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1 Introduction

Abstract. Currently, measuring Raman spectra of tissues of living pa-
tients online and in real time, collecting the spectra in a very short
measurement time, and allowing diagnosis immediately after the
spectrum is recorded from any body region, are specific advantages
that fiber optic near-infrared Raman spectroscopy (NIR RS) might rep-
resent for in vivo clinical applications in dermatology. We discuss
various methodological aspects and state of the art of fiber optic NIR
RS in clinical and experimental dermatology to outline its present
advantages and disadvantages for measuring skin in vivo, particularly
its water content. Fiber optic NIR Fourier transform (FT) RS has been
introduced to dermatological diagnostics to obtain information re-
garding the molecular composition of the skin up to several hundred
micrometers below the skin surface in a relatively fast nondestructive
manner. This has been especially important for probing for in vivo
assessment of cutaneous (intradermal) edema in patients patch test
reactions. Fiber optic NIR FT Raman spectrometers still require further
technological developments and optimization, extremely accurate
water concentration determination and its intensity calculation in skin
tissue, and for clinical applications, a reduction of measurement time
and their size. Another promising option could be the possibility of
applying mobile and compact fiber optic charge-coupled device
(CCD)-based equipment in clinical dermatology. © 2005 Society of Photo-
Optical Instrumentation Engineers. [DOI: 10.1117/1.1854682]
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alternative method foin vivo noninvasive quantification of

In the last quarter of the 20th century, progress in technology cUtaneous edema in various degrees of positive patch test re-
promoted applications of Raman spectroscéR$) in many actions in comparison to visual grading of reaction intensity
areas of science and technology, including medi&itur- in readings at 48 h and 72 h on the patiefitalthough the
rently it is employed in the fields of angiology, anesthesiol- approach of measuring Raman spectra directly from the skin
ogy, cell biology, dentistry, gynecology, laboratory medicine, showing contact hypersensitivity reactions is still in its intro-
neurology, oncology, ophthalmology, orthopedics, pathology, ductory and developmental stage, Raman spectra obtained
physiology, urology, virology, and also in dermatoldgyRe- from negative and positive patch test sites display distinct
ports in the literature have mainly described near-infrared spectral features mainly attributed to variations in the concen-
(NIR) Fourier transformFT) RS for clinical applications in  trations of water and proteins in the skfhMoreover, since
dermatology, although mostly fém vitro andex vivoanalysis the intensity of the 3250 cit band was shown to be propor-

of the molecular and conformational nature of skin and its 5| to the concentration of water in the skin by fiber optic
appendages associated with different dermatological condl-NIR FT RS2 the mean values of relative water content were

. . =13 . _
tions and diseasés® It has recently become possible to ap obtained in Raman spectia vivo, and that showed a possi-

ply in vivo fiber optic NIR FT Raman spectrometry within the bility © . el i i d A i
field of contact dermatitis to spectroscopically evaluate patch lity to non_mvas!ve y qqan ify cu aneous_ edema & .pos.;l ve
patch test sites with continuous data grading of reaction inten-

test reactions directly in patientslt was demonstrated as an M ) o R
sity suitable for clinical studies vivo.
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Examination of skin lesions by visual examination and pal- (neodynium-doped yttrium aluminum garheaser emitting
pation is essential, but subjectiVe Objective methods are  the 1064 nm line for an FT-Raman system;aptics to focus
required to detect and quantify any changes in different layers the laser beam on a sample and to collect the Raman scattered
of the skin. Sensitive bioengineering techniques are requiredlight from the sample; Ba monochromatofdispersive or an
to quantify and precisely monitor the dynamics of skin lesions interferometer(FT); and 4 a detector with peripheraldiber
in vivo to increase our understanding of skin physiology and optics for the acquisition of dat&?":30-32
biophysicst**>18 This review describes the advantages of  FT-Raman spectrometers are based mainly on a Michelson
coupling fiber optics to RS for facilitating clinicah vivo interferometef:?° The primary information is coded in the
applications, and compares that method with other noninva- interferogram, which is Fourier-transformed to obtain the
sive methods for measuring dermal edema. Future trends conspectrunf. NIR FT Raman spectrometers offer several advan-
cerning the use of charge-coupled devigeCD)-equipped tages suitable for the investigations of the skin, because exci-
Raman spectrometers for spectrographic evaluation of cutane+ation at 1064 nm manifests a global optimum: the reduction
ous edema are also described. of fluorescence is quite efficient; the sensitivity of the liquid-

nitrogen cooled gallium arsenid&aAs and germaniuniGe)

. . detectors employed in the NIR region is very high; transmit-
2 Developrr.lent of F'be': Optic Raman tance of quartz fibers is large enough; and low-intensity light
Instrumentation for In Vivo Skin Applications in the NIR region is noninvasive and allows studies of the
Since the discovery of the Raman effect in 192&nd the molecular conformation of the compounds in their intact mi-
wide introduction of RS as a laboratory method to widespread croenvironment as far as several hundred micrometers below
areas of science and technology, it has not been known tothe skin surface. All these advantages have been discussed at
various fields in medicine, including dermatology, until nu- length elsewher&5-%2130However, current fiber optic NIR
merous innovation§T-RS, confocal Raman microsco@nd FT Raman systems have certain limitations that prevent them
technical developmentéew lasers, photomultipliers, CCD  from being easily accepted in a clinical setting: they are not
detectors, holographic filters, fiber optic propkave allowed yet compact and mobif&;*1 they have technical limitations in
the recording of Raman spectra of living tissues not ady performingin vivo measurements on the skin below 250 ¢m
vivo andin vitro, but alsain vivo, thus demonstrating potential  and in distinctively resolving the 3400 ¢rhband® and in
of RS as a new clinical diagnostic todf?° order to obtairin vivo spectra with acceptable signal-to-noise

