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1. Introduction

Carotenoids have widespread distributions in fruits
and vegetables. Taken up through the diet, their pre-
sence in living human skin can serve as an objective
biomarker of fruit and vegetable intake. Fruit and

Apparent O.D.

Wavelength, nm

vegetable consumption is generally regarded as an
important factor for increased energy and overall
good health. For example, high dietary consumption
of fruits and vegetables has been associated with
protection against various cancers [1, 2], cardiovas-
cular disease [3], and macular degeneration [4].
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Furthermore, carotenoids themselves have been
speculated to be one of the anti-carcinogenic phyto-
chemicals of plant foods [1] and are thought to pro-
tect the macula from photo-toxic light through filter-
ing and/or antioxidant action [5]. For all these
reasons it is compelling to develop convenient detec-
tion methodologies for carotenoids directly in living
human tissue.

The assessment of carotenoid status has often re-
lied upon the collection of plasma or serum samples
for  high-performance liquid chromatography
(HPLC) analysis. While considered to be the current
standard, this approach has several important limita-
tions, including high cost and fluctuating carotenoid
concentrations in blood due to relatively short half-
lives. Also, in the human retina, only two of the ap-
proximately half a dozen carotenoid species circulat-
ing in blood, i.e. lutein and zeaxanthin, are taken up
and concentrated in this tissue, which is due to a pro-
cess controlled by a highly selective protein binding
mechanism. As a consequence, there is at best only
a poor correlation with plasma levels, and it is neces-
sary to develop non-invasive methods suitable to as-
sess carotenoid status directly in the tissue of inter-
est.

Initially, our group had developed Resonance
Raman spectroscopy, RRS, as an objective indicator
of carotenoid status in the living human retina and
skin [6-10]. This highly molecule specific methodol-
ogy is based on the Raman response originating
from the vibrating carbon backbone that is common
to all carotenoids [11]. The backbone’s carbon-car-
bon single-bond and double-bond stretch frequen-
cies each generate a spectrally sharp, resonantly en-
hanced Raman signal when excited in any of their
vibronic absorption transitions in the visible wave-
length region. The Raman lines are shifted from the
excitation light frequency by exactly the amount of
the respective vibrational stretch frequency, i.e. by
1159 and 1525 cm™!, respectively. Since these fre-
quencies are relatively large, they translate into large
wavelength shifts of several ten nm when excited in
the visible. Superimposed on a large fluorescence
background, the Raman lines are readily isolated
from the excitation light with a medium resolution
(~1 nm) spectrograph and their strengths can be ea-
sily quantified with a linear detector array if it has a
high dynamic range. Choosing an excitation wave-
length in the spectral vicinity of 480 nm, RRS meas-
ures the combined concentrations of all resonantly
excited carotenoids in skin [6, 8, 10], including beta-
carotene, lycopene, beta cryptoxanthin, lutein and
zeaxanthin, and their isomers. Phytoene and phyto-
fluene, two carotenoids found in skin [18] that have
shorter conjugation lengths and corresponding ab-
sorptions in the UV, are not detected. In the 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
instruments |7, 12] or with spatially resolved imaging
configurations [13].

One of the preferred body sites for Raman based
skin carotenoid measurements has been the palm of
the hand [6, 8—10] because the dermal melanin pig-
ment is lighter and less variable among individuals
of different racial and ethnic backgrounds. Addition-
ally, the stratum corneum, the outer dermal tissue
layer, is relatively thick in the palm (at least
~400 wm). This insures that the excitation light does
not penetrate beyond this strongly scattering layer
(light penetration depth ~200 um) into the deeper
tissue layers where it could excite other, potentially
confounding chromophores. In first field applications
with a portable instrument configuration we could
demonstrate the suitability of the RRS methodology
for the rapid measurement of large subject popula-
tions. Measurements of the palms of 57 subjects pro-
duced a bell-shaped distribution [8] with significant
width (~50% of the central value), proving that im-
portant characteristics of an objective marker of ca-
rotenoid status such as inter-subject variability could
be easily reproduced in a non-invasive fashion.

