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Abstract—Optical metabolic imaging (OMI) of human skin is
based on the cellular autofluorescence, mainly due to two-photon
excitation of fluorescent coenzymes such as NAD(P)H (reduced
nicotinamide adenine dinucleotide) and FAD (flavin adenine din-
ucleotide), with a near infrared femtosecond laser at high MHz
repetition rate. Intratissue mitochondria can be imaged based on
coenzyme fluorescence with a lateral resolution of less than 500
nanometers. Interestingly, a specific single cell deep in the skin
can be traced and imaged for hours without motion artifacts using
a magnetic interface. Studies with a tunable Ti:sapphire laser
for NAD(P)H as well as flavins excitation have been conducted
on patients suffering from dermatitis, psoriasis, chronic wounds,
and cancer. OMI has also been performed on volunteers during
oxygen inhalation as well as on astronauts prior and after long-
term space flights. “Energizing” cosmetics with oxygen scavengers
was found to change NAD(P)H levels in the skin volunteers. Of
particular interest of OMI of human skin is the change of the ratio
of free NAD(P)H to bound NAD(P)H as an indicator of altered
cellular metabolism that can be determined by autofluorescence
lifetime imaging and by using a single excitation wavelength such
as 780 nanometers. The fluorescence lifetime of the protein-bound
nicotinamide coenzyme is nearly one order larger than the free,
non-bound form. Using a biexponential approach, the mean aut-
ofluorescence lifetime and the metabolic ratio “short fluorescent
component to long fluorescent component” as OMI parameters
can be depicted as false-colored stacks of optical sections through
the epidermis. In conclusion, two-photon autofluorescence lifetime
imaging (“metabolic FLIM”) provides a powerful functional imag-
ing modality for dermatology, pharmacy, and cosmetic research to
realize high-resolution optical metabolic imaging of human skin.

Index Terms—Multiphoton tomography, FLIM, NAD(P)H,
OMI, cosmetics, astronauts, two-photon, TCSPC, metabolic
imaging.

I. INTRODUCTION

THE fluorescent coenzymes NAD(P)H (reduced nicoti-
namide adenine dinucleotide and its phosphate form) and

the flavins (oxidized FAD, oxidized FMN, and protein-bound
flavoproteins Fp), located in the cytoplasm and mitochondria, are
key components of two major metabolic pathways: glycolysis
and oxidative phosphorylation (OXPHOS).

The group of Britton Chance pioneered the use of autofluo-
rescence to study cellular metabolism. In particular, the visible
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Fig. 1. Absorption spectra (left) and emission spectra of NAD(P)H and
FMN/FAD in aqueous solution. The blue NAD(P)H fluorescence can be excited
with UV light (optimal at 340 nm) or with 80 MHz NIR radiation between 700
nm and 800 nm at transient GW/cm2 light intensities via a two-photon excitation
process. The green fluorescence of flavins can be excited with UV and blue light
(optimal 440 nm) as well as with intense NIR radiation up to 1000 nm.

autofluorescence of NAD(P)H and FAD in the 400–550 nm
spectral range was used to monitor metabolic activity. The ratio
FAD / (NAD(P)H + FAD), known as the optical redox ratio,
served as an indicator of cellular metabolic activity [1]. Fig. 1.

Warburg [2], [3] proposed that healthy cells predominantly
rely on OXPHOS, whereas cancer cells favor glycolysis (“War-
burg effect”). However, tumors exhibit a broader diversity of
metabolic pathways beyond the classical Warburg model.

