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High-resolution multiphoton tomography of human skin
with subcellular spatial resolution and picosecond
time resolution

Karsten Konig Abstract. High-resolution four-dimensional (4-D) optical tomography
Iris Riemann of human skin based on multiphoton autofluorescence imaging and
University of Jena second harmonic generation (SHG) was performed with the compact
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D-07740 Jena, Germany
E-mail: kkoe@mti-n.uni-jena.de

femtosecond laser imaging system Dermalnspect as well as a modi-
fied multiphoton microscope. Femtosecond laser pulses of 80 MHz in
the spectral range of 750 to 850 nm, fast galvoscan mirrors, and a
time-correlated single-photon counting module have been used to im-
age human skin in vitro and in vivo with subcellular spatial and
250-ps temporal resolution. The nonlinear induced autofluorescence
originates from naturally endogenous fluorophores and protein struc-
tures such as reduced nicotinamide adenine dinucleotide phosphate,
flavins, collagen, elastin, porphyrins, and melanin. Second harmonic
generation was used to detect collagen structures. Tissues of patients
with dermatological disorders such as psoriasis, fungal infections,
nevi, and melanomas have been investigated. Individual intratissue
cells and skin structures could be clearly visualized. Intracellular
components and connective tissue structures could be further charac-
terized by fluorescence excitation spectra, by determination of the
fluorescence decay per pixel, and by fluorescence lifetime imaging.
The novel noninvasive multiphoton autofluorescence-SHG imaging
technique provides 4-D (x,y,z,7) optical biopsies with subcellular
resolution and offers the possibility of introducing a high-resolution

optical diagnostic method in dermatology. © 2003 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1577349]
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1 Introduction the capability of optical sectioning have to be applied, such as
the confocal detection methdd.

In contrast to the standard technique of determining the his-  Confocal laser scanning microscopes have been used to

topathology of mechanically removed tissue, noninvasive perform optical sectioning of human skin either in the

three-dimensional3-D) optical diagnostics has the advantage reflectiorf=* or in the fluorescence modeln vivo confocal

of (1) providing a painless diagnostic method without tissue autofluorescence images were obtained at depths down to 85

removal,(2) rapid access to informatioli3) examination un- um using excitation Wavglerjgths at 365 and 4885n@pe-

der natural physiologicdin vivo) conditions, and4) the pos- photon quore;cence excnguon has, however, the disadvan-
sibility of long-term studies on the same tissue area, including tages of low light penetration depth, out-of-focus photodam-
in vivo drug screening. age, and out-of-focus photobleaching. In addition, multiple

d scattering reduces the information obtained in the confocal

Human skin has to be considered as an optically turbi )
media where the incident light photons undergo multiple scat- 96tection mode because of those scattered out-of-focus pho-
tons which are transmitted through the pinhole onto the de-

tering before absorption occurs. Backscattered photons may . e .
o . . tector. Furthermore, the photon collection efficiency is low,
leave the skin(diffuse reflection. Absorbed photons can in- ) R, .
. owing to spatial filtering by the pinhole.
duce a weak autofluorescence based on naturally occurring . .
. : These disadvantages can be overcome by multiphoton
endogenous fluorescent biomolecules such as flavins, reduceqiIu

L . ) . . orophore excitation using near-infrar@diR) femtosecond
nicotinamide adenine dinucleotide phospHa#&D(P)H] co- laser pulses and high numerical apert(Xe\) objectives® In

enzymes and metal-free porphyrins as well as components ofi,o range of 700 to 1200 nm, the one-photon absorption co-

lipofuscin, collagen, elastin, and kerafifiable . Autofluo- efficients and scattering coefficients of skin are low compared

rescence and reflection can be used to perform optical imag-with the UV/visible spectrum, owing to the absence of effi-
ing of the structural components of tissues. In order to obtain

high-resolution depth-resolve(8-D) images, methods with  1083-3668/2003/$15.00 © 2003 SPIE
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Table 1 Spectral characteristics of endogenous skin fluorophores.