Based on these results, RRS based skin carote-
noid detection could be readily developed for com-
mercial applications in the nutritional supplement in-
dustry [“Biophotonic Scanner”, NuSkin/Pharmanex
Inc., Provo, Utah]. In this endeavor, our initial ar-
gon-laser based prototype instrument was miniatur-
ized into a field-usable portable RRS instrument,
based on a low-power compact 473 nm solid state la-
ser and 65 mm spectrograph/CCD detector combina-
tion. At a later stage, a more rugged non-laser ver-
sion was developed based on spectrally narrowed
LED excitation in combination with photomultiplier
detection [14]. Presently, about ten thousand porta-
ble RRS instruments are in use in the nutritional
supplement industry, with the total number of meas-
ured subjects reaching about 10 million. Based on
these high population numbers, the RRS methodol-
ogy provides insight with high statistical significance
into effects of diets, external stress factors such as
smoking, and population differences. Most signifi-
cantly, it proves the efficacy of carotenoid-containing
nutritional supplement formulations in this industry
[15, 16].

In comparison, the acceptance of RRS in the
scientific and medical arena has been relatively slow,
first awaiting a rigorous validation of the concept
with HPLC-derived carotenoid levels. Initially we
could show that carotenoid levels measured with
RRS in the inner palm of the hand correlate strongly
and significantly with HPLC-derived carotenoid le-
vels of fasting serum, thus validating the method in
an indirect way [16]. More recently, we completed
direct validation experiments involving skin carote-
noid RRS measurements followed by biopsy of the
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measured tissue volume and subsequent HPLC ana-
lysis [17, 18]. Again, a high correlation was found
between both methods. RRS is now finding increas-
ing use as rapid objective carotenoid biomarker also
in areas such as Nutrition [19, 20, 21], Cancer Pre-
vention [22] and Neonatology Research [23].

In this manuscript, we describe an alternative op-
tical method for the non-invasive assessment of skin
carotenoids. This method is a variation of reflection
spectroscopy, measuring the skin carotenoid absorp-
tion via reflection under application of topical pres-
sure [24]. It holds promise as a particularly simple
and inexpensive method since it does not require
any narrow-band light sources for excitation or rela-
tively high-resolution spectrometers for detection of
the spectrally narrow Raman line features.

Reflection spectroscopy has been used previously
to quantify carotenoid macular pigments in the hu-
man retina [25]. Compared to the skin, however, ca-
rotenoid levels in the healthy human macula are
about two orders of magnitude higher, and the con-
centrations of potentially confounding chromophores
in the retina are relatively low. Furthermore, the op-
tical media of the human eye anterior to the retina
are relatively transparent. Typically, they cause only
modest light scattering, and the sclera of the eye can
be used as a light reflector that realizes a more or
less straight double-path propagation of the excita-
tion light through all ocular tissue layers to the sclera
and back. These favorable conditions make it possi-
ble to use a multi-layer sequential light transmission
model in which the individual absorption and/or
scattering effects are described with 8—10 respective
absorption and/or scattering coefficients, and in
which the macular carotenoid pigment levels are de-
rived from a multi-parameter fit of the calculated re-
flection spectra to the measured spectra.

In human skin, the much stronger light scattering
caused by the outer stratum corneum layer does not
permit the assumption of tissue light propagation
and modeling of straight light paths. Furthermore,
there is no effective internal interface that could be
used as a reflector. As a consequence, the methodol-
ogy of [25] is not applicable. Nevertheless, reflection
spectroscopy has been used previously for the meas-
urement of skin carotenoid levels [26, 27]. Attempt-
ing to take into account the inhomogeneity of chro-
mophore distributions in the living tissue in this
earlier first-principles approach, a complex spectral
de-convolution algorithm was used, involving a mul-
ti-compartment modeling for skin chromophores.
The authors found a significant correlation between
baseline skin and serum carotenoid levels in a 12-
week [-carotene supplementation study, and they
were able to document an apparent rise in response
to supplementation in a small group of volunteer
subjects [26]. However, the interpretation of reflec-
tion spectra within the diffusive light transport mod-

el in turbid media was recognized to be problematic
for the assessment of the relatively weakly absorbing
carotenoid chromophores [28], and the methodology
has not found widespread application.

A further attempt to derive skin carotenoid con-
centrations has explored skin color saturation meas-
urements [29]. In this method, one of the color tri-
stimulus values, the b*-value, was measured and
compared to the chromaticity diagram of a white re-
flection standard. Since the b*-value measures the
color saturation from the yellow to the blue region,
it can be expected to be influenced by the absorp-
tion of skin carotenoids occurring in this spectral
range. However, the measurements are influenced
not only by the carotenoid absorption but also by
the superimposed absorption and scattering effects
of blood and melanin, thus leading to rather unspeci-
fic results with relatively large errors.