Before 1990, fluorescence microscopy primarily differ-
entiated fluorophores through their excitation and emission
spectra. Overlapping spectra posed significant challenges. In
1989, the author introduced fluorescence lifetime imaging
microscopy (FLIM) to the life sciences, using a prototype
picosecond laser scanning microscope combined with time-
correlated single-photon counting (TCSPC) [4]. Fluorescence
lifetimes—typically ranging from sub-nanoseconds to several
nanoseconds—provide an additional contrast mechanism [5].
Because lifetimes depend on the microenvironment but not on
fluorophore concentration or intensity, they allow discrimina-
tion of fluorophores with similar spectra. Furthermore, FLIM
provides information on the binding status of the fluorophore.
The fluorescence lifetimes can be determined by measuring
the arrival time of the fluorescence photons by TCSPC with
respect to the ultrashort laser excitation pulse. Autofluorescence
lifetimes in biological cells range from a few picoseconds in
the case of melanin to about ten nanoseconds for metal-free
porphyrins. Of particular importance for optical metabolic imag-
ing (OMI) are the lifetimes of metabolic coenzymes. Bound
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NAD(P)H shows a significantly one order longer lifetime (2-4
ns) than free NAD(P)H. Flavins behave oppositely: free FAD
has a nanosecond lifetime, while the protein-bound form has a
shorter lifetime [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16].

FLIM data are commonly shown as false-color lifetime im-
ages. TCSPC data may also be represented as phasor plots, a
frequency-domain lifetime visualization. Points on the semicir-
cle correspond to single-exponential decays, with zero lifetime
at the rightmost point. Multicomponent decays fall inside the
semicircle, enabling intuitive identification of mixtures of fluo-
rophores [17], [18].

König et al. used FLIM to study stem-cell organoids dur-
ing adipogenic differentiation [19]. They observed that flavin
fluorescence in stem cells is markedly lower than NAD(P)H
fluorescence and is almost undetectable in differentiated cells.
An increase in mean autofluorescence lifetime—reflecting a
reduced free to bound NAD(P)H ratio—occurred during dif-
ferentiation, consistent with a metabolic shift from glycolysis
(anaerobic, tumor-like) toward OXPHOS (aerobic respiration).
Enhanced glycolysis typically reduces mean lifetime due to
increased free NAD(P)H [16].

NAD(P)H requires UV excitation (∼340 nm), and because
UV penetration into tissue is limited, non-invasive NAD(P)H
imaging in humans was historically unsuccessful. Near-infrared
(NIR) femtosecond laser pulses enabled two-photon excitation
of NAD(P)H, producing blue fluorescence with maxima at
∼460 nm (free) and ∼445 nm (bound). Combined with TCSPC
and MHz femtosecond lasers, two-photon FLIM of intratissue
NAD(P)H of in vivo human skin cells became feasible [20].

One problem of two-photon NAD(P)H imaging is the si-
multaneous measurement of flavin fluorescence with a major
maximum at ∼530 nm for free FMN/FAD. The flavin emission
can be largely suppressed, e.g., with an SP470 short-pass filter.
Flavins can be excited e.g., by 405 nm one-photon excitation
[21] or by 700–1000 nm two-photon excitation. Their lifetimes
are more complex due to the coexistence of multiple species
(FAD, riboflavin, FMN) and protein-bound forms (Fp). In skin,
flavin concentrations are typically lower than NAD(P)H. Skin
flavins can act as photosensitizers that causes oxidative stress and
photobleaching by blue light due to the production of superoxide
[22]. Furthermore, flavins can absorb NAD(P)H fluorescence
light. Further endogenous intracellular fluorophores with an
emission in the visible spectral range are melanin, keratin, and
metal-free porphyrins.

With the introduction of the clinically validated multiphoton
tomograph DermaInspect two decades ago, label-free optical
metabolic imaging (OMI) in humans—including patients—
became possible [23]. The first clinical study in 2003 focused on
melanin detection in suspicious pigmented lesions. Two-photon
FLIM served as a primary contrast mechanism, as melanin has
a short lifetime compared to metabolic coenzymes. FLIM of
free and bound NAD(P)H was also performed. High-resolution
(≈0.3 μm) intratissue imaging revealed individual mitochon-
dria, whose autofluorescence was nearly an order of magnitude
higher than that of the cytoplasm under 700–800 nm excitation.

Fig. 2. In vivo skin autofluorescence in dependence on the laser excitation
wavelength. NAD(P)H and flavins are excited at 750/780 nm. NAD(P)H con-
tributes most to the signal. Flavins but no NAD(P)H are excited at 830 nm and
880 nm. FOV: 0.3 × 0.3 mm2.

