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Abstract

We describe Resonance Raman based skin carotenoid measurements in newborns and infants.
Skin- and serum carotenoid levels correlate with high statistical significance in healthy newborns
and infants, and with reduced accuracy also in prematurely born infants, who in general feature
very low carotenoid levels and thin transparent skin giving rise to large background absorption
effects. Skin carotenoid levels can be easily compared among subjects and/or tracked in
longitudinal studies with the highly molecule-specific Raman method. It therefore holds promise
as a rapid, non-invasive, carotenoid antioxidant assessment method for newborns and infants in
the field of pediatrics.

Photograph of an infant’s skin carotenoid measurement via Resonance Raman spectroscopy. The
instrument’s fiber-coupled light delivery and collection module is held against the foot, exposing
the heel skin to weak 488 nm laser light for 20 seconds. From spectral analysis of the Raman
scattered light intensities, which occur in the green wavelength region, the carotenoid levels in the
heel skin are obtained in a rapid, non-invasive, and painless fashion.
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1. Introduction

Carotenoids are fat-soluble, extensively conjugated polyene pigments synthesized
exclusively by plants and micro-organisms, with widespread distributions in fruits and
vegetables [1]. Adults and children obtain carotenoids from the diet, with fruits and
vegetables as the major source of carotenoids. The fetus, on the other hand, obtains
carotenoids only from the mother’s diet prenatally. In the first months after birth the infant
receives carotenoids from breast milk and/or commercial formula preparations that have
been enriched with carotenoids. There are over 600 known carotenoids in plants, but only
about 15 are routinely detected in human tissues, serum, and milk. The major carotenoids in
human serum include f-carotene, lycopene, lutein, a-carotene, f~crypto-xanthin, and
zeaxanthin. The various carotenoids are deposited with widely varying concentrations and
spatial distributions in many tissues of the body, including retina, skin, and fat. The presence
of carotenoids in adult human skin can serve as a biomarker for fruit and vegetable
consumption [2].

As abundantly available phyto-nutrients, carotenoids are thought to be beneficial for human
development and health via their function as antioxidants. In adults, they appear to protect
against various cancers [3-6], cardiovascular disease [7], macular degeneration [8], and all-
cause mortality [9]. In infants, carotenoids may function as antioxidants and anti-
inflammatory mediators, although relatively little is known about carotenoids in infants.
Preterm infants are often exposed to high oxygen levels due to immature lung development
and may be at heightened risk for oxidative stress because of their deficient antioxidant
system and low carotenoid stores. Almost all preterm infants born have low stores of
carotenoids since the in utero transfer of carotenoids occurs mainly during the last trimester.
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Postnatally, the source of carotenoids is also very limited for preterm infants and this poses a
risk for oxidative stress, which may play a causative role in certain diseases of the preterm
infant such as chronic lung disorder, necrotizing enterocolitis, sepsis, intraventricular
hemorrhage, and retinopathy of prematurity [10, 11].

In the infant’s eye development, the carotenoid species lutein and zeaxanthin are
increasingly concentrated in the macula postnatally. Only very small concentrations
accumulate in the fetus at earlier stages. In this tissue, carotenoids are thought to be
protective also through their optical filtering function, since due to their strong absorption in
the blue wavelength region, they block phototoxic short-wavelength light from reaching the
cone and rod cells in the macula, and therefore may be important in maturation and
protection of the visual system.

The assessment of carotenoid status is traditionally based on the collection of plasma or
serum samples for high performance liquid chromatography analysis, HPLC [12, 13]. While
considered the current standard, this approach has several important limitations, including
high cost and the necessity to extract the carotenoids from very limited quantities of infant
blood [14]. Also, not all of the half dozen carotenoid species circulating in blood are equally
taken up by the various body tissues. For example, due to protein binding effects, the human
macula takes up only lutein and zeaxanthin from the blood stream. As a consequence there
is at best only a modest correlation between retinal tissue and plasma levels, and it is
compelling to measure carotenoid levels directly in the tissue of interest.