Summarizing the pros and cons of RRS and ear-
lier reflection approaches for the quantitative detec-
tion of skin carotenoids, RRS has high specificity
and high precision. However it requires excitation
with a narrow-bandwidth laser or tightly filtered
LEDs, as well as the detection of narrow-bandwidth
spectral regions centered on the carotenoid Stokes
lines. To compensate for the small Raman scattering
cross section, excitation with a relatively high-power
light source and detection with a sensitive, high-dy-
namic range CCD array or photomultiplier detector
must be used. As a result the instrumentation is rela-
tively expensive. In contrast, reflection is less specific
and less precise due to overlapping chromophores,
but the reflected light levels are relatively strong,
and the method can be implemented with inexpen-
sive broad- band light sources for excitation and sim-
ple filters for detection.

2. Pressure-mediated reflection
spectroscopy

In reflection spectroscopy, the diffusively scattered
light usually contains spectral regions with dimin-
ished light scattering due to the combined absorp-
tion of skin chromophores present in the tissue vol-
ume near the surface. The shapes and strengths of
the prominent absorptions can be easily derived
from the reflection spectra if the chromophores are
spectrally separated. This is not always the case,
however. For the skin carotenoids of interest to us,
several potentially confounding chromophores have
to be dealt with. Their absorptions are shown sche-
matically in Figure 1, along with the vibronic absorp-
tion of f-carotene. They include oxygenated hemo-
globin, HbO,, de-oxygenated hemoglobin, Hb, and
to a lesser extent also the absorption tail of flavo-
noids, FLAV. While HbO, and Hb overwhelm the
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Figure 1 Model absorption spectra of the three main ab-
sorbers in melanin-free human skin tissue: oxygenated he-
moglobin, HbO, (thin solid line), deoxygenated hemoglo-
bin, Hb (thin dash-dotted line), and carotenoids, CAR
(shown as an example for beta-carotene as thick solid
line). Also shown is the absorption tail of flavonoids,
FLAV. A spectral window of relatively small interference
for carotenoid detection exists in the 460-500 nm range.
See text.

carotenoid absorption in the near UV/blue wave-
length region up to about 450 nm, a spectral window
of reduced interference exists between about 460
and 500 nm, as sketched in Figure 1. The absorption
contribution of flavonoids is relatively small com-
pared to carotenoids in this spectral window. For
their independent optical detection a fluorescence
approach is feasible [30].

To increase the contrast between the carotenoid
absorption strength and the combined absorption
background, we apply topical pressure in our reflec-
tivity approach. In this way blood is squeezed out of
the measured tissue volume and the resupply is tem-
porarily blocked. As a consequence, overlapping
HbO, absorptions are effectively removed and any
residual HbO, is converted into Hb, which has about
a factor of 2.5 lower absorption strength in the spec-
tral window relative to HbO, (ref. Figure 1).

We tested two reflection-based instrument ver-
sions for the pressure-mediated carotenoid measure-
ments, both shown schematically in Figure 2. In one
version, spectrally broad “white light” from a tung-
sten halogen lamp or “white” LED is routed via
multimode fiber into a light delivery/collection mod-
ule, is collimated with a first high-refraction plano-
convex lens inside the module, routed through an
aperture stop, and imaged onto the skin as a 3 mm
diameter excitation disk through a second plano-
convex field lens that is in direct contact with the
skin. Upon contact, the lens squeezes blood away
from the vertex of the lens in radial tissue directions.
The detection channel of the module collects light

Tungsten-Halogen Bulb Data Acquisition,
or Processing,
White LED Display
(a)
(b)

BPF 480 nm

Figure 2 (a) Schematics of skin reflectivity apparatus, con-
sisting of a “white” light source (LED or tungsten halogen
lamp), light delivery and collection module that is placed
in contact with the tissue site of interest, a spectrograph or
two-wavelength detection scheme, and data acquisition,
processing and display electronics. The module’s lens is
pressed against the tissue site of interest for about 10-15
seconds for skin carotenoid measurements. (b) Details of
the two-wavelength photometric instrument variant, in
which the detection channel is split via dichroic beam split-
ter into two separate detection channels, each of which are
filtered with band pass filters at 610 and 480 nm, respec-
tively, and further detected, amplified, and processed sepa-
rately.