All commercially available Raman spectrometers use la- ratios, they require a lengthy measuring tintg to 10
sers as a radiation source. The selection of an exciting line ismin).141534
normally confined to the ultraviolet-visible-near-infrared re- Efficient and quick detection of the Raman signal is im-
gions of the electromagnetic spectrum, being dictated by in- portant forin vivo clinical applications, when long signal col-
strumental constraints and the relative intensity of the scat- lection times are generally not opportune by NIR FT Raman
tered radiation. Excitation from an ultravioldtV) source at spectrometer$’ The only way to attain an acceptable record-
300 nm(33.3x10°cm™ 1) produces Raman scattering 160 ing time is to optimize every component of FT-Raman
times more intense than that from the NIR source at 1064 nm spectrometer carefully: multireflection arrangements and
(9.4x10°cm 1) for the same laser irradiances. However, cross-section transformers, combined with optimized
when visible excitation is used, tissue exhibits strong broad- spectrometer® Further, the optical conductance has to be as
band fluorescence that can obscure the tissue Raman spedarge as possible. Large optical conductance can be realized
trum. Compared to the Raman signal, the fluorescence signalusing an interferometdfFT), equipped with a liquid nitrogen-
is intense, and even a weak fluorescence signal may be strongooled GaAs detector in reliable long-wavelength laser exci-
enough to mask the Raman signals completely. One way totation (1064 nm.*?* Improving the light conductance of the
diminish the fluorescence is by increasing the wavelength of spectrometer by decreasing the spectral resolution from 8 to
the exciting radiation, since the fluorescence is wavelength 16 cni ! might lead to a reduction of measuring time from 7
dependent, whereas the Raman signal follows the excitationto 3.5 min®1®
wavelength. Formerly, this way of reducing fluorescence was  Another important prerequisite is the reproducible mea-
not a possibility because of the lack of detectors, which were surement of tissue spectra with a hi¢ggdequate signal-to-
sensitive in the NIR region. Today, with the development of noise ratio(SNR). The SNR of a Raman spectrum is related
interferometers and CCD detectors, it is no longer a problem directly to the applied laser power and signal collection
to record Raman spectra of tissues with NIR excitation. Ac- (integration time. An increase in laser power will improve
cording to the fourth power dependence of the scattering in-the SNR in a given time interval, but may require
tensity, the excitation at 785 nf=12739 cm?) should yield prohibitive excitation powers and/or result in sample
3.4 times stronger Raman bands than the excitation at 1064photodegradation®* Therefore, it is necessary to perform de-
nm (=9398 cniY). In this point, dispersive RS with excitation tailed measurements to ensure safe excitation power# for
in the 700- to 800-nm range is more advantageous than FT-vivo applications and/or investigate the stability of the sample
RS. in relation to the intensity of the laser sour®e.

Noninvasive Raman technology, based mainly on NIR CCD array detectors are now being successfully used for
RS} was introduced to skin research by two types of spec- dispersive Raman spectroscopy with NIR excitation, due to
trometers: dispersive Raman spectrometers and FT-Ramarcompact solid state semiconductor lasers, offering superior
spectrometer$?’ Both consist of four basic instrument com-  sensitivity compared to FT-Raman spectroscopy with
ponents: 1a radiation source such as a tunable titanium:sap- 1064 nm excitation, low noise level, and rapid spectra
phire laser for a CCD-Raman system and the Nd:YAG collection}®27323%0n the other hand, the sensitivity of CCD
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Fig. 1 Confocal Raman setup for in vivo experiments. Laser light gravity sensitive switch

(with 100 mW laser power on the skin) from a titanium-sapphire laser
(730 nm) is transmitted by a short-pass filter and focused on the skin
by an inverted microscope objective. Raman scattered light is col-
lected by the same objective, reflected by the short-pass filter, filtered
by a laser rejection filter (either a notch filter or a color glass filter),
and focused onto the core of an optical fiber. The fiber guides the light
into a multichannel spectrometer equipped with a CCD camera. Sig-
nal collection time for each spectrum is 3 s.

Fig. 2 Fiber optic probe for in vivo NIT FT Raman spectroscopy
(schematic). A circular fiber bundle (Fiberware GmbH, Berlin) with a
diameter of 10 mm is the main part of the fiber optic probe. A band-
pass filter (1064 nm, Bruker Analytic GmbH, Karlsruhe) covering the

excitation laser fiber separates laser radiation from the interfering fiber
detectors decays sharply above 1000 (@€Ds are transpar-  paman signal. A holographic notch filter (1064 nm, Kaiser Optical

ent to light with wavelengths greater than 1000)nso it is Systems Incorporated, Ann Arbor, Michigan) in front of the fiber
rather difficult to use excitation wavelengths above 900 nm bundle prevents Rayleigh scattering and back-reflected laser radiation
since it puts an upper limit to the NIR-excitation wavelengths from entering.
that can be employetiTherefore, a solution is the usage of
different laser excitation wavelengths for measuring shin
vivo.28 tomical sites, which is especially important fior vivo mea-