The second large clinical study with DermaInspect investi-
gated long-term metabolic and extracellular-matrix changes in
forearm skin after topical application of a cosmetic anti-aging
compound [24].

Laser-wavelength tuning can help to separate signals from
NAD(P)H, flavins, melanin, and porphyrins. The Fig. 2 repre-
sents horizontal optical sections through the leg of a male vol-
unteer in about 40 μm tissue depth taken at different excitation
wavelength. Note that the autofluorescence intensity declines
with increasing excitation wavelength indicating that the flavin
fluorescence contributes less than the NAD(P)H fluorescence to
the skin’s autofluorescence.

Femtosecond laser multiplexing (two laser wavelengths si-
multaneously, e.g., 780 nm and 880 nm) also enables simultane-
ous two-photon excitation of multiple endogenous fluorophores
for metabolic FLIM [25]. However, in practice, in vivo skin OMI
is predominantly performed with a single NIR excitation wave-
length (e.g., 780 nm) of a multiphoton tomograph combined
with TCSPC-FLIM detection in the visible range of 400 nm to
about 600 nm. FLIM data are typically calculated by a biex-
ponential approach: I(t) = I0 (Ashort e-t/τ1 + Along e-t/τ2) with
τ1 as short-lived component and τ2 as component with a long
autofluorescence lifetime, and I(t) the light intensity or photon
counts. The product of amplitude Ai and lifetime τ i represent
the fluorescence contribution. Typically, the short component in
healthy epithelium is 200–400 ps with an amplitude of 80%,
whereas the long lifetime has a typical value of 2 ns with an
amplitude of 20%. Although the amplitude is a factor of four less
than the short-lived component, the contribution to the overall
autofluorescence intensity Alongτ2 is about 2–3 times of the
short component.

Very often, the mean fluorescence lifetime τm =
Ashortτ1+Alongτ2 is depicted as false color image. Modifica-
tions of the cellular metabolism result in changes of the τm
value. The ratio Ashort/Along is also changing. Fig. 3.

The free/bound NAD(P)H ratio (“metabolic ratio”,
Ashort/Along) is particularly informative: an OXPHOS-to-
glycolysis shift increases this ratio, while the reverse shift
decreases it. Therefore, there is a high chance that pathological
skin versus healthy skin—or treated versus untreated skin—can
be distinguished by metabolic ratio changes [16].

Drug-induced metabolic changes in cancer cell spheroids
have been investigated using the MPTflex multiphoton tomo-
graph. Treatment with Paclitaxel (Taxol) produced a ∼50%
decrease in the metabolic ratio within 24 hours, indicating a
positive therapeutic response [26].



KOENIG: OPTICAL METABOLIC IMAGING OF HUMAN SKIN USING MULTIPHOTON FLIM TOMOGRAPHY 3700508

Fig. 3. FLIM images of the mean fluorescence lifetime τm and the metabolic
ratio Ashort/Along, histograms, phasor plot, and one decay curve from the inner
forearm of a female volunteer.

This review highlights label-free in vivo multiphoton OMI
studies in human skin in patients and volunteers, including astro-
nauts [27]. Applications include atopic dermatitis [28], chronic
wounds, and cancer. The cosmetic and pharmaceutical industries
also use OMI to assess the effects of topical formulations [29].
Ex vivo tissues such as transplanted skin or cornea [30], and
OMI in brain-cancer patients [31], are outside the scope of this
review.

II. MATERIALS AND METHODS

A. Multiphoton Tomographs for Two-Photon OMI-FLIM

The first CE-certified medical multiphoton tomograph, Der-
maInspect, was equipped with a tunable Ti:sapphire laser and
a TCSPC unit for two-photon FLIM. A GRIN-lens microen-
doscope was also developed as an add-on module [32], [33].
The second-generation system, the mobile CE-certified MPT-
flex, is similarly equipped with a turn-key tunable Ti:sapphire
laser (670–970 nm) and a TCSPC module with two fast pho-
tomultipliers (PMT) for FLIM detection. Wavelength switching
requires only a few seconds, enabling sequential acquisition of
a “NAD(P)H image” (with some flavin contribution) at e.g., 760
nm, followed by a “flavin image” at approximately 840 nm. This
unique medical femtosecond-laser imaging platform received
the SPIE Prism Award.