that is diffusively reflected from the skin into a 45
degree angle with respect to the direction of the in-
cident light. This geometry ensures that specular re-
flection of the skin into the detection channel is ef-
fectively avoided. Light diffusively reflected into 45
degree direction traverses the contact lens, is aper-
tured, imaged by a lens onto a light collection fiber,
and routed into a spectrograph which is coupled to a
linear CCD array. The latter is interfaced to a laptop
computer for data acquisition, processing, and dis-
play. The light source is operated with a current-sta-
bilized power supply that limits current fluctuations
to less than 1%. Both fibers have a core diameter of
500 um. The spectrograph had a resolution of about
7 nm in the visible region.

To monitor and control the topical pressure we
use a piezo-resistive load cell that is mounted onto
the lens assembly. When pushing the tissue site of
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interest against the contact lens, the load cell is
pushed against a hard stop. This generates a voltage
that is proportional to the applied pressure. The volt-
age is displayed in real time on the computer moni-
tor and provides visual feedback for the measured
subject, who is asked to keep the pressure constant
within a pre-selected optimal pressure range of
~1 atm +/—10%.

Prior to skin measurements, a dark spectrum
D(A) is recorded that provides a background signal
intensity for each pixel of the detector array for data
processing, thus allowing one to account for hot pix-
els of the array as well as minor light scattering in-
side the optical module and the spectrograph. Also,
a diffuse reflection spectrum is measured from a
“white” reflection reference standard in the same
geometry as the measured skin, and stored in com-
puter memory. For the measurement of dermal caro-
tenoid levels, the contact lens is pressed against the
skin tissue site of interest for about 10—15 seconds,
followed by the actual measurement, which takes
about 2 seconds.

The instrument software calculates the reflectivity
spectrum R(4) according to the expression

T'(4) - D)

R(#) = S() — D(A)

-100% (1)
where T'(1) and S(A) are the intensities measured at
wavelength 4 from skin tissue and reflectivity stan-
dard, respectively, and D(A) is the signal dark spec-
trum intensity. Subsequently, the program converts
the reflectivity spectrum R(4) into an “apparent” op-
tical density spectrum A(4) by taking the common
logarithm for each spectral data point of the reflec-
tivity spectrum, using the relation

A(d) =-lg (%)

During skin measurements, reflection spectra are ac-
quired, processed into apparent absorption spectra,
and displayed in near real-time on the computer
monitor, which is updated every second.

In a particularly simple instrument version, the
spectrograph is replaced with a photometric two-wa-
velength detection scheme, sketched at the bottom
of Figure 2. The collected light is split into two chan-
nels via dichroic beam splitter, filtered with 610 and
480 nm band pass filters, respectively, detected with
simple photodiodes, and amplified. Computer inter-
facing is used again for data processing and display.

Prior to measurements with living tissue we
tested our reflection setup with excised human heel
skin samples, which like the palm of the hand are
bloodless, free of melanin, and contain a relatively
thick stratum corneum layer. They are well suited
for validation purposes of carotenoid detection
methodologies [18]. We first measured the tissue ca-

(2)

Optical Density

1.2 . - - : :
400 500 600 700 800
Wavelength, nm
0.06 1
(b)

=
2 0.04
o]
(=}
©
A
= 002
o

0.00 A

400 500 600 700 800
Wavelength, nm

Figure 3 (a) Absorption spectrum (solid line) of excised,
bloodless, heel skin tissue sample and associated scattering
background (dotted curve). Thickness: 0.7 mm. (b) Ab-
sorption spectrum obtained after subtraction of scattering
background, revealing all characteristic carotenoid absorp-
tion features, including vibronic substructure.

rotenoid absorption directly via transmission meas-
urements, using a conventional UV/VIS/NIR spec-
trometer (Perkin Elmer). The results are shown in
Figure 3, where the upper panel shows the measured
tissue absorption as solid line, and the scattering
background as dotted line. Subtraction of the two
spectra results in the absorption spectrum displayed
in the lower panel, which clearly reveals the pre-
sence and concentration of carotenoids through their
characteristic absorption features. It even reveals the
molecules’ three vibronic sub-bands at ~430, 450,
and 480 nm, respectively, despite the light having to
propagate through the rather strongly scattering tis-
sue material of 0.7 mm thickness. The measured ab-
sorption level in this particular sample corresponds
to a carotenoid concentration of approximately
2.75ug per gram tissue, which is comparable to
HPLC derived results [18].
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Figure 4 (a) Normalized reflectivity spectrum, (b) derived
apparent absorbance spectrum with scattering background,
and (c¢) difference spectrum to background measured with
setup of Figure 2, shown for wavelength range 380-
540 nm.

