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ABSTRACT

80 years ago, the PhD student Maria Goppert predicted in her thesis in Gottingen, Germany, two-photon effects. It took
30 years to prove her theory, and another three decades to realize the first two-photon microscope. With the beginning of
this millennium, first clinical multiphoton tomographs started operation in research institutions, hospitals, and in the
cosmetic industry. The multiphoton tomograph MPTflex™ with its miniaturized flexible scan head became the Prism-
Award 2010 winner in the category Life Sciences. Multiphoton tomographs with its superior submicron spatial resolution
can be upgraded to 5D imaging tools by adding spectral time-correlated single photon counting units. Furthermore,
multimodal hybrid tomographs provide chemical fingerprinting and fast wide-field imaging. The world’s first clinical
CARS studies have been performed with a hybrid multimodal multiphoton tomograph in spring 2010. In particular, non-
fluorescent lipids and water as well as mitochondrial fluorescent NAD(P)H, fluorescent elastin, keratin, and melanin as
well as SHG-active collagen have been imaged in patients with dermatological disorders. Further multimodal approaches
include the combination of multiphoton tomographs with low-resolution imaging tools such as ultrasound, optoacoustic,
OCT, and dermoscopy systems. Multiphoton tomographs are currently employed in Australia, Japan, the US, and in
several European countries for early diagnosis of skin cancer (malignant melanoma), optimization of treatment strategies
(wound healing, dermatitis), and cosmetic research including long-term biosafety tests of ZnO sunscreen nanoparticles
and the measurement of the stimulated biosynthesis of collagen by anti-ageing products.
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1. INTRODUCTION

Maria Goppert (*June 28, 1906 in Kattowitz, - Febr 20, 1972 in San Diego, 1963: Nobel Prize)) predicted in her PhD
thesis in Géttingen (Germany) two-photon effects'?. She got married to the young physicist Joseph Edward Mayer who
worked in the same department and moved to the United States. In 1960, Maria Goeppert-Mayer became a professor at
the new university UCSD in San Diego. It was the year where the laser was invented. Some months later, Wolfgang
Kaiser (*July 17, 1925 in Niirnberg) and C.G.B. Garrett demonstrated with this novel intense light source two-photon
excited fluorescence in crystals®. In 1978, Sheppard and Kompfner suggested to build a non-linear microscope®. In 1990,
Winfried J. Denk (*Nov 12, 1957 in Miinchen), James H. Strickler, and Watt W. Webb realized the first two-photon
microscope and performed measurements on living cells®. One decade later, the multiphoton tomograph
Dermalnspect™ (JenLab GmbH, Jena, Germany) was developed as first femtosecond laser-based clinical diagnostic
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In vivo multiphoton tomography (MPT) for high-resolution imaging of human skin such as melanoma detection'',
diagnostics of dermatological disorders, cosmetic research'? and skin aging measurements'” as well as in situ drug
monitoring'*, tissue engineering'”, and biosafety tests of ZnO nanoparticles'® has become a promising method in leading
European skin research institutes, clinics in Brisbane, Paris, London, Jena, Berlin, Miinster, Modena, Gera, Mannheim
and Irvine/California as well as in major cosmetic companies such as L’Oreal and Beiersdorf AG and the major
companies in Japan. About 2,000 volunteers and patients have been investigated.

Multiphoton imaging is achieved by focusing femtosecond laser radiation at low picojoule pulse energy into the skin.
Intrinsic skin fluorophores, such as elastin, melanin, flavins, keratin, and reduced nicotinamide adenine dinucleotide
(NADH), can be used for imaging. Additionally, second harmonic generation (SHG)'" can be induced to detect the
collagen network. Multiphoton tomographs provide optical biopsies with superior submicron resolution. The
Dermalnspect™ (JenLab GmbH) became the first clinical multiphoton tomograph. In 2010, the second generation and
Prism-Award winning flexible tomograph MPTflex™ (JenLab GmbH) has been introduced with its articulated arm and
the compact scan head. Safety aspects of these femtosecond laser tomographs for skin imaging in comparison with UV
lamp exposure and sun light exposure have been studied by Fischer et al.'® and other research groups. According to their
results, an examination of a skin lesion with the multiphoton tomograph corresponds to light exposure effects similar to a
15 min walk (sun light intensity: 100 mW/cm?). This review presents a short review on the latest developments including
multidimensional MPT and multimodal MPT. First clinical CARS studies have been performed with a novel hybrid
multiphoton tomograph.

