 gene were identified.67 One SNP (rs6564851)
showed the strongest association with plasma beta-carotene; persons with the G allele had
higher plasma beta-carotene concentrations, although this SNP explained <2% of the
variance in plasma beta-carotene concentrations. This variant was also associated with
plasma concentrations of other carotenoids; more specifically, higher concentrations of
alpha-carotene, but lower concentrations of lutein, zeaxanthin, and lycopene. Hendrickson et
al. also examined SNPs in BCMO1 in relation to plasma carotenoid concentrations, and
calculated weighted gene scores in relation to individual carotenoids.68 The weighted gene
scores developed for each individual carotenoid were significantly associated with plasma
concentrations of other carotenoids--in some cases higher, and in some cases lower
concentrations. Thus, it appears that genetic variation is a significant determinant of
individual carotenoid concentrations in blood; however, the impact on total carotenoids in
blood would be expected to be less. Relevant to the skin carotenoid biomarker, we are
unaware of any published studies examining genetic variation in relation to skin carotenoid
status, cross-sectionally or in response to intervention, although such studies are underway.
Of note, the skin carotenoid biomarker as typically used (with blue light excitation at λ=488
nm) assesses total carotenoids, so results from plasma studies of single carotenoids may not
apply to the skin carotenoid biomarker.

Oxidative stress—When analyzed by a chemical assay based on urinary malondialdehyde
excretion, an indicator of oxidative lipid damage, people with high oxidative stress had
significantly lower skin carotenoid levels than people with low oxidative stress.40,42 Another
study used electron paramagnetic resonance spectroscopy to assess reduction of nitroxides
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as an indicator of antioxidative capacity of human skin, and found that skin carotenoid status
as assessed by RRS was correlated with the rate constant of nitroxide decrease.69 These
observations suggest that skin carotenoid RRS scores might be useful as a surrogate marker
for general antioxidant status. General stress factors (such as fatigue, illness) have also been
suggested to influence skin carotenoid status,45 but have not been quantitatively or
systematically assessed in multivariate models controlling for other factors.

Other factors—Age does not appear to be an important determinant of skin carotenoid
status in adults, although a wide age range has not been systematically evaluated. In babies
and young children, however, those who are older on average have higher skin carotenoid
status (see Section 2.3 below). In terms of gender, on average, women have higher skin
carotenoid status than men,43,56 consistent with what is known about adipose tissue70 and
plasma carotenoids,59 likely reflecting greater intake of fruits and vegetables in women
along with smaller body size.

2.3 BIOMARKER DEVELOPMENT: FEASIBILITY
As summarized above, RRS measures of skin carotenoid status appear to be reproducible
and valid, with known determinants in addition to carotenoid intake from foods. However,
before this method can be widely used in field research, the feasibility of assessment merits
consideration. Our first adult studies used a prototype RRS device that was not sufficiently
portable to enable its use in field settings.42,43 However, our group subsequently developed
and evaluated portable 488 nm solid state laser based compact instruments in field settings.
One such evaluation included our study of 3 and 4 year-old children who were assessed in a
preschool setting in Connecticut (Northeastern USA).44 We found it quite feasible to scan a
large number of children (nearly 400 total) in a relatively short time-frame with no
difficulties (e.g., up to 60 children were assessed in a two-hour window of data collection).
More recently, some of our team members have used the RRS device to assess skin
carotenoid status in the heel of infants and premature babies, as illustrated in Fig. 3.71

Results showed that preterm newborns had the lowest skin carotenoid scores, with RRS
values increasing across categories of age (e.g., term newborns and older infants). This is
consistent with our earlier work with 3 and 4 year-old children which found that skin
carotenoids were higher in the older than younger preschool children.44

2.4 BIOMARKER DEVELOPMENT: RESPONSE TO DIETARY INTERVENTION
As described earlier, there is considerable interest in using the RRS method to evaluate
whether or not interventions designed to improve fruit and vegetable intake actually change
intake behaviors and improve nutritional status. This is a critical research need, because
without objective verification that behavior change has occurred, results of trials (of health
outcomes, as well as of intake) are difficult to interpret. The ideal method for assessing
response to intervention is in the setting of controlled intervention studies.