For newborns, only few carotenoid studies exist, mostly carried out via HPLC analysis, and
only for short time periods. It is known that the plasma concentration of f-carotene on the
day of birth is about one order of magnitude lower compared to the mother, and that plasma
f-carotene increases in breast-fed infants [15]. Furthermore, carotenoid concentrations in
plasma can differ based on feeding procedures. For example, formula preparations can have
diminished carotenoid profiles compared to breast milk, and important carotenoid species
such as lycopene, which is a highly effective singlet-oxygen scavenger, may be absent from
the plasma [16]. This could negatively affect the antioxidant capacity of these infants and
hence their healthy development.

A non-invasive optical method well suited for the detection of carotenoids in living human
tissue is based on Resonance Raman spectroscopy, RRS. It can be readily used as an
objective indicator of carotenoid status in the skin of adults [17-20]. The RRS method is
highly molecule-specific since it is based on the Raman response originating from the
conjugated carbon backbone that is common to all carotenoids. The backbone’s carbon-
carbon single-bonds (C-C) and double-bonds (C=C) each generate a spectrally sharp,
resonantly enhanced, Raman scattered intensity (“RRS line”) when excited in any of the
molecules’ vibronic absorption transitions in the visible wavelength region. The RRS lines
are shifted from the light excitation frequency, which is preferentially a laser line, by exactly
the amount of the respective carbon bond stretch frequency, i.e. by 1159 cm=2 for C-C
bonds, and 1525 cm™1 for C=C bonds. Since these frequencies are relatively large, they
translate into large wavelength shifts of about 30 nm away from the laser excitation
wavelength when excited in the visible. Typically superimposed on a fluorescence
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background, the Raman lines are readily isolated from the excitation light with a medium-
resolution (~1 nm) spectrograph, and their strengths can be easily quantified with a linear
detector array provided it has a high dynamic detection range at the spectral location of the
Raman scattered light [18]. The intensity of the Raman scattered light, Irgs, is given by

Iyns=0o NI, 1)

where ois the RRS scattering cross section of the carotenoids, N is their population density,
| the sample path length monitored by the detection system, and I the laser excitation
intensity. Keeping the laser intensity and scattering geometry fixed among subjects, the skin
carotenoid RRS intensity scales linearly with the tissue carotenoid concentration, and
therefore allows one to compare levels among subjects or level changes in longitudinal
studies.

Choosing an excitation wavelength in the spectral vicinity of 480 nm, RRS measures the
combined concentrations of all resonantly excited carotenoids in skin, including beta-
carotene, lycopene, beta-cryp-toxanthin, lutein, zeaxanthin, as well as their isomers.
Phytoene and phytofluene, two carotenoids found in skin that have shorter conjugation
lengths and corresponding absorptions in the UV, are not detected [20]. In the adult human
retina, RRS can be used to measure the combined concentration of lutein and zeaxanthin in
the ~1 mm diameter macular region with spatially integrating detection [21, 22] or with
spatially resolved imaging configurations [23].

One of the preferred body sites for RRS measurements is the palm of the hand or heel of the
foot, because the melanin pigment is lighter and less variable among individuals of different
racial and ethnic backgrounds in these tissue sites [18]. Additionally, the stratum corneum,
the outer skin tissue layer, is relatively thick in the palm and heel (at least ~400 pm). For
term neonates, an average skin thickness of ~300 um has been reported, whereas the skin of
a premature neonate is 40-60% thinner than the skin of an adult. However, by 2 to 3 weeks
of age, the premature infant will have skin maturation similar to term infants [24].
Estimating a shallow light penetration depth of ~200 um into the skin due to the strong
scattering of the stratum corneum [25], this insures that in adults and healthy neonates the
excitation light does not penetrate beyond this strongly scattering layer into the deeper tissue
layers. In premature neonates, however, the Raman excitation light can be expected to
penetrate into the dermis, with potentially confounding effects on the RRS skin carotenoid
scores.