Next we measured the reflectivity of the same
sample with the spectrograph setup of Figure 2 over
the wavelength range 380-850 nm. Plotted in Fig-
ure 4, these results show a skin reflectivity that in-
creases gradually from short to long wavelengths
(upper panel), with an apparent dip in the 400-
530 nm carotenoid absorption range. Plotting the
corresponding absorbance spectrum derived with the
relation A = —Ig (R/100) for each spectral data
point (middle panel), we obtain the carotenoid ab-
sorbance again (lower panel) after subtracting the

350 400 450 500 550

Wavelength, nm

0.06
b

> (b)
2 0.04
(0]
a
8 002
E ik
o ~10 nM——: i«—

0.00 | :
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c
(0]
o
w©
L
-
@]
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Figure S Comparisons of carotenoid absorption features in
excised heel skin tissue derived from transmission (a) and
reflection (b) measurements, respectively, with absorption
spectrum of f-carotene solution in methanol (¢). A close
resemblance of the skin carotenoid spectra with the absorb-
ance spectrum of the pure carotenoid solution is apparent,
again, including spectral positions, halfwidths, and vibronic
substructures. In the tissue, the vibronic peaks are shifted
by ~10nm to longer wavelengths, as indicated by the
vertical dashed lines.

approximated linear scattering background in the
380-530 nm range. The reflectivity-derived absor-
bance level of 0.04 is roughly the same as the pre-
viously derived level via direct transmission meas-
urement (ref. Figure 3).

In Figure 5 we compare absorption- and reflec-
tion-derived spectral shapes with the absorption fea-
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tures of a pure f-carotene solution in methanol. Im-
portantly, a small, but clearly noticeable ~10 nm red
shift exists as a consequence of the tissue matrix en-
vironment. Furthermore, the reflection-derived ab-
sorbance spectrum shows less scattering compared
to the absorbance derived-spectral shape, as evi-
denced by the higher vibronic sub-band modulation
in the reflection case, particularly the clearly re-
solved one-phonon vibronic transition at ~480 nm.
These results demonstrate the capability of reflection
spectroscopy to derive, even in the presence of the
highly scattering skin matrix, all spectral absorption
characteristics of skin carotenoids such as peak wa-
velength, half width, and vibronic substructure. The
remaining question is whether and to which extent
some or all of the carotenoid spectral features can
still be differentiated from other chromophores
when measuring more conveniently accessible ex-
posed living tissue sites such as the palm of the hand,
fingers, etc. In any case, a spectral region of rela-
tively high specificity for the presence of carotenoids

25 1 R(A) P = 3x10° Pa
L
g 20 |
c
8
g 151
o v
10 P=0.0Pa ( a)
460 560 660 760 860
Wavelength, nm
1.0
A(L) = - Ig(R(1)/100)
o 09
e
8 08 P=0.0Pa
9]
w
L0 0.7 \
< % }
061 P=3x10°Pa (b)

400 500 600 700 800

Wavelength, nm

Figure 6 Reflectivity spectra (a) and corresponding absorb-
ance spectra (b) of human skin tissues obtained with the
instrument’s contact lens touching the skin tissue site with
zero pressure and applied pressure of ~3 x 10° Pa, respec-
tively. A desired optical “blood clearing” effect is achieved
in the tissue site for carotenoid measurements with mini-
mal interference from HbO,.

is the vicinity near 480 nm since it retains its sub-band
modulation in the presence of the tissue matrix.

In Figure 6, we show reflectivity and correspond-
ing absorbance spectra for living human skin of a vol-
unteer subject, in this case for a thumb tissue site
opposite the nail, and show the influence of topical
pressure on the spectra. The measurements were
carried out with the spectrograph setup of Figure 2.