Beginning with carotenoid supplementation trials, it is well known and accepted that
carotenoid supplementation leads to measurable increases in carotenoids in human
skin. 35,41,65 This obviously underlies much of the work done in the setting of using dietary
sources of carotenoids for sun protection.11,14,15 This also underlies the licensing of the RRS
method to the nutritional supplement industry (“Biophotonic Scanner”, NuSkin/Pharmanex
Inc., Provo, Utah), based on the finding that carotenoid-containing vitamin supplements
produced an increase in skin carotenoid values within a relatively short time frame.41 These
studies clearly indicate that providing relatively bioavailable carotenoids through
supplementation impacts skin carotenoid status.
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Considering other studies that used RRS methodologies, Meinke et al. evaluated a
commercial oil extract of kale (Lutrex™), which was rich in various carotenoids, versus a
placebo oil to assess carotenoid bioavailability in 22 subjects (11 per group).72 Results
showed an increase in both skin and blood carotenoids with Lutrex™ supplementation. The
blood values increased faster in the first 14 days as compared to the subsequent 14 days of
supplementation, suggesting saturation. In contrast, skin did not appear to saturate (reach
equilibrium) during the four weeks of Lutrex™ supplementation. When Lutrex™
supplementation ceased, carotenoid decreases were much more rapid in serum than in skin.
This is consistent with a much longer half-life of carotenoids in skin.

In contrast to supplementation trials, there has been a lack of information on skin carotenoid
response to food-based interventions (e.g., fruit and vegetable interventions). To address
this, our research group conducted a controlled feeding study, done in partnership with the
U.S. Department of Agriculture, in which we assessed skin carotenoid status in response to
several different dietary interventions including a carotenoid depletion phase (provision of
minimal carotenoid-rich foods for six weeks), followed by a high fruit and vegetable-
provided diet (eight weeks), followed by another depletion diet (six weeks), and then
subjects returned to their self-selected diets for an additional eight weeks. Preliminary and
final results have been presented73,74 and a manuscript is in preparation; findings parallel
those seen for the carotenoid-rich oil extract intervention.72 That is, skin carotenoid levels
decreased during depletion and increased during high-carotenoid feeding, with skin
carotenoid status tracking similarly to plasma carotenoids although the rates of decrease
(during depletion) were faster in plasma versus skin. Skin carotenoids had not yet plateaued
by 8 weeks post-intervention, suggesting that they reflect intake over at least the prior 2+
months. Thus, multiple lines of evidence now show that skin carotenoid status is responsive
to carotenoid intervention involving supplements, vegetable oil extracts given as dietary
supplements, and carotenoid-rich fruits and vegetables consumed in typical US diets.

3.0 FUTURE NEEDS
The work, to date, on this biomarker is highly promising and supports further development
of skin carotenoids as a biomarker. However, before it can be adopted more widely, some
barriers need to be addressed.

The first concerns the impact of melanin on the biomarker. As noted above, there is a real
need to evaluate this biomarker in large populations with diverse skin pigmentation with
objective quantitation of dermal melanin in order to directly assess the effect of melanin on
the carotenoid biomarker. It is plausible that melanin may absorb some of the laser
excitation and RRS light, and thus “dampen” the resulting RRS response, resulting in an
artifactual reduction in values obtained. Alternatively, it is also plausible that higher melanin
density in skin may help to protect photolabile carotenoids from the adverse effects of UV
irradiation, producing somewhat higher skin carotenoid scores in persons with dark skin
pigmentation as compared to persons with light skin holding all other factors constant. The
lack of knowledge on the impact of melanin is most limiting when attempting to using the
skin carotenoid biomarker cross-sectionally, rather than in an intervention setting, where
each person’s skin response is compared against their baseline measures.