In a CCD-based spectrometer, the different wavelengths of surements in clinical dermatology.
the scattered light are dispersed by an optical grating and The design of fiber optic probes plays an important role in
projected on a CCD detector. This is essentially a large array the studies, since it can affect the light delivery and propaga-
of detectors that enables simultaneous recording of a completetion into the tissue, the collection efficiency, and the origin of
Raman spectrum in a single expos@iféThe resulting detec-  collected light®” In general, an optical fiber consists of a core,
tion efficiency is greatly enhanced as compared to FT-Ramana doped cladding, and a protective jacklt is characterized
systems. By combining CCD detectors with electronically ad- by its overall design configuratiotsingle fiber, bifurcatex
dressable notch filters, high fidelity 2-D Raman images can be the number, core size, and numerical apert{Né) of the
produced, which allow a direct visualization of tissue mor- illumination (source and collection(detectoy fibers, and the
phology and the spatial distributions of various molecular (center-to-centg@rsource-to-detector separati¢®8D9.*®
constituents in the selected tissue ares. In a recent review, Utzinger and Richards-Kortum pre-

Sufficient spatial resolution in the depth direction is a pre- sented a large variety of designs for fiber optic probes for
requisite for discriminating between the different skin RS?°In it, all of the described Raman probes included imag-
layers3® Puppels et af° applied the principle of confocal Ra-  ing optics to enhance the collection efficiency, due to the fact
man microspectroscopy in the design of a sample stagie for that background signal originating from the laser source, the

vivo investigation of the skin. His group describéd vivo fibers, and all optical components can fill the dynamic range
confocal Raman spectroscopy as a method to measure moof the detector and overwhelm the Raman signal. These sig-
lecular concentration profiles in the skifig. 1).2° They dem- nals must be reduced with filters to accomplish sensiiive
onstrated that with an axial resolution ofyn (full width at vivo measurements.

half maximum, the method can be used to determine the Here, we focus on the designs of fiber optic probesirior
water concentration in the stratum corneum as a function of vivo skin characterization. Previous studig$***-*'describe
distance to the skin surface, aimdvivo water concentration  optimization of a 10-mm active measurement area fiber optic
profiles have been determined for normal skin of the arm and probe(Fig. 2) for an NIR FT spectrometer with excitation at
the thenar. The same setup was adapted to allow the rapidl064 nm designed fdn vivo Raman scattering and testing of
automated determination of molecular concentration different types of optode&Fig. 3), i.e., the coupling element
profiles®® Their most recent instrumental refinement, a com- between the fiber bundle and the sample. This group demon-
bination ofin vivo confocal scanning laser microscopy with strated the optical conductance of an optical fiber 6.25 times
Raman spectroscopy, allows the skin morphology to be visu- larger with a diameter of 10 mm than of a fiber bundle with a
alized and'subsurfacgstructures in the skin to be targeted for diameter of 4 mm. Several possibilities for reducing the fiber
Raman measurements simultaneodsly. background signal by the use of optical fibers have been de-
The throughput advantage of interferometer-based FT andscribed: a bandpass filter to separate laser radiation from the
CCD-based RS is that the light input and collection optics can interfering filter and Raman signal; a holographic notch filter
also be built into probes connected to a main unit via fiber to cut off Rayleigh scattering; and back-reflected laser radia-
optic cables. These allow flexible delivery and collection of tion from entering. The same group recognized that aspherical
light in any anatomical location, even in hard to reach ana- lenses with a large numerical aperture or transparent parabo-
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eters for facilitatingn vivo applications, those fiber optic NIR
Raman systems are still new in clinical dermatology.

In the sample stage for skin measurementsnbyivo con-
focal Raman microspectroscopy, the laser light is focused via
a microscope objective in a small region in the skin. Scattered
light that emerges from this irradiated volume is collected by
the microscope objective and projected onto the core of an
optical fiber. The core of the optical fiber acts as a pinhole and
permits only light emerging from the region where the laser
light is focused to enter the fiber, whereas light from out-of-
focus regions is blocked. The focus from which scattered light
is detected and the focus irradiated by the laser coincide,
hence the name “confocaf®35:36.4344.58-6Qy, sing a depth

laser fiber laser fiber

BRI IRTNT

. hotehfiter;

line fiiter

sample

Fig. 3 Probe for the investigation of the Raman spectra of tissues in
vivo on surfaces with a paraboloid concentrator from calcium fluoride

and with an aspheric lens combined with a fiber bundle. A notch filter in?rement of 2um, in vivo spectra by a confocal Raman
reduces the Raman scattering of the fibers, and the illumination is microspectrometer from normal stratum corneum of the arm
performed via a line filter to eliminate the Raman spectrum of the can be recorded in the 400 to 1850 ‘dmlegion within 30 s,
laser fiber. and in the 2500 to 3800 cm region within 3 &%

) ) . N . 3 Evolving Technology Increases Applications
loids of calcium fluoride or silica are _the most suitable op- ¢ NIR Raman Spectroscopy in Clinical
todes for Raman measurements of skin, because such a comy

j ; _ and Experimental Dermatology
pound parabolic concentrator improves the effectiveness of )
light collection. Although with such a fiber optic probe at- Dermatology has become one of the prime targets of RS dur-

tached to NIR FT RSn vivo spectra can be obtained in 7 min N9 the last decad®.A couple of pioneering works appeared
from 600 to 3500 cmt 23-25the main technical drawback in  €arlier using NIR FT RS for the investigations of the skin,

, ; P e 46,47 8
these fiber probes is the presence of filters that suppress th&!@il @nd nailin vitro. Williams et al.,>"" and Barry, et af!
Rayleigh line and spectral bands below 250 &nthus limit- were the first who reported and assigned Raman bands due to

ing studies on skin water structure in the 60- to 350-em specific vibrational modes of chemical bonds in proteins and
region’® lipids in the stratum corneum. Importantly, they showed dif-