When only gently touching the contact lens (zero
pressure) the reflection spectrum is dominated by
the two prominent low-energy, overlapping, HbO,
transitions in the 540-600 nm range, and the high-
energy HbO, transition centered near 420 nm. In
the tell-tale carotenoid spectral region near 480 nm,
only a hint of an absorption feature is apparent.
After pressing the thumb with moderate pressure
(~3 x 10° Pa) against the contact lens for about 10—
15 seconds, the blood is squeezed out of the meas-
ured tissue volume, the HbO, absorption has nearly
disappeared as a consequence, and the remaining
blood has lost its oxygenation, causing residual weak
single-band Hb absorptions in spectral vicinities near
560 and 410 nm, respectively. Most importantly, a
significant “clearing” due to the removal of blood
also occurs in the carotenoid region of interest, such
that the vibronic sub-band region near 480 nm be-
comes partially resolved and sufficiently isolated for
quantification.

We obtained very similar spectra and correspond-
ing results also for other tissue sites, such as the
palm of the hand or the inner and outer forearm. In
each case, the applied pressure was found to signifi-
cantly reduce the influence of HbO, and Hb absorp-
tions on the spectra and thus to improve the absorp-
tion contrast for the carotenoid transition in the
460-500 nm spectral window. The relatively thin
skin tissue layer of the inner forearm leads to lower
carotenoid absorbance and higher influence of
blood, however. Similarly, for the outer forearm with
its higher melanin content, relatively complex spec-
tra are encountered. To avoid these problems we
limited our tissue locations to the melanin-free, thick
stratum corneum sites of the palm and fingertip op-
posite the nail.

To derive the dermal carotenoid absorption
strength quantitatively from the measured reflectiv-
ity spectra, we tested several empirical algorithms.
In one of the approaches, we subtract from the meas-
ured absorption spectrum in the 467-515 nm caro-
tenoid vibronic sub-band region a straight line that
connects the spectral points 467 and 515 nm, as illu-
strated in Figure 7. The rationale is that the ampli-
tude of the resulting bell shaped curve (or alterna-
tively, the enclosed shaded area) is very similar to
the spectral features of the vibronic one-phonon ab-
sorption region of pure ff-carotene (as shown in the
insert of Figure 7) and therefore can be assumed to
be proportional to the dermal carotenoid concentra-
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Figure 7 Approximation of carotenoid levels from meas-
ured absorption spectra, based on the strength of the ca-
rotenoid absorption in the vibronic one-photon transition
range between 467 and 515 nm relative to a straight line
connection between the two spectral points. The dermal
carotenoid absorption spectrum, shown as shaded area, is
very similar in this wavelength region to the corresponding
absorption of -carotene in solution (see insert).

tion. The degree of proportionality can be expected
to be influenced by the slight broadening of the vi-
bronic transition due to tissue matrix effects as well
as the presence of dermal carotenoids with slightly
shifted absorption transitions.

AN
m‘w/ \
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Figure 8 Reflectivity-derived skin absorbance spectra, with
illustration of simple alternative data processing algorithm.
The apparent absorbance of the carotenoids in the tissue
site is chosen as the difference between the total apparent
absorbance at 480 and 610 nm after pressure-mediated
reduction of HbO,. See text.

An alternative, even simpler algorithm is based
on the difference between the absorbance at 480 nm
and the absorbance at 610 nm, thus disregarding the
background tissue absorbance in the carotenoid re-
gion of interest, as sketched in Figure 8. The carote-
noid optical density value derived for the skin tissue
in this particular case is A(480) — A(610)
=0.63 — 0.56 = 0.07 optical density units. This ap-
proach can be rationalized by assuming that under
the described pressure conditions, the scattering
background at 480 nm is comparable to the back-
ground at 610 nm, that any scattering contributions
from the skin matrix will be very similar between
subjects, and that they will of course be constant for
longitudinal studies, i.e. tracking of carotenoid
changes upon dietary modifications.