Excitation Wavelength Emission Wavelength Fluorescence Lifetime

Fluorophore (nm) (nm) (ns)
NAD(P)H 340 450 to 470 0.3 (bound to proteins: 2)
Flavines 370, 450 530 5.2 (pound to proteins: <1)
Elastin 300 to 340 420 to 460 0.21t00.4/0.4t0 2.5
Collagen 300 to 340 420 to 460 0.21t00.4/0.4t0 2.5
Melanin UV/visible 440, 520, 575 0.2/1.9/7.9
Lipofuscin UV/visible 570 to 590 Multiexponential

cient absorbers and because the strength of the Rayleigh scateonsidered a class 1M device according the new European

tering is inversely proportional to the fourth power of the

laser safety regulations. It consists of the following three ma-

illumination wavelength. Therefore, NIR intensities as high as jor modules®:

a gigawatt per square centimeter can be applied without dam-

age to tissues and fluorophores, and deep tissue imaging can 1. A compact, turnkey, solid-state, mode-locked 80-MHz

be realized. Multiphoton excitation occurs in only a tiny in-
tratissue focal volume, on the ordeir bfl or lower. Using a
fast galvoscanner and a piezodriven objective positioner, the
position of the multiphoton excitation volume can be changed
in three directions to realize deep-tissue optical sectioning. By
means of pinhole-free detectors in the descanned rfade
rescence not transmitted through the scanndisorescence
imaging at high photon collection efficiency can be realized.
Blue-green emitting fluorophores such as N#&M, which
normally require UV excitation, can be imaged even in the
dermis. It was predicted that diffraction-limited image resolu-
tion 7can be maintained for skin tissue of thicknesses up to 500
omm.

Using a two-photon femtosecond laser scanning micro-
scope, Masters et &ldetected the autofluorescence of human
skin in depths down to 20@m. Optical sectioning of animal
and human skin by NIR femtosecond laser autofluorescence
microscopy has been reported, for example, by So and*%Kim,
Masters et al’® Hendriks and Lucasséh,Konig et al.12=1°
and Peuckert et &P, Teuchner et al’ reported on femtosec-
ond pulse excitation of melanin fluorescence. Multiphoton mi-
croscopes are normally not suitable for imaging of human
skin. Here we report on a novel femtosecond laser scanning
system for high-resolution multiphoton tomography of normal
human skin and dermatological disorders with the capability
of submicron spatial resolution and a 250-ps temporal resolu-
tion. The system allows the measurement of fluorescence de-
cay kinetics per pixel and fluorescence lifetime imaging of
optical sections by time-resolved single-photon counting
(TRSPQ.'8 The high-resolution imaging system is designed
for use in dermatology and pharmaceutical research, including
long-termin vivo drug screening.

2 Materials and Methods
2.1 The System Dermalnspect

titanium:sapphire las€li:S) (MaiTai, Spectra Physig¢s
with a tuning range of 750 to 850 nm, a maximum laser
output of about 900 mW, and a 75-fs pulse width.

. A'scanning module, including a motorized beam attenu-

ator and shutter; a laser power detection module and
trigger module for the TCSPC unit; a fasly galvos-
canner and piezodriven #0focusing optics with NA
1.3 (oil, 140-um working distance, WIDor 20X optics

NA 0.9 (water, 1.2 mm WD, a photomultiplier tube
(PMT) with a short rise time; and a module with a
0.17-um glass window foiin vivo skin studies.

. A control module with power supplies; a single-photon
counting board[SPC 730/830, Becker&Hickl Berljn
and image-processing hardware and software, including
such features as online control of laser power and ad-
justment according to tissue depth, monodirectional and
bidirectional scanning, line scan, and single-point illu-
mination.

All components of the laser imaging system Dermalnspect Fig. 1 Photograph of the multiphoton imaging tool Dermalnspect 110

110 are mounted on a transportable workstatifig. 1).
The system, with a total dimension @6Xx 120x 140 cn?, is

for 4-D autofluorescence and SHG imaging with intracellular spatial
resolution and 250-ps temporal resolution.
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The tissue phantoms for microscogifPM, Riemann
Labortechnik, Jena, Germanwere placed in sterile micro-
chambers with 0.1¢m-thick glass windows filled with 1%
low-melting agarose. Intralipid 10 scattering particles and
fluorescent microspheres of different sizes and different fluo-
rescence spectra have been used to characterize the spatial
and temporal resolution of the system.