2. THE PRISM AWARD WINNING TOMOGRAPH MPTf{lex™

The laser source of the CE-marked clinical multiphoton tomograph MPTflex™ (Figs. 1-2) is a sealed turn-key tunable 80
MHz titanium:sapphire femtosecond laser (710 - 920 nm) which is mounted on an optical breadboard. The optical unit
consists of an active optical power attenuator to regulate the in sifu power of the laser in dependence on skin depth, an
active beam stabilization device, a safety unit and a flexible articulated mirror-arm with its compact scan head. The scan
head consists of a fast galvo-scanning device to generate 2D (XY) scans, a piezodriven z-scanner, and high NA focusing
optics (NA 1.3). The optical arm is stabilized with a mechanical arm. The scan head contains also a dual photon detector
unit for the measurement of autofluorescence and SHG. The in situ power at the skin is 2 mW (stratum corneum) to 50
mW (dermis), the in situ laser pulse width 250 fs.

The overall field-of-view of the optical system covers 350 x 350 um?. Optical sections can be generated as deep as 200
um. The image generation is supported by single photon counting (SPC) technology.

Fig. 1. Images of the Prism-Award winning device multiphoton tomograph MPTflex™. The scan head consists of a 3D scanning
module, the focusing optics, two detectors for fluorescence and SHG imaging, and a 1.7 mm thick microendoscope.
Photo (left) taken by Paul Kennedy.
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Fig. 2 Typical images in the analog mode and the single photon counting mode.

3. MULTIDIMENSIONAL MULTIPHOTON TOMOGRAPHY

The novel multiphoton tomograph provides label-free 3D optical biopsies based on two-photon imaging of endogenous
fluorophores (NADH, melanin, keratin, elastin. flavins) as well as of dermal collagen by SHG. A lateral resolution of
<0.5 um and an axial resolution of 1-2 pm can be achieved inside the tissue. The systems can be upgraded to a fourth
dimension by the use of fast photon detectors and time-resolved single photon counting (TCSPC) modules.

lesional (A non-lesional (B) control (C)
depth
[um]

ﬁ

[100 ps  2000]

Fig. 3 Clinical Multiphoton FLIM. Researches at the University of Miinster, Germany, use the multidimensional multiphoton
tomograph for early diagnosis of dermatitis and for the optimization of the treatment (19).
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Most multiphoton tomographs are equipped with photomultipliers that provide an instrumental response function of
about 250 ps. When using MCPs, the temporal resolution values can be reduced down to 20 ps. TCSPC provides
fluorescence decay curves. Fluorescence lifetimes per pixel can be calculated from these curves (512x512 per frame) and
biexponential fitting procedures. Finally, fluorescence lifetime images can be generated and depicted as color-coded
optical sections. Fluorescence lifetime imaging (FLIM) can be employed for early diagnosis of young patients suffering
from dermatitis as well as for treatment control'’, Fig. 3.

A further upgrade is the information on in vivo emission spectra. It is possible to generate spectral information per pixel
by employing multiple detector units or by the use of filter wheels in front of the PMT. Researchers in London and Jena
use a 4-PMT-approach in combination with beamsplitters to realize spectral FLIM?**'. Other research groups use
24PMT-arrays in combination with a polychromator to perform spectral imaging. Fig. 4.
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Fig.4a 4D-MPT based on FLIM Fig. 4b. 5SD-MPT based on spectral FLIM.