To further illustrate the tissue “clearing” effect,
the apparent optical density of skin carotenoids was
measured for a volunteer subject at several dozen
discrete time points after the subject’s finger was
pressed against the probe head lens. The results are
shown in Figure 9. For the first 5 seconds, the finger
was only in gentle contact with the probe head win-
dow and therefore no pressure was applied. In this
tissue condition, an artificially high apparent optical
density is derived from the reflectivity measure-
ments. When starting to press the finger against the
contact lens, the derived optical density values de-
crease quickly, within a few seconds, by a factor of
~2.5, and then decrease further to a final steady-
state level after about 10-15 seconds. The instru-
ment software takes this relatively fast blood clear-
ing effect into account by recording the apparent
skin carotenoid absorption level only after a steady
state level is reached where subsequent absorbance
changes remain within a preset variation range.

It should be noted that the pressure-mediated
blood clearing in our reflection approach for the
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Figure 9 Apparent skin carotenoid optical density versus
time during application of topical pressure to the meas-
ured tissue site.
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measurements of tissue carotenoid levels is much ea-
sier to accomplish than the tight control of a con-
stant, reproducible, volume of blood, required when
optically measuring blood analytes through the skin.
An example is the NIR-Raman-based measurement
of blood glucose concentrations in finger capillaries
[31, 32]. The measured blood volume and hence the
derived optical response in this case is highly sensi-
tive to the pressure exerted on the superficial skin
tissue layers, which has to be kept at a relatively low
level (~50 g/cm?) in order to not squeeze the blood
out of the measurement volume. Also, the response
is highly sensitive to the precise tissue location of
the laser excitation disk, which typically has micron-
scale diameter. To control these effects, free space
coupling of the laser into the tissue through an open
aperture is used in combination with scanning of the
laser excitation disk across the ridges of the finger to
generate a spatial modulation of the optical re-
sponse. This modulation is then used to derive the
relative contributions of tissue and glucose compo-
nents, and eventually the glucose concentration [33].

In contrast, reflection-based measurements of
skin carotenoid levels require only brief squeezing
of blood out of the measured stationary tissue vol-
ume in order to remove the blood absorption in the
blue-green spectral region. This is achieved by sim-
ply pushing the measured skin tissue site with com-
paratively large pressure (~1000 g/cm?) against the
convex contact lens of the instrument, which
squeezes the blood out radially from its center. Also,
the light excitation disk is large (~3 mm dia.) in
comparison and therefore automatically integrates
over small tissue inhomogeneities of the static tissue
(ridges, sweat glands, etc.), and the method can be
used more generally also with other skin tissue sites
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Figure 10 Changes in reflection-derived skin carotenoid
levels over time as a response to dietary carotenoid sup-
plementation, measured for three subjects with different
respective carotenoid starting levels.

besides fingers, such as the palm of the hand, arm,
heel skin, etc.

We tested the usefulness of our reflection metho-
dology for the detection of skin carotenoid uptake
upon dietary supplementation. In one experiment,
three volunteer subjects consumed two three-ounce
servings of carrot juice per day. Reflection-based
skin carotenoid levels were measured roughly twice
a week with the spectrograph based setup of Fig-
ure 2. The results for the apparent skin carotenoid
optical density of a thumb tissue site for each subject
are shown in Figure 10 for an initial baseline phase
of 10 days, i.e. no consumption of juice, and a subse-
quent supplementation phase of 30 days. During the
baseline phase the levels stayed constant within
about 10%. Upon supplementation the levels
quickly increased for two of the subjects who started
with relatively low carotenoid levels, doubled within
about 3 weeks, and started to saturate afterwards.
The subject with already high skin carotenoid levels
at the start revealed only a modest increase over the
supplementation phase.

In a separate uptake study, 90 volunteer partici-
pants were separated into four groups, with three
groups consuming two-ounce servings of -carotene-
containing juices twice daily over a period of 7
weeks (total daily carotenoid amount of 9 mg), and
one control group continuing with an un-supplemen-
ted regular diet. The participants were directed to
drink the juices in combination with regular meals to
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Figure 11 Carotenoid uptake study results for 43 volunteer
subjects measured over a period of seven weeks with the
2-wavelength photometric instrument version. (a) average
percentage changes of control group (20 subjects) consum-
ing un-supplemented regular diet; (b) average percentage
increases of 23 subjects consuming carotenoid containing
juice; (¢) percentage increases of subject with highest up-
take response.
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Figure 12 Correlation between reflectivity- and Raman-
derived skin carotenoid levels, measured with both meth-
ods for 10 volunteer subjects. A high correlation with a
squared correlation coefficient of R* = (.85 is obtained.

insure adequate fat consumption for optimal carote-
noid uptake. All participants were measured once a
week with the photometric reflection setup of Fig-
ure 2. In each case, three readings were averaged to
determine the weekly carotenoid score. Typically,
each of the three scores was within 10% of the
others. Relevant outcomes of the study are plotted
in Figure 11, showing a 200% increase for the sub-
ject with the highest response, an approximately
80% increase when averaged over all group partici-
pants, and essentially unchanged carotenoid levels
for the control group. Further uptake studies are in
progress aimed at developing further optimized sup-
plement formulations.