Next, the RRS methodology for assessing skin carotenoid status led to large-scale
commercial production of low-power devices for proprietary use in the nutritional
supplement market. This was facilitated by a recently developed relatively inexpensive
instrument configuration that uses excitation with a spectrally narrowed 473 nm LED light
source instead of a 488 nm laser, and also by RRS light detection via filter instead of
spectrograph.75 However, production has not been similarly scaled up for higher-grade
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research devices for use in medical and public health research76 and devices adequate for
research remain relatively costly at this time. Recognizing that the solid state lasers used in
portable research-grade RRS devices are still relatively expensive, we have been exploring
alternative optical methodologies to assess skin carotenoid status noninvasively but at
reduced cost. For example, skin reflectance-based methodologies have been evaluated by
other groups, including the group of Sies and Stahl, for many years.77,78 We have developed
a variation on this method using topical pressure, which temporarily squeezes blood out of
the tissue volume to reduce the influence of hemoglobin on the reflection spectra, and which
holds promise as a simple and inexpensive method.76 In contrast to our RRS method, it does
not require narrow- band light sources for excitation, or high-resolution spectrophotometers
for detection of spectrally narrow Raman line features, and minimizes effects of blood and
melanin that can impact reflection spectroscopy methods.76 We have been evaluating the
performance of this new method in comparison to our existing RRS method with early
promising results (e.g., a correlation coefficient of 0.9).76 Thus, we anticipate that ongoing
technological advances will continue to enable valid and reproducible assessment of skin
carotenoids, with affordable/available devices to facilitate broader uptake in the medical and
public health research fields.

4.0 CONCLUSIONS
As summarized in this review, skin carotenoid status as assessed by RRS is an attractive
biomarker for use in human studies. It is highly reproducible and valid, and with the
development of portable scanners, feasible for use in field settings. Skin carotenoid status is
an objective biomarker of dietary intake of fruits and vegetables, although in the cross-
sectional setting, diet explains only part of the variation in this biomarker with other factors
such as smoking, adiposity, and UV potentially affecting carotenoid status. Thus, as is the
case with many concentration-based biomarkers in nutrition, skin carotenoid status is an
imperfect measure of fruit and vegetable intake for observational research, but adds value as
an objective indicator and for incorporation into dietary measurement error correction
models.32 Also, because higher status reflects greater fruit and vegetable intake, lack of
smoking, and lack of adiposity, this may facilitate its use as an integrated biomarker of
overall health that is predictive of future chronic disease risk, although longitudinal studies
are needed to test this hypothesis. In the intervention setting, skin carotenoid status responds
predictably and consistently to carotenoid intervention, both from supplements and from
foods, although the numbers of subjects evaluated is still relatively small. Thus, use of skin
carotenoid status as an objective biomarker of change should be considered for inclusion in
fruit and vegetable-based intervention trials. Commercialization and scale-up of devices to
assess skin carotenoid status, including less expensive devices based on alternative
technologies, will enable more broad-based use of skin carotenoids for research and public
health purposes in the future.
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ABB Highlights

We describe resonance Raman spectroscopy to measure skin carotenoid status

We describe skin carotenoid status as a promising biomarker for human health
research

We review reproducibility, validity and feasibility of skin carotenoids as a biomarker

Factors that influence skin carotenoids in humans are considered
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Figure 1.
RRS spectrum of a solution of beta-carotene in acetone (a); typical raw skin spectrum (b)
featuring weak carotenoid RRS peaks superimposed on a strong fluorescence background;
processed carotenoid RRS spectrum (c) obtained after subtraction of fluorescence
background. Skin carotenoid C-C and C=C RRS peaks are detectable with high signal-to-
noise ratios. Taken with permission from Ermakov et al.47
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Figure 2.
A. Histogram showing distribution of skin total carotenoids in the palm, n = 74 healthy
adults. Taken with permission from Mayne et al.43

B. Histogram showing distribution of skin total carotenoids in the palm, n = 381 preschool
children. Taken with permission from Scarmo et al.44 Note that the scales in Figures 2A and
2B are not comparable as one was normalized to an external standard calibrator.
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Figure 3.
Clinical use of portable RRS scanner with fiber optical module for heel skin carotenoid
measurements in infants. Taken with permission from Ermakov et al.71
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