In field applications with portable instrument configurations, we could demonstrate the
usefulness of the RRS methodology for the rapid measurement of large subject populations.
Measurements of the palms of subjects showed a bell-shaped distribution with significant
width (~50% of the central value), proving that important characteristics of an objective
biomarker of carotenoid status, such as inter-subject variability, could be easily reproduced
in a non-invasive fashion [18]. Carotenoid levels measured with RRS in the inner palm of
the hand could be shown to correlate strongly with HPLC-derived carotenoid levels of
fasting serum, with R=0.78 (p < 0.001) for a study involving 104 mostly Caucasian
subjects [26], and R=0.62 (p = 0.006) for a more ethnically diverse population of 28
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subjects [2], thus validating the method in an indirect way. Recently, direct validation
experiments were completed that involved skin carotenoid RRS measurements followed by
biopsy of the measured tissue volume, and subsequent HPLC analysis [2, 27]. Again, a high
correlation was found between both methods, with a correlation coefficient of R= 0.9 for
excised heel skin [27], and R= 0.7 for excised abdominal tissue [2].

2. RRS-based skin carotenoid measurements in infants

RRS-based carotenoid measurements of infants were carried out with a portable instrument
developed specifically for clinical use in the newborn intensive care facility. It uses a fiber-
coupled, hand-held, light delivery and detection module with a window port that is brought
into direct contact with the skin tissue site of the sole of the infant who is lying in a crib, as
illustrated in Figure 1. Further, the instrument includes a compact air-cooled 488 nm argon
laser excitation source (National Laser, Inc., Model H210), a small spectrograph (Jarrel Ash,
Inc., Model MonoSpec 18) with coupled CCD camera (Santa Barbara Instrument Group,
Inc., Model ST6v), and a laptop computer operating custom-tailored software for
instrumentation control and data acquisition. The layout of the instrument is schematically
shown in Figure 2. The argon laser is routed through a 200 um diameter multi-mode light
delivery fiber to the optics module, expanded with a 25 mm focal length lens, sent through a
488 nm band-pass laser line filter and dichroic beam splitter, and focused with a 50 mm
focal length lens onto the external surface of the window port, where it forms a ~2 mm
diameter light excitation disk. The band-pass filter removes any light components other than
the laser excitation light. The Raman-scattered, spectrally shifted, light is collected in a 180
degree backscattering geometry with the same focusing lens, expanded, and reflected by the
dichroic beam splitter into a separate light detection path, which contains a holographic
Rayleigh light rejection filter, and is focused via 25 mm focal length fiber coupling lens into
a fiber bundle that routes the collected light to the spectrograph. The light collection fiber
bundle consists of 61 multi-mode fibers each having 70 um core diameter multi-mode fibers.
To optimize light throughput of the whole system, the bundle is shaped in form of a disk at
the optics module, providing a match to the circular focal area of the associated fiber
coupling lens, and it is shaped as a rectangle at the input of the spectrograph, where it serves
as the input slit. The /3.8 spectrograph employs a 1200 grooves/mm grating blazed for 500
nm. The CCD camera contains a 750 x 240 pixel array, with each pixel of 11.5 x 24 um
size, and is operated at —20 °C. The instrument is designed for high light throughput at a
moderate spectral resolution of ~35 cm™1 that still allows for easy separation of the
spectrally narrow Raman Stokes lines from spectrally broad fluorescence backgrounds.

The measured raw skin spectra as well as the specific skin carotenoid RRS intensity levels
derived from the spectra are displayed in near real-time on the computer monitor. The laser
generates 10 mW output at 488 nm. For measurements of infants, their heel was chosen as a
conveniently accessible skin tissue site, and the contact module was held against the sole of
the foot for approximately 30 seconds. At a power of 0.2 W/cm? it is safe to expose skin to
the laser light for 30 hours. The light exposure is approximately 1,000 times less than the
exposure limit set by the ANSIz136.1-2000 standard, which assures the instrument was safe
for use in human skin. Three measurements were taken for each tissue site, and the
computer-derived corresponding skin carotenoid RRS levels were averaged for the
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determination of a subject’s carotenoid level. To prevent eye injuries of bystanders and the
measured subject, the optics module was placed in a black enclosure prior to skin
measurements, carefully pointed to the bedding of the crib supporting the infant, and guided
to the heel skin tissue site where at contact any light was essentially blocked. Also,
protective goggles (Kentek Corporation, Pittsfield, New Hampshire) were worn by the
research assistant. Since the optics module window is shielded against ambient light upon
contact with the measured skin tissue, the measurements could be performed in a normally
lighted environment.