Shim et af?3* described silica and sapphire fiber optic ferences in Raman spectra between normal and diseased skin,

probes for a CCD-based Raman system that could obtain@nd thus opened the possibility of using NIR FT RS for non-
spectrain vivoin less than 30 s, tested in a turbid solution to Invasive dermatologmal diagnosis. Since then,_l\_IIR RS has
simulatein vivo use. They demonstrated a method that may be P€€N increasingly used as a tool for characterizing the mo-
used to substract the effects of fiber contamination and studied!cular structure of components n no_rmal and dls_eased skin,
the effects of tissue geometry. This includes a study of the 21d als0 in its appendages not omyvitro andex vivg but

probe length that must be further optimized for skin, and the

alsoin vivo,5:9-16:3040.4149-5p 3 nars on the prospectsinfvivo
probe design that must be continued for minimizing the gen- confocal Raman microspectroscopy as a method to measure
eration and collection of silica Raman while maximizing the

molecular concentration profiles in the stratum corneum for
collection of the Raman signal from the tissue.

fundamental skin research, pharmacologpercutaneous
Recently, Kaminaka, Ito, and Hamagu®introduced an- ~ ransport, and dermatology, have lately begun to appear in
other option for obtaining spectra directly from human normal the literature?®332:%6
skin within 64 s with a fiber optic dispersive NIR Raman ) ) ) .
spectrometer, equipped with a new multichannel detector, im- 3:1 /n Vivo Spectra from the Skin with Emphasis to
age intensifier, and CCD linear sensor. Their+6" fiber Estimate Water Content
optic probe, consisting of a central fiber for Raman excitation The skin is a very complex and highly nonhomogeneous tis-
and six Raman collecting fibers surrounding it,sx&am long sue consisting of numerous different molecules. To aid in the
and made of low-OH silica fibers of 400m diameter each. interpretation of the NIR Raman spectra from the whole skin,
Such a fiber optic probe was set 3 mm away from the sample various reference spectra have been recondetro, ex vivq
surface and the 1064 nm laser beam irradiated a circular areaandin vivo.® It has been found that there is a great similarity
of 2 mm diameter in the fiber configuration. Visionex Incor- between the spectrum of the whole skin and the spectrum of
porated developed a biomedical Raman probe based on fiberslermis®3® sample handling does not influence Raman
with beveled and flat tip$ that was tried in connection to a  spectra® NIR FT Raman spectria vitro andin vivo from the
built in-house Raman spectroscopic systemiforivo mea- skin via optic fibers are virtually identical in the region of 600
surements, including skitf. Excellent collection efficiency  to 3500 cmit.*?
was reported from this small diameter probe, consisting of a  Figure 4 depict$n vivo Raman spectrum of normal human
central flat delivery fiber400 um diameter surrounded 7 skin by fiber optic NIR FT RS. Major protein-specific bands,
collection fibers(300 um diametey; incorporated onto the  amide | and Il (amide 1l is very weak identified in NIR
core of the fibers dielectric a bandpass and a longpass filter,FT-Raman spectra of the whole skin are located in the 1620 to
but unfortunately without demonstration of obtained spectra. 1680 cm* (approximately at 1661 cnt) and 1230 to 1310

In spite of shown advantages of a variety of optical fiber cm™ (approximately at 1271 cnt) regions, respectivelyy.
devices to CCD-based or multichannel NIR Raman spectrom- Combinations of their frequencies indicate that the majority of
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Fig. 4 An example of an in vivo NIR-FT Raman spectrum in the range of 250 to 3500 cm™' obtained on the back from normal human skin by a fiber

optic probe.

the proteins in the whole skin are in tlaehelix conformation

(a secondary protein structure typé® Moreover, a strong
C-C stretch band at935 cmi'%, which is typical fora-helix,

is invariably presented in thi@ vivo NIR FT Raman spectra.
Collagen is a major protein of the skin and dominantly con-
tributes to Raman spectra of the whole skifi.Elastin con-

molecules organized in tetrahedrons, i.e., so-called free water
to describe water molecules hydrogen bonded to other water
molecules-*°-%3Bound water is the term given to describe
water molecules that form heterogeneous structures with other
molecules, such as proteins, via hydrogen bdAd%To study
those water-specific interactions and to estimate water content

tributes to the Raman spectrum of the skin to a smaller degreejn the skinin vivo, the second region is the most important,

than collagert®

In Raman spectra the strong band centered at 1108 om
the whole skin has been assigned &Hy twisting deforma-
tion of methylene groups of intracellular lipid acyl chaffi$n
the region between 2700 and 3100 ¢mthe bands due to
CH, symmetric(v) stretching vibrations at 2900 crh CHg
asymmetriqv .9 and symmetridv) stretching vibrations, at
2980 and at 2940 cnt respectively, are known as protein
specific; whereas the 2890 and 2850 ¢mands are said to
originate from the lipids in the skit:*°A Raman signal with
medium strength that occurs between 1440 and 1453 ¢at
~1451 cmin the whole skin, is assigned t€H, scissoring
modes of proteins and lipid§.Focusing on some representa-
tive examples associated with skin diagnostics by NIR FT RS,
various major and minor spectral changes indicating alter-
ations in the protein conformation and in the molecular struc-
ture of the lipids have been already marked as certain band
shifting and specific combinations of band shapes chariging
vitro Raman spectra obtained from biopsies of chronically
aged and photoaged skifisome benign, premalignant, and
malignant skin lesion& in vitro andin vivo Raman spectra
from nail samples before and after soaking in waten vivo

S

since it contains two broad peaks at approximately 3250 and
3400 cm?! originating from symmetric[v(OH)] and
asymmetric  [v,dOH)] O-H stretching modes,
respectively?1316.28649.6QNote that the latter band is not dis-
tinctively resolved in thén vivo spectra by fiber optic NIR FT
RS because of a drop of the detector intensity in the 2500 to
3500 cm ! region)!?141549The intramolecular vibrations of
hydrogen-bound water also include the bending mode near
1645 cm'!, which is weaker in intensity than the mentioned
stretching bands and strongly overlaps with the amide | vibra-
tions around 1650 cit in Raman spectra of the skifi.