3.1. Multimodal MPT using wide-field low-resolution state-of-the-art skin imaging tools

The resolution of a multiphoton tomograph is better than that of the typical non-laser light microscope of a pathologist
who investigates 7um thick HE-stained sections of physically removed skin biopsies. MPT can provide optical biopsies
with similar or better information than the conventional HE biopsy. However, multiphoton tomographs provide the
subcellular resolution so far just in a small field of view (0.4x04 mm?) with a maximum signal depth of 0.2 mm. It would
be of interest to generate in a first step skin images with a larger field of view and with deep-tissue information. From
these images, regions of interests (ROI) should be defined for further high resolution MPT investigations.

Such wide-field tools which have a low resolution compared to multiphoton imaging are color CCD cameras
(dermoscopes), ultrasound systems from 7.5-100 MHz, and OCT systems such as the 4-beam swept source OCT for fast
3D skin imaging. We demonstrated the successful combination of MPT with wide-field clinical state-of-the-art systems
and performed multimodal imaging a clinical study on patients with different skin diseases in Jena, Germany**>. For
example, a swept source 3D OCT system was employed that covered 5 x 5 x 2 mm? with a lateral resolution of <7.5 um
and a vertical resolution of <10 um. OCT and MPT images through coverslips with grids and further markers were
possible. This allowed the determination of well-defined regions of interests (ROI) within the OCT image and the
generation of multiphoton stacks within this ROI.

The Fig. 5 demonstrates the dermoscope system Fotofinder, clinical ultrasound systems (7.5 MHz-100 MHz), and an
swept-source OCT system. The multimodal approach is seen in the clinical example of a patient suffering from the
blister disease Phemphigus (Fig. 6).
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Fig. 5. The dermoscope Fotofinder, clinical ultrasound systems up to 100 MHz, and a 4beam-swept source OCT present
state-of-the-art imaging tools in dermatology.

Fig. 6 OCT image, dermoscope image, and multiphoton image of a patient with Phemphigus (11).

3.2. Multimodal MPT - Clinical CARS

Coherent AntiStokes Raman Spectroscopy (CARS) microscopy is a novel imaging technology which has major
advantages compared to confocal Raman imaging®*. We performed the first clinical CARS studies by combining the
CE-marked clinical product Dermalnspect™ with an optical parametric oscillator (OPO, APE Berlin) as well as a time-
delay unit. The hybrid CARS/Dermalnspect tomograph was employed in a clinical study at the Charite/Berlin in April
2010 after approval by the Certified Body and the local Ethics Committee. Patients suffering from Psoriasis have been
studied where modifications of the lipid pattern has been reported”. Details of the hybrid systems and the measurements
can be obtained from refs. 30-32. Fig. 7 shows an autofluorescence image as well as a CARS image from the non-

affected stratum corneum of a patient. Fig. 8 demonstrates one example of a lipid-water-emulsion measurement on skin
by CARS.
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Fig. 7. The novel multimodal hybrid CARS Multiphoton Tomograph provides optical biopsies based on CARS detection of lipids and
water, the SHG signal from collagen, and imaging of fluorescent intratissue components. The upper part demonstrates examples of the
stratum corneum (left: autofluorescence, right: CARS-lipids). The lower part shows CARS images of a water-oil-emulsion.

4. SUMMARY AND CONCLUSION

Clinical CARS has been demonstrated on patients using a novel CE-marked multiphoton hybrid tomograph based on
femtosecond NIR laser beams. High-resolution optical biopsies from the human skin were taken with morphological and
functional information as well as chemical fingerprinting. In particular, femtosecond CARS provided information on the
non-fluorescent and non-SHG active intratissue components lipids and water. Two-photon autofluorescence images
provided a detailed view of the surrounding skin architecture and on intracellular morphology whereas SHG detection
provided information on the collagen network. Functional imaging can be performed when upgrading the system to a 5D
imaging tool with spectral and temporal information of the signals.

In order to get further information on the skin area and skin depth with millimeter dimensions, photoacoustics, acoustics,
OCT, and reflection state-of-the-art clinical skin imaging tools can be added to the multiphoton tomograph.

Multimodal multiphoton tomographs have the potential to reduce the amount of physically taken skin biopsies due to
their superior resolution, their immediate results within seconds, the absence of fixation and staining procedures, and the
chance to perform long-term imaging under physiological conditions. It may become the High-Tech tool for pathologists
and dermatologists.
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