Typical heel skin spectra are shown in Figure 3 for a healthy newborn and for an adult with
medium-level skin carotenoid score. In both subjects, a spectrally broad background
fluorescence (“autofluorescence”) dominates the skin response, with the carotenoid C=C
RRS peaks appearing as small spectral features superimposed on the spectrally broad
background fluorescence response of the skin. For the adult subject, featuring a relatively
high carotenoid level, the C=C RRS peak is discernible as a small blip near 527 nm, while in
the infant case the RRS peak is too small to be seen on the fluorescence intensity scale. The
strengths of the carotenoid C=C RRS intensities are calculated in each case via fitting of the
fluorescence background with a third-order polynomial and subsequent subtraction from the
skin spectra. This is achieved automatically by the computer’s data processing software, and
results in background-subtracted RRS spectra displayed in the right panel of Figure 3. The
autofluorescence originates from non-carotenoid chromophores such as elastin, collagen and
porphyrin, which all are excited by the instrument’s argon laser simultaneously with the
carotenoids of interest. Typically, the autofluorescence intensities are about two orders of
magnitude stronger than the carotenoid RRS signals.

The results in Figure 3 show that while the RRS signals for the adult subject are well above
the noise floor, the infant RRS signals are significantly weaker (by a factor of ~7), with a
resulting relatively low signal-to-noise level. This finding demonstrates significantly
reduced skin carotenoid levels in infants, which is in agreement with level differences in
plasma [15], and it raises the possibility that the autofluorescence sources in infant skin
could play an increasingly confounding role in the RRS based carotenoid measurements at
low carotenoid levels.

In order to address the generally lower carotenoid levels encountered in infant skin, we
increased the sensitivity of our standard RRS instrument by binning 3 horizontal and 8
vertical pixels of the CCD detector array into effective individual active areas of 34.5 um by
216 um. This resulted in significantly reduced readout noise, and also improved the dynamic
range of the binned array (by a factor of ~12). Figure 4 shows skin carotenoid RRS results
obtained with the RRS instrument before and after sensitivity enhancement for an adult and
for an infant, demonstrating significantly improved signal-to-noise ratios after pixel binning.
For the infant, for example, having a relatively low skin carotenoid RRS intensity level of
12,000, the level is still about 10 times above the noise floor after sensitivity enhancement.
Setting an acceptable limit of at least 3 : 1 for the signal-to-noise ratios for meaningful infant
RRS measurements, this allowed for the detection of infant skin RRS levels down to about
500-1000 Raman intensity units in the sensitivity enhanced instrument, depending on the
magnitude of the autofluorescence background in the particular subject. RRS levels below
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the 3 : 1 limit were counted as zero. Consecutive measurements of the same skin spot
revealed a low standard error of ~8.2% with the binned detector array.