2.2 The Multiphoton Microscope

A confocal laser scanning microscodeéSM 410, Zeis$ was
modified to create a multiphoton microscope in such a way
that(1) the optics were changed to obtain a high transmittance
of 0.7 (800 nm, (2) an interface(JenLab GmbH, Jena, Ger-
many) for introduction of a femtosecond laser source was
provided, and3) a special baseport unit equipped with a fast Fig. 2 High-resolution in vivo multiphoton autofluorescence image of

PMT, CCD camera, and spectrometer was created seven cells in the stratum spinosum at about a 45-um depth in the left
! ! ' forearm of a female volunteer (laser excitation, 760 nm).

2.3 Biopsies and in Vivo Measurements

Biopsies were obtained from patients with a variety of dis- Alignment of the skin surface occurred tvpically durin
eases, including psoriasis, nevi, melanomas, and dermatomy-, '9 in su u ypically during

cosis. For transportation and safe measurement, the samplegas(; Sc?nryngl fs:[hper tframe atS]iL|2>< 512= 262’%‘1;1 p|xetls) t
were placed in sterile biopsy chambers for microscopy and detection of the strong autoTiuorescence of the outermos

(MiniCeM-biopsy, JenLab GmbHconsisting of silicon with tissue layer, the stratum corneum. Typically, a mean power of

4-mm holes and 0.1zm-thick glass windows on both sides 2 mW was chosen, Which correspond_s to a pulse energy of 25
for inverted and upright imaging. Isotonic sodium chloride pJ. In grderd(t;BObtaln fhlgh-contr:gsht Images, t:le tscan speed
(NaCl) solution was used to prevent drying. The measure- was reduce S Per trame, Which corresponds to a mean

ments occurred withi 1 h after excision. Optical sectioning of _beatm dwefll ltlmse perlplxel tOf 3%5' Thez—po_stl_non \Iévas_vaéledth
in vivo Caucasian human skitype 1) of a male volunteer 41 in steps of 1, 5, or 1um to a deeper position. For in-dep

years old and a female volunteer 33 years old was carried out'Maging, the incident laser power was increased. When imag-

- ing at a tissue depth of 10@m, typically the incident mean
on the lower forearm, which was placed on an arm holder. laser power was chosen to be 20 mW0 nm).

2.4 Time-Resolved Autofluorescence Measurements

Using the TCSPC method, single fluorescence photons have3-2  Optical Sectioning of an Area within the Human

been counted with a fast PM(fransient time spread 150)ps ~ Forearm

equipped with short-pass Schott BG 39 filters. The system Figure 2 demonstrates a high-resolutionvivo autofluores-
allows count rates of more tha@ photons per second at 80 cence image of seven cells deep in the epidermis within the
MHz. Typically, the two-photon excited autofluorescence of stratum spinosum. The intracellular dark areas reflect the non-
skin at moderate laser powers provided count rates of aboutfluorescent nuclei. Two-photon excitation at 760 nm resulted
100,000 photons per second. The PMT signal was synchro-in NAD(P)H fluorescence. The reduced coenzymes NAB
nized with thex,y,zbeam position calculated from signals of are mainly located in mitochondria. As is obvious from this
the galvoscanner and the piezodriven objective. This informa- figure, even single autofluorescent mitochondria can be im-
tion was used to provide spatially resolved autofluorescenceaged deep into the tissue. The right cell depicted in the image
decay curves per pixel; to fit these curves by a mono-, bi-, or exhibits multiple nuclei that are most likely due to ongoing
three-exponential approach; and to calculate mean fluores-cell devision.