To compare intensity of bands in the region of 0 to 1800
cm ! and 2500 to 3500 cit by fiber optic NIR FT RSjn
vivo spectra of the skin is needed to be equalized for the 1450
and the 2940 cm' band intensity, respectively, as a reference.
The C-H bandsat 1450 and 2940 ci) protrude outside the
protein chain and do not take part in strong intermolecular
interactions, therefore the C-H band is not modified by alter-
ations in the secondary protein structure and is used for equal-
ization of the spectra. It is necessary to equalize the spectra in
two different ranges using both 1450 and 2940 ¢rhands

Raman spectra obtained from positive patch test reactions aPecause of the fact that self-absorption of water in investi-

48 h and 72 H* andin vitro andin vivo Raman spectra from
cutaneous tophi and skin calcifications in three patients with
gout>®

Water in Raman spectra of the whole skin has been de-

scribed in two regions: )160 to 350 cm?, and 3 3200 to
3700 cm L1®*9For the purpose of water structure evaluation
in vitro, the most interesting region is between 60 and 350
cm 1, because it contains a band at 180 ¢rspecific to water

Journal of Biomedical Optics

014013-5

gated tissue influences spectral regions differeis.

The literature describes two ratioslygsq/l3250 and
I3050/ 15940, tO estimate water content in the skin and its ap-
pendages by NIR FT Raman spectroscopy. The ratio
Iog40/ 13050 [intensity (peak height of the 2940 cm® band/
intensity (peak heightof the 3250 cm? band has been used
by Gniadecka et al. to determine water cont&skin hydra-
tion) in vitro in normal, photoaged, and chronically aged skin

January/February 2005 « Vol. 10(1)
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-1
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Fig. 5 In vitro NIR FT Raman spectra of young (curves 1 and 2) and
aged (curves 3 and 4) individuals. Curves 1 and 3, sun-protected but-
tock skin; and curves 2 and 4, sun-exposed dorsal forearm skin. An
increase in intensity of O-H stretching band in water in photoaged

0o + + i
0 5 10 15
Time |min)

Fig. 7 Time-dependent water uptake of toenail samples (distal part).
The values are calculated from the in vitro Raman spectra of toenails
using Eq. (1) (relative water=Iop water/ IcHproein)  and  Eq.  (2)
[water uptake= (relative water,,— relative waterg,) 100].  Nails ab-
sorbed water and showed a saturating effect after 10 min soaking in
water.

skin is marked with the arrow.

volar aspect of the foreannand in the normal thick stratum
corneum of the palnfon the thenar(schematically presented
: _ _ _ in Fig. 1).%3¢ The spectral ranges from 3350 to 3550 ¢m
calculating the intensity ratio of the(OH)/v(CH,) bands and from 2910 to 2965 cit (13350 355d 129102063 Were cho-
[v(OH) mode at 3250 cmt', and thev(CH) mode at 2930  sen to calculate water-to-protein ratios at 3390 and 2935
cm '] (Figs. 6, 7, and B** It must be noted that this is the  cm % respectively, in the normal stratum corneuig.
inverse of the previously described ratigyo/13550.%1214° 10).2636
For assessment of water contémvivo skin at patch test sites
with various degrees of inflammatory reaction intensity at
48 h and 72 h, the intensities of the peaks at 3250 and
2940 cm t (I3050/ 1,940 Were calculated using baseline correc-
tions from edge to edge between 3350 and 3100'dior the 4 . X .
v(OH) mode, and between 3030 and 2830 ¢nfor the Intera(.:tlon, and Estimation of Water Content in
v(CH) mode(Fig. 9).1415 the Skin

The ratio of the intensities of the Raman bands at 3390 and Spectroscopic techniques are sophisticated tools for the direct
2935 cm! can also be used to calculate the water-to-protein and specific determination of water, allowing estimation of
ratio in tissue?®®5-%7 water content and studies on water molecular properties and

Confocal Raman microspectroscopy has been demon-interactions-®
strated as arin vivo method to understand the actual skin We can divide spectroscopic techniques according to the
layer from which the Raman signal is collected and which can speed at which the data are collected. The crucial value is
be applied to noninvasively determine water concentration 10™!s, which is the average duration of a hydrogen bond
profiles in the normal thin stratum corneum of hah the responsible for intra- and intermolecular structure of

\ ) SOH VCC
\\EC\:/ \/ NM/J\\ e oS
d \/\/ \/M /«*'\//\,\/\/\A/\\

(Fig. 5.12* The same group monitored vitro andin vivo
water uptake in normal nail samplédistal part of the najlby