Next we re-examined the light-tissue interaction scenario and main assumptions underlying
the skin carotenoid RRS methodology. The influence of tissue chromophores can be judged
from Figure 5, which shows schematically the three major chromophores encountered by
both the laser excitation and the RRS scattered light in melanin-free skin. These are
carotenoids, oxy-hemoglobin (HbO,), and de-oxy-hemoglobin (Hb). Also present, but
omitted in Figure 5, are all absorption sources for the autofluorescence response overlapping
the carotenoid absorption, and a superimposed strong scattering background that rises
monotonically and strongly with decreasing wavelengths but that is otherwise featureless.
The 488 nm laser excites the carotenoids approximately in the absorption peak of their
longest-wavelength vibronic transition. At this spectral position, there is significant
absorption overlap with a higher-energy transition of oxy-hemoglobin (~50% overlap), and,
to a lesser extent, also with de-oxy-hemoglobin (~30% overlap). Furthermore, at the
carotenoid C=C RRS line position at ~527 nm — the RRS carotenoid detection wavelength
of interest-both hemoglobin and de-oxy-hemoglobin chromophores present significant
additional losses via their fundamental absorption transitions (~60% of peak absorption for
either one). In adult skin, the confounding influence of all blood chromophores and melanin
can be largely avoided by limiting the laser excitation light to the bloodless outer skin layer,
the stratum corneum, which also features very low melanin concentrations, independent of
ethnicity. All tissue chromophores causing autofluorescence, like collagen, etc., can be
considered unchanged between adult subjects. In infant skin, however, particularly in
newborns and prematurely born infants, much thinner and softer skin is present. This allows
the excitation light to penetrate down to deeper skin layers. As a consequence, increased
absorption due to blood chromophores can be expected at the laser excitation wavelength,
and also at the carotenoid RRS wavelength.

To check the importance of these factors in infant skin, we used pressure-mediated
reflection spectroscopy [28] to directly measure the skin absorption behavior in-vivo, and to
compare it with the optical properties of adult skin. In the reflection method, a broad-band
white light source is used to illuminate the skin over a wide wavelength region from the near
UV to near IR; the reflected light is measured with a spectrograph/CCD detector array
combination which is interfaced to a computer, and the apparent absorption spectrum is
calculated and displayed in near-real time on a monitor.

The instrument software calculates the reflectivity spectrum R(1) according to the
expression

T(\)—-D()
RAN)=—+r——"".1
(\) SN=—DO) 00% (2)
where T(1) and S(1) are the intensities measured at wavelength A from the skin tissue and a
white reflectivity standard, respectively, and D(4) is the signal dark spectrum intensity. The
apparent optical density spectrum A(1) is derived by taking the common (base 10) logarithm
for each spectral data point of the reflectivity spectrum, using the relation
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Representative results are summarized in Figure 6, which shows reflection-derived
representative skin absorption spectra for adult skin, skin of a term infant, and skin of a
preterm infant. For each subject, two spectra are shown: one spectrum measured without
application of any topical pressure (labeled NP), and one measured after applying modest
pressure of ~3 x 10° Pa to the measured tissue site for 10—15 seconds (labeled P). The
topical pressure removes blood temporarily from the measured tissue volume. In the adult
skin, the background absorption in the carotenoid wavelength range of interest is about 0.65
optical density units before applying pressure to the tissue volume, and 0.60 density units
afterward. The blood chromophore absorption is significantly reduced in the process, as
evidenced by the strong absorption decrease of the characteristic oxy-hemoglobin bands in
the 530-580 nm wavelength range. Simultaneously, a related absorption drop of oxy-
hemoglobin occurs at shorter wavelengths, in the absorption range of carotenoids near 480
nm, and this effect renders the carotenoid absorption band more clearly resolved.

For the infant skin, the absorption changes are very similar, including the appearance of a
weaker but still resolvable carotenoid absorption band in the 480 nm range after application
of topical pressure. In the preterm baby, however, the optical behavior is very different.
First, the absorption is stronger throughout the whole UV-NIR spectral region, with ~0.3
density units increased absorption in the 480 nm carotenoid region, and even after temporary
blood removal, the absorption spectrum in the 480 nm region does not reduce to any
absorption feature indicative of carotenoids. This behavior therefore constitutes a significant
confounding factor for RRS probing of carotenoids in these cases, since excitation and RRS
scattered light both encounter strongly increased background absorption due to unknown
chromophore absorptions (increased combined absorption losses of ~ 0.6 optical density
units per Figure 5). The finding of increased background absorption in prematurely born
infants is consistent with findings by other researchers [29], who measured red, green, and
blue light reflectance at the sternum of 99 Caucasian infants ranging in gestational age from
26 to 44 weeks, and found increased reflectance at blue and green wavelengths in correlation
with low gestational age.