cence lifetimes per pixel or per region of interest. The calcu-  Figure 3 shows images at different tissue depths separated
lated mean fluorescence lifetimes were depicted as color-by 5 um out of a stack of optical sections of a male volunteer

codedrimages. using 750-nm femtosecond laser pulses. Single cells, cellular
components, extracellular structures, and transitions between
3 Results tissue layers could be clearly recognized by nonlinear NIR-
] excited autofluorescence. In particular, the autofluorescence
3.1 Alignment image of connective tissue from a depth of 8 demon-

Tissue phantoms for microscopy have been used for properstrated excellent in-depth resolution. The stratum corneum,
beam alignment and to test the imaging system by the deter-with its fluorescent component keratin, exhibited a strong au-
mination of point spread functiond®SPH dependent on the tofluorescence when excited within the tuning range of 750 to
intratissue depth of the excitation volume and the fluorescence850 nm. Within the broad excitation band, maxima at 750 nm
wavelength, and to probe the temporal resolution. We mea- and at around 820 nm have been detected in a small skin area
sured a lateral PSF width of 0.4 to Qun and an axial PSF of  of one volunteer. However, excitation spectra varied among
1.2 to 2.0um during optical sectioning between 0 and 100 different locations within this cornified tissue layer. The cell
um depth in spite of scattering materi@ to 199 and a tem- borders of the hexagonal-shaped corneocytes with a mean cell
poral resolution of about 250 ps. diameter of36= 15 um often induced the strongest fluores-
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Fig. 3 In vivo optical tomography of the forearm of a male volunteer. The image at 5 um shows fluorescent structures of the stratum corneum
whereas the images at 30, 55, and 60 um reflect fluorescent epidermal organelles. The images at 80 and 100 um show connective structures in the
dermis.

cence of the tissue. The fluorescence pattern on the skin surthe autofluorescence of this tissue layer appeared of low con-
face was interrupted by nonfluorescent areas with a thicknesstrast and more diffuse, owing to the coexistence of living and
of up to 100um, owing to epidermal ridges. However, in the  dead fluorescent cells. A typical thickness of abou.0 for
lower epidermal layers, the fluorescent bord@erneocyteps this tissue layer was found.

of these incisions were responsi_ble for highly Iumi_nescent ar \within the stratum spinosum, the single cells and cellular
eas down to 5Qum or more. Hairs appeared as highly fluo- compartments could be clearly seen by strong-fluorescent

rescent structures. The thickness of the stratum corneum in .

the area of interestower forearm was found to be 10 to 15 granula in the cytoplasm and the borders of the large, round,

um (female and 15 to 20um (male nonfluorescent nuclei. The cell diameter decreases with in-
The transition to the stratum granulosum was detected by €réasing tissue depth and was found in the upper part of this

the occurrence of living cells with a different cell shape, a layer to be26+3um and in the deepest cell layer6
fluorescent cytoplasm, and nonfluorescent nuclei. In general, =4 um. Also, the ratio between the volume of the cytoplasm
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dermis

Fig. 4 In vivo optical tomography in dependence on excitation wavelength. Signals in the dermis at 820-nm excitation are mainly due to SHG
radiation (a,c,e: 770 nm; b,d,f: 820 nm, female volunteer).