4 Comparison of NIR Raman Spectroscopy
with Other Spectroscopic Techniques to Study
Water Molecular Properties, Water

S

T
3% V\NNN\IWJ
= ~
g VCH, | |amide 1 SCWHW‘/\/ M ‘“\
S \/\
5 l amide Il 1 Tx
[ae

1OH i \\/w \M\wv\/;/\/

a ]
3200 3000 2800 1800 1600 1400 1200 1000 800 600 400
Wavenumber [cm’'}

Fig. 6 In vitro normal NIR FT Raman spectra (distal part) before and after soaking in water for 15 min: (a) untreated nail; (b) moistened nail; (c), (d),
and (e) are the difference spectra of a wet minus untreated nail after 5, 10, and 15 min water treatment. Water is identified by the v(OH) band at
3250 cm™" and the § (OH) band at 1630 cm™.
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R o e %S the Raman spectrum is highly molecule spedfit?lin NIR
I "'~‘-5__.f<,e»|"°“:_ FL I Wf"'?J Raman spectrum, the intensity of spectral bands at 3250 and
S ",,,r‘ T 'w‘r-w'w W e 3400 cm* are proportional to the concentration of water in
Brle VAN K e, .-\m"-..'n,‘-u,_r"\u."";ﬂ.u-vln_’,,\l’v"uu.,'\”w'\.ﬁg“ the skin, originating from symmetrical and asymmetrical OH
£ ' b stretching, respectively, and thus enabling the recordinig of
B b/ (A vivo changes in the water content in the skin'®%°The spec-
« v \,/\%*" tral band at 180 cm' represents water molecules organized in
/‘i\_} | A ‘ tetrahedrons, which yield a possibility to collect information
bEF = L/ about chemical water structure in the skirt?®® However,
e due to the presence of fiIFers in the fiber optic prpbe used for
Wavenumiber fm’| measurement® vivo, studies on water structures in the 60 to

350 cm ! region are not yet possibl& Moreover, because the
71 . . . . .
of the fingernails (a, b) proximal, (c,d) distal part of the nail. Spectra iléllIgOFcil'mRSbadnd IS nort] dlztlnctl.vehr/] regolved m.the SpeCFra Ey
a and c were before and spectra b and d after soaking in water for 15 Ueith t e rop Ir_] the - etector intensity m_ the
min. e is the difference of spectrum b and a, fis the difference of 2500 to 3500 cm- region, the intensity of that spectral line

spectrum d and c. In vivo NIR FT Raman spectra of the distal end of also cannot be calculaté@* 549
the nail did not show major differences in comparison with in vivo
Raman spectra. Water was identified at the band at 3250 cm™'. The

water uptake of the nails was increasing with increasing treatment 5 Noninvasive Methods to Assess and Quantify

time, although in vivo it was smaller than in vitro. The value for the . .
wet fingernails in vivo was about 27 +6% in comparison with 45+6% Cutaneous Edema in Patch Test Reactions

in vitro for the toenails. Cutaneous infiltration and edema are important signs in read-
ing patch test reactiorf42® Edema formation is one of the
essential features of inflammation of the skin. It becomes
water'®869 The most rapid techniques, infrarétR) spec- clinically apparent and palpable because of the increase in
troscopy and RS, measure at a time scal@®f'3 to 10 1°s skin thickening from extravasation of plasma, as a result of
and will thus vyield instantaneous information about water the type IV allergic reactiofdelayed typg which is the basic
structure® The techniques that require longer measurement process in positive patch test reactifs.
time will give information about the average state of water Patch testing is a well-established method of diagnosing
molecules in the sample. An example of such a technique is delayed type hypersensitivity in allergic contact dermatitis,
nuclear magnetic resonand®MR) (time scale 10 2 to with the aim of provoking the disease in miniature, resem-
10 ¢s), which has been used to determine the proportion of bling the real on&3% In spite of developments in clinical
water molecules bound to the macromolecylesund or im- medicine, the patch test, which is a relatively crude and primi-
mobile water in contrast to free or freely exchangeable water tive procedure, still remains the classical method for the di-
in various normal and diseased tiss(f&<? agnosis of contact allergiés.

The advantage of NMR spectroscopy and imaging in der- A small number ofn vivo methods have been developed to
matological research is the spatial resolution with the possi- evaluate cutaneous edema. The literature describes several
bility to quantitate water content and average molecular kinet- methods capable of measuring edema in patch test reactions:
ics in vivo in epidermis, dermis, and subcufis.’® The the Harpenden skin-fold caliper, xeroradiography, high-
limitations of NMR for clinical applications are, however, its frequency ultrasound, and recently, fiber optic NIR FT
inability to yield information about instantaneous water struc- RS141%178486-9¢5yever, some have severe drawbacks. For
ture and an ability to provide information only about the av- example, pressure from the clamps of the caliper inevitably
erage state of water molecules in the sample, long measure-compress areas of edema, creating uncertainty about the layer
ment time; and expensive, large-sized instrumentation that of the skin being included in the fold and measuféXero-
needs a special environméfitR and RS are complementary  radiography cannot be carried out on the back, and moreover,
techniques’ the patch test area is too small for radiological projectf3i8.

Absorption of infrared light at approximately 3200 ch High-frequency ultrasound for assessment of allergic and
depends on the stretching of the covalent O-H bond in water irritant reactions directly on the patients was initiated in the
and therefore reflects water contéhtlR-spectroscopy is last two decade®.848687.91-94 primarily, 20-MHz high-
rapid and allows the obtaining of spectra noninvasively from frequency ultrasound in the A modge., 1-D scanning to
the skin surfacé’ but only the most superficial layer; in prac- measure skin thickness, which corresponds to the interval be-
tice, stratum corneum can be studied fiorvivo quantitative tween the epidermis echo and that of the interface between the
measurement of watéf-"°The use of attenuated total reflec- dermis and subcutisias been used for differentiation of posi-
tance(ATR) FT-IR spectroscopy is restricted to the upper few tive patch test reactions on the basis of skin thickness, which
microns of the stratum corneum because of the limited pen- increased proportionally to the intensity of the reacfidf.
etration depth of mid- and far-IR light in skirf:"® The next step was the introduction of 2-D scanning, called B