It is interesting to compare the described reflec-
tion methodology with our previously developed,
completely independent Raman methodology. For
this purpose we measured 10 volunteer subjects with
both methods. The results are shown in Figure 12,
which plots for each subject the reflection derived
carotenoid absorbance versus intensities of the car-
bon-carbon double bond carotenoid Raman re-
sponse. A high correlation with a squared correla-
tion coefficient of R?> = (.85 is obtained for the two
methods.

3. Discussion

Pressure-mediated reflection spectroscopy is well sui-
ted to rapidly measure dermal carotenoid levels with
sufficiently high accuracy to allow for comparisons of
inter-subject levels as well as to track individual levels
in longitudinal supplementation studies. Topical pres-
sure applied to the measured tissue volume in combi-

nation with the described data reduction algorithms
significantly improves the method relative to prior
implementations. A high correlation with the pre-
viously validated RRS method can be regarded as
very satisfactory at this stage. Since the RRS method
has its own approximations, however, and since is not
as accurate as HPLC, the reflection method needs to
be separately validated in future studies, comparing
the optical results with HPLC-derived carotenoid
concentrations of excised tissue samples.

Compared to RRS, the reflection method lacks
the high molecule specificity for carotenoid detection
considering the absence of a spectrally narrow optical
response. However, with proper control of skin ab-
sorption conditions and data reduction algorithms, it
provides an accurate alternative for the assessment of
total dermal carotenoid content and hence as a bio-
marker for fruit and vegetable intake [17]. An advan-
tage is the simple instrumentation of the reflection
approach since it requires only inexpensive incoher-
ent excitation light sources and since it can be carried
out with low-spectral-resolution detection schemes.

The insensitivity of the reflection method to the
particular composition of dermal carotenoids present
in the measured tissue volume can be regarded as an
advantage over RRS. Different carotenoid species
with differing lengths of the conjugated carbon back-
bone, such as beta carotene and lycopene, e.g., have
slightly shifted spectral absorption bands. Due to the
resonantly enhanced Raman scattering cross sec-
tions, RRS favors that particular carotenoid species
which presents the highest absorption to the used
excitation wavelength. However, since the relative
skin concentrations of beta carotene and lycopene
are not known a priori, and since they can differ sig-
nificantly between individuals [34], the RRS re-
sponses under single monochromatic excitation con-
ditions may not reflect the true composite dermal
carotenoid concentration if this wavelength depen-
dence is not taken into account [34].

Also, RRS may underestimate the dermal carote-
noid concentrations to some degree since the high
autofluorescence background encountered in the
method can be seen as evidence for the existence of
other chromophores absorbing in addition to the ca-
rotenoids at both the excitation and excitation wave-
lengths, and since the carotenoid RRS response itself
shows a saturation effect at high carotenoid concen-
trations [15]. More importantly, RRS is an absolute
detection technique, i.e. the signal strength changes
with excitation light intensity and detection sensitiv-
ity. It is therefore susceptible to intensity fluctuations
and requires an external calibration standard for ac-
curate measurements. In contrast, the reflection
method is a relative method. It derives the optical
density of dermal carotenoid levels via measure-
ments against a reference spectrum or reference wa-
velength. Intensity variations therefore cancel out
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during the measurements and data processing rou-
tines.

In conclusion, the pressure mediated reflection
method holds promise as a simple, rapid, and robust
optical alternative to RRS for dermal carotenoid
measurements. Relative to RRS, the signals are in-
herently stronger, it is a faster method, calibration
procedures with external carotenoid standards are
not needed, and the method therefore should be
very attractive for widespread applications in the
Nutritional Supplement industry, in Nutrition Re-
search, and in Medicine.
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