and the volume of the nuclei decreased. Sometimes cells withspectral bandwidth in contrast to fluorescence. In addition, a
two nuclei were found. component with a shofpicosecon@idecay time was detected
The single innermost cell layer of the epidermis, the stra- in the dermal region. The reason the SHG signal could be
tum basale, was determined by cuboidal cells with higher measured only at excitation wavelengths above 780 nm is due
fluorescence intensity than living cells in the upper layers. to the reduced transmission of the short-pass filters in the
Very likely these are the basal cells that can be differentiated ultraviolet. In order to further verify that SHG signals are
and that migrate toward the skin surface. Within these cells, generated in the dermis, J&m-thick cryosections of a biopsy
strong fluorescent granula in the upper part of the perinuclear of Caucasian skin were investigated at 820 nm. No SHG sig-
region have been detected. The basal cells had the lowesihal was detected in the layers of the epidermis. However, a
diameter of the epidermal cells, wig+1 um, and the low- strong blue signal between 400 and 420 nm was detected in
est ratio of cytoplasm to nuclei volume. During optical sec- dermal collagen.
tioning, the basal cells occurred as a circular cluster around In addition to the imaging of autofluorescence intensity,
the tip of a papilla. vivo fluorescence decay kinetics per pixel have been mea-
The transition between epidermis and corigeatis) was sured. From these large amounts of data two major fluores-
determined by the distribution of the papillae. Typically this cence lifetime components have been determined. The shorter
junction was found at a depth of 55 to 7@n for the female one has a time within the response time of the detector and is
and 70 to 10Qum for the male volunteers. Connective tissue, most likely due to the SHG signal in the UV and blue spectral
in particular, single fluorescent long fibers with a thickness of range and a small amount of scattered light that was able to
less than 1um, could be clearly visualized. These highly transmit the filters. The long component is due to autofluores-
fluorescent structures are properly single elastin fibers. cence. Its lifetime has been calculated and depicted as a false-
The images in Fig. 4 reflect the dependence on excitation color fluorescence lifetime image. Typically the fluorescence
wavelength. The figure shows solimevivoimages at 770 and  lifetime of an intratissue cell was found to be on the order of
820 nm out of a wavelength stack. The laser was tuned from 1.8 to 2.4 ns. Figure 5 shows two optical sections out of a
750 to 850 nm in steps of 10 nm. In general, the fluorescencestack of 3-D~maps. One image shows the autofluorescence
intensity increased when the laser was tuned to short wave-lifetime image of the stratum corneum. The histogram of the
lengths. This is in accordance with the absorption behavior of fluorescence lifetime distributiofright upper corner of the
the coenzymes NAP)H and flavins. However, optical sec- image shows a maximum at about 1.9 ns. The lifetime image
tioning with excitation wavelengths larger than 780 nm is dominated by yellow pixels because of the false color table
through the junction of the epidermis and dermis and within chosen in which yellow corresponds to 1.78 to 1.94 ns. A
the dermis resulted in an additional source of luminescence particular decay curve of a part of the cell border is shown in
and its detection. This luminescence is based on a secondhe lower part. Deconvulation resulted in the calculation of a
harmonic generatiofSHG) of collagen. Therefore, the signal  long-lived component with a mean fluorescence lifetime of
obtained from the dermis was found to be a combination of 1.85 ns. In contrast, the lower image taken at a depth of 50
two-photon excited autofluorescence and of SHG formation at um within the stratum spinosum shows a histogram maxi-
half the excitation wavelength. The SHG part was detected by mum of about 2.4 ns and a single fluorescence decay curve of
determination of the emission wavelength using a variety of a pixel in the perinuclear region within an organelle that
narrow bandpass filters and by tuning the excitation wave- might be mitochondria. The biexponential deconvulation
length. It was clearly found that the signal possesses a shortshows a component with a relatively long fluorescence life-
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Fig. 5 In vivo autofluorescence lifetime images of stratum-corneum (upper panel, 5 um) and stratum spinosum (lower panel, 50-um tissue depth).

time of 2.7 ns. Mitochondrial protein-bound NABH has 250 ps. The process of SHG occurs immediately, in contrast
typical lifetimes in the range of 2 to 3 ns, in contrast to to fluorescence with its typical lifetime in the nanosecond
NAD (P)H in solution, which has picosecond lifetim€Eable range.
1).

Thesein vivo studies on normal human skin demonstrate ) ) )
the capability of four-dimensional autofluorescence imaging 3-3 /maging of Dermatological Disorders
in deep tissue with a subcellular resolution in the range of 1 Sixty biopsies of patients with different dermatological disor-
pum and picosecond temporal resolution. Time-correlated ders that included psoriasis, warts, fungal infections, nevi, and
single-photon counting allows the measurement of intratissue benign and malignant skin cancers have been investigated by
fluorescence decay kinetics and the calculation of mean fluo- multiphoton-excited autofluorescence imaging. The pattern
rescence lifetimes. In addition, it supports the detection of and intensity of the autofluorescence differed clearly from sur-
second harmonic generation in the tissue depth by the detecrounding normal tissue.
tion of a short luminescence component limited by the tem- In the images of the patient with trichophyto$termato-
poral resolution of the detectdin this experimental setup, mycosig hexagonal-shaped strong fluorescent corneocytes
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Fig. 6 Autofluorescence images of skin with fungal infection (tricho-
phytosis).