3. RRS-validation in infants via HPLC-based serum analysis

In order to systematically validate the RRS method for infants, we first measured heel skin
carotenoid levels in 32 healthy infants aged 1 day to 6 years, and compared the obtained
RRS results with HPLC-derived data for blood samples obtained from venipuncture. Optical
measurements were carried out at the same time period as the blood draws. All study
procedures were approved by the University of Utah Institutional Review Board, IRB, and
informed consent was obtained from the parents.

Plasma samples (100 pl) were treated with ethanol and hexane containing 0.1% (w/v) BHT,
and centrifuged to remove the proteins. The proteins were re-extracted with hexane (3 x 300
ul), and the combined extract was evaporated to dryness under reduced pressure at below 40
°C. After evaporation of the solvent, the residue was reconstituted in the appropriate HPLC
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solvents and centrifuged at 2000 x g prior to analysis. The chromatographic conditions for
carotenoid separation and quantitation were similar to those reported earlier [30].

The HPLC and RRS data are compared against each other in Figure 7. Importantly, total
serum and corresponding skin carotenoid RRS levels vary drastically between the infants,
from near zero total serum level in the lowest cases, to 1500 ng/ml in the highest one, with
corresponding RRS intensity variations between zero and 80,000. Interviews with parents
about the type of food fed to the infants confirmed the generation of high serum and skin
carotenoid levels whenever the individuals were fed a diet with carotenoid-enriched baby
food products (purees, juices, etc.). Using a linear fit to the data, a very satisfactory high
correlation with coefficient R=0.75 is obtained between optical and biochemical method
for all these subjects. This result is therefore very similar to the previously observed high
correlation for adults. Indirectly, this validation project shows that the light-tissue interaction
effects involved in RRS measurements of infant skin are similar to those of adults.

4. RRS-based monitoring of skin carotenoid levels in infants

Non-invasive RRS measurements permit the assessment of skin carotenoid levels in a rapid
fashion, and therefore allow one to generate statistical results for larger subject populations.
In Figure 8 we plot average skin carotenoid levels obtained for the above preterm and term
infants, and compare them with results obtained for adults [18] in separate studies. The
average skin carotenoid levels are seen to increase with increasing maturity. In pre-school
children, RRS-based skin carotenoid measurements have already proven useful to
investigate the effects of fruit/vegetable effects and demographic factors [31]. In infants,
RRS based skin carotenoid measurements should be useful as well to monitor effects of
oxidative stress and feeding correlated changes. As shown above, drastically increased
background absorption levels can exist in the skin of prematurely born infants. These will
have a confounding effect on the RRS carotenoid measurements, particularly if the
individual’s carotenoid levels are very low. In spite of these difficulties we could measure
RRS based heel skin carotenoid levels, exceeding the 3 : 1 signal-to-noise limit, in a
relatively large number of prematurely born infants. Skin carotenoid RRS measurements and
total serum HPLC carotenoid levels still showed a statistically significant correlation, with R
=0.44 (p = 0.01), which is reduced by roughly a factor of 2 relative to healthy infants and
adults.

Examples for non-invasive RRS tracking of infant skin carotenoids are shown in Figure 9,
where linear increases are seen to occur with increasing body weight at birth and gestation,
respectively. While in general the levels are relatively low, sizable carotenoid levels can
already exist in some cases. This is probably correlated with the carotenoid status of the
infant’s mother and the placental transfer of carotenoids during the last trimester of
gestation. In a further study, we enrolled forty preterm infants in an IRB approved study to
explore the tracking of skin carotenoid level changes upon feeding with either mother’s milk
or preterm formula. Infants fed human milk had higher skin carotenoid RRS levels and
corresponding HPLC serum total carotenoid concentrations than formula fed infants [32].
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5. Discussion