RS has certain advantages: it can be applied to obtain in-mode, which allows the measurement of the thickness and
formation regarding the molecular composition of the skin acoustic properties of a particular region of the skin, offering
down to several hundred micrometers below the skin surface;the advantage of supplying data for the evaluation of patch
it has relative insensitivity to watdin Raman spectra, water  test reactions of every degree of intensft§’ !
shows only weak bands and backgrounds and, consequently, These studies revealed that affected areas of the inflamed
the tissue signal is not swamped by the water spedtrand skin are characterized by low echogenicity, particular in the

Fig. 8 In vivo NIR FT Raman spectra for the proximal and distal part
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Fig. 9 /n vivo NIR FT Raman spectra (mean) in the range of 2500 to 3500 cm™" of normal skin (line a), (a) Positively (++,++/+++) scored reactions
and (b) positively (2+,2+/+,+) scored reactions at 48 h (line b) and 72 h (line ¢) to different allergens in a group of patients with contact dermatitis.
The band at 3250 cm™ is significantly increased, showing higher water content in strongly positive patch test reactions, when compared to weak
positive reactions at 48 and 72 h.

upper part of the dermis. This subepidermal low echogenic  NIR FT Raman spectroscopy does not have the same
area was thought to represent inflammatory edema. However,drawbacks as high-frequency ultrasonography. The feasibility
the resolution of 20-MHz scanners is still too low to enable of NIR FT Raman spectroscopy in conjunction with sensitive
measuring the thickness of the epidermis and the stratum cor-fiber optic probes to directly estimate relative water content in
neum. Therefore, a 100-MHz scanner has been devefdped. various degrees of patch test reactions in comparison to visual
Nevertheless, direct evidence that echogenicity of the dermisgrading of reaction intensity in readings at 48 h and 72 h have
correlates with water content is lacking. In spite of those tech- been demonstratéd!® Figure 11 provides examples afi

nical limitations, ultrasonography has been shown to be a suit- vivo NIR FT Raman spectra over the wavenumber range 2500
able method for quantification of cutaneous edema in patchto 3500 cmi* obtained with fiber optics on backs of patients
test reactions, because by use of portable, relatively cheapat patch tests sites, showing various degrees of reaction inten-
equipment, one can evaluate cutaneous edema from any resity to the same and different allergens, at 48 h and at ¥2 h.
gion of the body in a relatively short tinfé Also, ultrasound The main changes in NIR FT Raman spectra in the 2500 to
measurements are less dependent on high technical expertise§500 cmi* region from normal and reacted to applied aller-
and therefore this method can be easily adopted in the clinical gens tissue were found to agree with each other in band po-
routine!®3! sitions and their shapes, but with various intensitipsak
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g rapidly analyzed with “trained” softwaré? Fiber optic NIR

RS offers a high degree of information qualitatively and quan-
titatively at the molecular level. Spectra collected with fiber
optics may effectively localize the volume of tissue that is
studied, from a very small measurement volume by confocal
Raman microspectroscopy, to a 10-mm active measurement
area by fiber optic NIR FT RS. Raman spectra obtained by
fiber optic NIR RS can reflect the changes in molecular struc-
ture and composition underlying transformation from normal
to diseased states within tissues, that may be used for eluci-
dation of the etiology and progress of diseased states, thus
improving clinical diagnosis and treatment. It can also char-
acterize the interactions of certain chemical agents with tis-
sues, which can be of particular use in studies of skin barrier
properties, penetration enhancers, and other topical applica-
Raman shift (cm’”) tions. A recent example is the monitoring of dynamic pro-
cesses and intermolecular interactions in various degrees of
visually assessed positive patch test rections at 48 h and 72 h

Intensity (a.u.)

2600 2800 3000 3200 3400 3600 3800

Fig. 10 Raman spectra of water and dry stratum corneum. Raman
spectrum of freeze-dried stratum corneum (line a). Raman spectrum of

water (line b). The gray areas highlight the spectral intervals that are after cutaneous application and penetration of various stan-
used in the calculation of water content in the skin. Water to protein dardized allergens, underlyirig vivo cutaneous transforma-
ratios in the stratum corneum were calculated as the ratio between the tion from normal to inflamed states.

Raman signal intensity of water (due to OH-stretching vibrations) in- NIR spectroscopy has been particularly important for re-

tegrated from 3350 to 3550 cm™ and that of protein (due to

CHs-stretching vibrations) integrated from 2910 to 2965 cm™". cent dermatological applications of RS, since it not only

avoids interference from fluorescence and photodegradation,
but also provides an opportunity to probe larger tissue depths
up to several hundred micrometers below the skin surface
the skin, when compared visually to reaction intensities with assessment of high-quality spectral data due to the fact
(negative, %; +; ++; +++) as recommended by the Inter- thatin NIR Raman spectra, water shows only weak bands and
national Contact Dermatitis Research Gré&ighe band at ~ Packgrounds, and so the tissue signal is not swamped by the
3250 cm! s significantly increased, showing higher water Water spectrum. So, the NIR FT RS method, in conjunction
content in strongly positive patch test reactions, when com- With sensitive fiber optical probes, may be a suitable, power-
pared to weak positive reactions, at 48 h and 72 h. Since theful tool for the diagnosis of the whole human skin tissoe
intensity of the 3250 cm* band was shown to correlate with ~ VIVO allowing extensive data collection at different anatomi-
water content in the skin according to the visual results of €@l locations that is essential in the developmentrofivo
patch test evaluation, by using the ratigsy/ |4 described clinical apphcatlons. An introductory interpretation .of the
earlier, the mean values of relative water content were ob- changes in the spectral range 2500 to 350_(T]cmbta|ned
tained (Fig. 12, and showed the possibility of noninvasively ~fom skin reactions to patches in patients with suspected al-
quantifying cutaneous edema at positive patch test sites with€rgic contact dermatitis is suggested to further Qemonstrate
continuous data grading of reaction intensity suitable for clini- the applicability of remote NIR RS as an alternative method
cal studies, which is important for monitoring the dynamics of fOr assessing and quantifying cutaneous edema by directly
these reactions at 48 and 72rhvivo.!*15 Nevertheless, ap- measuring water concentration in the whole skin tisgue
plication of fiber optic NIR FT RS for precise water concen- vivo,® although this area still has some unanswered questions.
tration determination in the skin cannot be considered as a 1hough the described method certainly does not enable a very
very accurate technique at present due to some technical limi-2ccurate water concentration determination presently in the
tations described. Additionally, self-absorption of scattered SKin: OUf_'“trodU%OfY approach is supported by a recent study
light by water should prove not to be an influencing factor PY Wolthius et al.i” aimed at quantifying water content in the
when the intensity of water is calculated in various skin mod- Prain tissue as a first step toward the development oinan