Note that a typical MPTflex tomograph in a clinical en-
vironment has two photomultipliers, a fast PMT to measure
the autofluorescence intensity and fluorescence decay, and a
second PMT to image collagen by second harmonic generation
(SHG). SHG is detected in a small spectral range of 366–394
nm (BP380/14), whereas the fluorescence is detected within
409–665 nm (LP409, BS665, SP680). The fluorescence channel
collects the emission of NAD(P)H, flavins, keratin, melanin as
well as of elastin and some porphyrins.

In some cases, the two PMTs are used to detect the autoflu-
orescence in more specific spectral ranges. For example, the
spectral range of 400–480 nm is used as “NAD(P)H channel”
and the range of 500–550 nm as “flavin channel”. In that case,
SHG/collagen cannot be imaged.

Fig. 4. Femtosecond laser multiphoton OMI-FLIM tomographs DermaIn-
spect, MPTflex, MPTflex-CARS, MPT-endoscope, and MPTcompact used in
clinical studies for in vivo skin imaging. The tomographs incorporate high-
speed photomultiplier detectors optimized for TCSPC-based FLIM. Beyond
time-resolved autofluorescence imaging, the tomographs enable structural vi-
sualization of dermal collagen through SHG and selective lipid contrast via
coherent anti-Stokes Raman scattering (CARS). The endoscope is mainly used
to study chronic wounds and the scalp.

Also a miniaturized CE certified two-photon GRIN endoscope
can be attached to the tomographs. By adding a semisphere
element at the distal tip, the numerical aperture was increased
to 0.9. This allows high-resolution two-photon FLIM-OMI en-
doscopy. In addition, a four-detector, two-beam MPTflex-CARS
system was developed to enable intratissue lipid imaging using
coherent anti-Stokes Raman spectroscopy [32].

Fig. 4 demonstrates these CE certified medical device systems
used in clinical skin studies to detect and investigate skin cancer,
atopic dermatitis, psoriasis, intratissue parasites, and wounds.
Most of the studies included optical metabolic imaging by
TSCPS.

A specialized two-beam MPTflex for optical metabolic imag-
ing was later developed within the German research project
OMOXI. A dual-color 80 MHz femtosecond fiber laser emitting
simultaneously at the fixed excitation wavelengths of 780 nm
and 880 nm was provided by the laser company TOPTICA.
Acousto-optic modulators enabled consecutive acquisition of
two-photon FLIM signals. The TCSPC company Becker & Hickl
GmbH supplied a compact, two-channel highly sensitive hybrid
detector (HPM-100) designed to fit within the 360° imaging
head of the tomograph.

JenLab integrated the OMOXI laser, the hybrid detector, as
well as an ENT endoscope (by replacing the NA1.3 focusing
optics) into the tomograph. “NAD(P)H images” as well as
“flavin images” were taken simultaneously in four channels by
OMI-FLIM of ENT biopsies with oral cancer and compared
with healthy oral tissue. However, in vivo endoscopic imaging in
contact mode of the upper respiratory tract including the tongue
of three volunteers were disappointing likely due to the low NA
of 0.6 of the ENT endoscope and motion artefacts [25]. Note
that the laser radiation of 880 nm generates a SHG of collagen
at 440 nm in the “NAD(P)H-channel”. Fig. 5.