. ) . Fig. 7 Multiphoton autofluorescence image and transmission image
with a mean diameter d0+20 um have been detected in 4, pigmented cryosection demonstrating multiphoton-excited lumi-

depths down to 8@um. It is interesting that these corneocytes nescence of melanin.
revealed strong fluorescent nuclei compartments. Such nuclei

compartments can arise during hyperkeratosis. Within this 90-
um-thick tissue layer, the fluorescence intensity increased
with increasing tissue depttirig. 6). NIR femtosecond laser
pulses can be also used to excite intense fluorescence of th
melanin pigmentFig. 7). Pigmented and nonpigmented areas
could be clearly differentiated. In the case of a melanocytic
compound nevi, the intensity of this autofluorescence was sig-
nificantly increased. This was based on strongly fluorescent
cells in all tissue layers, from the stratum granulosum down to
the dermal—epidermal junction. The fluorescence from these
cells arose from fluorescent granula.

In the case of a malignant melanoma, no clear transitions
between the different tissue layers were recogni#éd. 8).
Clusters of highly fluorescent cells appeared. In tissue depths
of 40 um and more that were measured, the fluorescence
intensity was so large that the fluorescence excitation power
could be reduced by 30 to 50%. As indicated by the autofluo-
rescence images and transmission images of cryosections o
pigmented skin from patients with melanocytic nevi and su- : :
perficially spreading melanomas, the pigmented dark com- of the epidermis.

partments that contain melanin revealed the strongest fluores- Aut(_)fluoresc_ence and SHG imaging by NlR. multiphoton
cence compared with nonpigmented areas. excitation provides a better resolution than optical coherence

tomography(OCT) and enhanced in-depth information com-
. . pared with confocal imaging techniques. In addition, func-
4 Discussion tional imaging becomes possible by autofluorescence detec-
Multiphoton tomography of skin by sophisticated versatile tion owing to the fluorescence excitation of the biosensor
bioinstrumentation based on intense femtosecond NIR laserNAD(P)H in its reduced state and the measurement of the

beams at subnanojoule pulse energy provides a high-
esolution view of the different layers of the skin. Using sub-
emtoliter excitation volumes and NIR excitation light in
combination withx,y,z scanning, three-dimensional imaging
of dermatological disorders amal vivo drug screening at sub-
cellular intratissue resolution becomes possible. Using the ad-
ditional contrast-enhancing mechanismahapping, the ca-
pability can even be enhanced to 4-D imagifsppace and
time). In-depth lifetime imaging provides the possibility of
obtaining further information on the type of fluorophore and
its intratissue distribution and microenvironment as well as on
the type of luminescencéluorescence or SHGIn order to
obtain additional information on scattering processes and the
true path length of backscattered in-depth photons, faster de-
tectors are required. In the time period of 250 ps, which rep-
fesents the current temporal resolution of the system, intratis-
sue photons travel 5 cm, or a distance 500 times the thickness
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Fig. 8 Ex vivo optical sectioning through a superficial spreading mela-
noma. Five images at 3, 21, 33, 42, and 62 um depth out of a stack
are characterized by bright fluorescent granula.

fluorescence decay kinetics that are dependent on the mi-15.
croenvironment, etc. It is interesting that intense femtosecond
laser pulses in dermal collagen generate radiation at half thel3-

incident wavelength by second harmonic generation. Al-
though the second harmoni8H) photons exit the focal point
in the same direction as the exciting light, some of these UV/

blue photons can be detected at the skin surface owing to

multiple scattering. Spectral imaging would be helpful in
quantifying the SH contribution to the overall backscattered
luminescence. Further basic research and clinical studies have

to be performed to evaluate the enormous potential of this
technique and system of multiphoton autofluorescence imag-

ing

in dermatology and drug screening, and to use

multiphoton-induced emission of melanin for a possible diag-
nosis of melanoma.
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