els with high water content. Certainly advantageous would be Viv0 tool for monitoring brain edema in patients with intra- -
the development of multivariate statistical methods on the ba- cranial neoplasms and cerebrovascular pathology. An experi-

sis of measured NIR-Raman spectra in the 2600 to 3800 cm Mental fiber optic CCD-based NIR in-house-built Raman sys-
region to predict the water fraction of skin tissue with better €M has shown the possibility of measuring, in the 2600 to

heighy of the 3250 cm? peak related to the water content in

accuracy2 3800 cm* region, the concentration of water in porcine brain
tissue postmortem with an accuracy better than 0.01 in the
. . . range 0.75 to 0.95. Thus, similar assessment of the applicabil-
6 Advantages and Disadvantages of Fiber Optic ity of Raman spectroscopy as an alternative method for as-
NIR Raman Spectroscopy in Clinical sessing brain edema, measuring the water concentration in the
Dermatology tissue directly, has also been introduced to neurology.

Fiber optic NIR RS represents a potentially viable approach  The situation is complicated for measuring skmvivo,

for widespread clinical use, sinde vivo measurements may  because different portions of normal skin have different water
be performed nondestructively under physiological conditions content. With sufficient spatial resolution in the depth direc-
on nonhomogeneous samples, and the acquired data can b&on, discrimination between the different skin layers and
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Fig. 11 An example of in vivo NIR FT Raman spectra in the range of 2500-3500 cm™' of: (a) normal skin (line a), positively (2+) scored reaction
(line b), and (++) scored reaction (line c) of the same patient to different allergens after 48 h. (b) Normal skin (line a), positively (2+) scored reaction
(line b), and (+) reaction (line ¢) of the same patient to different allergens after 72 h. (c) Normal skin (line a), positively (++) scored reaction at 48
h (line b), and (++,++/+++) reaction at 72 h (line ¢) to neomycin sulphate in the same patient. (d) Normal skin (line a), positively (++) scored
reaction at 48 h (line b), and (++) scored reaction at 72 h (line ¢ to potassium dichromate in the same patient. (€) Normal skin (line a), positively
(2+4) scored reaction at 48 h (line b), and 72 h (line ¢) to nickel sulphate-hexahydrate in the same patient.

studies on molecular variations within the whole skin are pos-  Higher spatial resolution may increase the accuracy of di-
sible. At present, we have detailed information only on the agnosis of contact dermatitis based on patch testing and pro-
water concentration in the outermost layer of the skin, in the vide guidance for subsequent measurements from inflamed
stratum corneum, as a function of distance by confocal Ramanportions of the whole skinn vivo. Here we only have the
spectroscopy. In combination with confocal scanning laser model of patch test reactions to demonstrate fiber optic NIR
microscopy, for the first time a detailed vivo concentration FT RSin vivo Raman spectra from patches visually showing
profile was shown for the stratum corneum in relation to skin various degrees of cutaneous inflammation on the backs of the
architecture® patients.
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0.9 p<0.01 tronics instruments to achieve portable, personal, and hand-
08 a held instrumentation with minimal power consumption and
. p<0.04 high reliability that can be used in a clinical setting. That
8 o7 p<003 | trend certainly suits decentralization in the hospital, with the
g o6 — assoua_ted demand for small-sized instrumentation close to
& os the patient.
I3
f 0.4
g o3 7 Conclusions
’ The development of objective methods has been delayed
02 ] in dermatology compared to other fields of medicine and
negative () doubtful (74) weak {+)  strong (++/r++) biophysics. For dermatologists, bioengineering is not abso-
09 lutely necessary to make a diagnosis, since it is much easier,
b p<0.01 rapid, and inexpensive to see and touch skin lesions directly.
08 However, the application of bioengineering techniques to
o7 p<0.01 the quantification and monitoring of skin lesions could
= — hglp see 'ghe dynamics and characterlgtlcs qf living skin le-
£ o6 p>008 sions, which have never been described in textbooks of
§ dermatology before. For this purpose, appropriate measure-
£ 08 ment systems are needed to deliver objective, accurate, reli-
Z s able, and reproducible results at any time to increase our un-
g derstanding ofin vivo skin physiology and biophysics. A
03 newcomer to the medical instrumental market is Raman spec-
0.2 troscopy, which has already been probed in a variety of medi-
negative () doubtful (?+) weak (+) strong (+++++) cal applications, and appears to be a particularly promising
vivo diagnostic tool for feasible, nondestructive measurements
Fig. 12 Mean relative water content values and SD in contrast to in dermatology.
visual gradings of patch test reactions intensity (—;2+;+;++;+++) at (a)
48 h and (b) 72 h. By using the ratio l3,50/1 , the mean values of
relative water conten>t/ shovged the pos:izé?litflgig noninvasively quan- Acknowledgments
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