Compared to adults, average skin carotenoid levels are significantly lower in infants and
even more so in prematurely born babies. Using RRS instrumentation with enhanced
sensitivity, however, skin carotenoid levels in term infants can be measured with the same
high accuracy as in adults. RRS-based skin carotenoid measurements are therefore well
suited for applications in pediatric research. Skin carotenoid status can be optically assessed
in a rapid non-invasive fashion, levels can be compared between subjects, and they can be
tracked in response to feeding interventions. In prematurely born infants, a reduced accuracy
of the Raman measurements can be caused by high background absorption effects due to the
deeper penetration of the laser light into the relatively thin transparent skin, and by the
generally very low carotenoid levels in these cases. Reflection spectroscopy is demonstrated
as a simple non-invasive method useful to quantify the strength of this background
absorption in the carotenoid range, which can be expected to become more problematic with
shorter gestation periods, and in extreme cases even prevent acceptable skin carotenoid RRS
results in the first few weeks after birth prior to skin maturation. A larger number of
prematurely born infants will have to be measured with both methods and correlated with
HPLC derived serum levels to establish this limit. In any case, if RRS based skin carotenoid
levels can be detected above the noise floor in a particular prematurely born infant, the
method still holds promise as a convenient non-invasive diagnostic tool in longitudinal
studies, allowing one to study correlations between tissue carotenoid content and health
outcomes such as sepsis, broncho-pulmonary dysplasia, retinopathy of prematurity, etc.
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Figure 1.
Photograph of an infant’s skin carotenoid measurement via Resonance Raman spectroscopy,

RRS. The instrument’s fiber-coupled light delivery and collection module is held against the
foot, exposing the heel skin to weak 488 nm laser light for 20 seconds. From spectral
analysis of the Raman scattered light intensities, which occur in the green wavelength
region, the carotenoid levels in the heel skin are obtained in a rapid, non-invasive, and
painless fashion.
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Figure2.
Schematic diagram of RRS instrument and fiber based light delivery/detection module used

in this study (not to scale). L1, L3: 25 mm focal length fiber coupling lenses; L2: 50 mm
focal length lens; DM: dichroic mirror; LF: laser line filter; NF: Notch filter.
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Figure 3.

Comparison of RRS spectra for the skin of an adult subject and a newborn term infant. Left
panel: raw spectra consisting of large fluorescence background and superimposed, very
weak, spectrally narrow, carotenoid C=C RRS lines near 527 nm. Right panel: Carotenoid
C=C RRS lines obtained for both subjects after signal processing (subtraction of
fluorescence background). Note the approximately 7-fold lower RRS carotenoid level in the
skin of the infant skin relative to the adult subject.
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Figure 4.

RRS carotenoid spectra measured for a healthy infant (dashed curves) and adult subject
(solid curves) before and after sensitivity enhancement of the RRS instrument.

J Biophotonics. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Ermakov et al.

Absorption

R4

.\'1

[}
}‘e:xc

400 440 480 520 560 600
Wavelength, nm

Figureb5.

Model absorption spectra of carotenoid and blood chromophores encountered in human
skin. The dashed arrows indicate, respectively, the wavelength positions of the argon laser

used for excitation, and the C=C skin carotenoid RRS signal.
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Representative reflection-derived heel skin absorption spectra for an adult, term infant, and
prematurely born infant. Compared to infants and adults, significantly higher chromophore
absorptions exist in the visible wavelength range for the skin of prematurely born infants.
This effect can be expected to reduce the accuracy of RRS measurements in prematurely

born infants.
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Figure7.

Correlation between HPLC-derived carotenoid serum data and RRS-based heel skin
carotenoid data for infants aged 1 day to 6 years.
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Figure8.

Bar graph for average RRS skin carotenoid levels in preterm infants, term infants, infants
aged 1 day to 12 months, and adults.
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Figure9.
Heel skin RRS carotenoid levels as function of gestation time (a) and weight at birth (b),

showing nearly linear increase of carotenoid levels in both cases.
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