The latest development is the MPTcompact, a multimodal
Erbium-doped femtosecond fiber laser tomograph with an ul-
tracompact laser head integrated directly into the imaging head.
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Fig. 5. Special MPTflex tomograph based on a two-color femtosecond fiber
laser (left), emitting simultaneously at 780 nm (“NAD(P)H imaging”) and 880
nm (“flavin imaging”). To enable simultaneous acquisition, a folded dual-hybrid
TCSPC detector system was integrated. A customized ENT endoscope was
attached to the tomograph. NAD(P)H and flavin images could be obtained
from skin biopsies in four channels (two NAD(P)H/flavin channels for 780nm
excitation and two NAD(P)H/flavin channels for 880nm excitation). However,
in vivo ENT endoscopy proved challenging due to the low numerical aperture
of the endoscope and difficulties maintaining stable positioning within the oral
cavity [25].

No external optical arm or chiller is required, and the system
can operate on battery power. The tomograph provides five
imaging modalities: autofluorescence (AF), FLIM, SHG, reflec-
tion confocal microscopy (RCM), and white-light imaging via
a CMOS camera [34]. In 2024, this tomograph also received the
SPIE Prism Award. Its main limitation is the fixed excitation
wavelength of 780 nm. The lateral spatial resolution is 300 nm,
the temporal resolution about 200 picoseconds.

B. Image Processing for FLIM-OMI

Stacks of multiphoton images of in vivo skin are acquired
using a skin-tomograph interface consisting of special 160μm
thick coverslip embedded in a metal ring that is taped to the
subject. A mean laser power of approximately 20 mW (80 MHz)
is typically applied. The power can be automatically enhanced,
when going deep. According to the Notified Body, up to 50 mW
of mean laser power can be applied at the skin surface with about
5 μs beam-dwell times per pixel. A standard 512 × 512-pixel
image (field of view: 0.3 × 0.3 mm2) requires either 1 s or 6 s
acquisition time. Both vertical and horizontal optical sectioning
of the skin can be performed.

TCSPC provides fluorescence decay curves (histograms) for
each pixel. The company PicoQuant offers TCSPC modules
with a “Fast-FLIM” option that generates an initial pseudo-
colored FLIM image within one second. However, accurate
FLIM images—based on a two-exponential decay fit with
maximum-likelihood estimation logarithm and internal instru-
ment response function—require additional processing. With
modern high-performance computers, FLIM maps depicting the
mean fluorescence lifetime τm, the short-lifetime component τ1,
the long-lifetime component τ2, and the ratio Ashort/Along can
be generated within 10–60 seconds.

Fig. 6. During occlusion, the autofluorescence intensity of cells located near
blood capillaries increased, whereas cells in the upper epidermis showed no
corresponding change [35].

III. RESULTS AND DISCUSSION

A. OMI on Volunteers During Occlusion Without FLIM

The outermost skin layer, the stratum corneum, exhibits the
strongest autofluorescence signal, primarily due to keratin. Be-
cause this layer is composed of dead cells, it is not relevant
for OMI analyses, which focus instead on the underlying viable
epidermis. Within the living epidermis, the strongest autofluo-
rescence originates from mitochondria, whereas the cytoplas-
mic signal is comparatively weak. The fluorescence intensity
increases when the excitation wavelength is tuned from 840
nm down to 740 nm, indicating that NAD(P)H—rather than
flavins—is the dominant fluorophore.

At the Beckman Laser Institute, University of California
Irvine, an MPTflex tomograph without a FLIM module was
used to monitor changes in NAD(P)H-related fluorescence in-
tensity during arm occlusion in three volunteers [35]. Notably,
interruption of blood flow led to a signal increase in cells
located near the basal membrane, and therefore close to dermal
capillaries (Fig. 6). In contrast, the autofluorescence signal in
the upper epidermis—farther from the vasculature—remained
largely unchanged.

This observation was unexpected. It is generally assumed
that oxygen deprivation induces a shift from OXPHOS to gly-
colysis, a transition associated with reduced bound NAD(P)H
and increased free NAD(P)H. The metabolic ratio free to
bound NAD(P)H (Ashort/Along) should increase. Because bound
NAD(P)H contributes more strongly to total autofluorescence
(due to its significantly longer lifetime), a decrease in overall
autofluorescence intensity would be anticipated. The observed
increase in autofluorescence during occlusion is therefore more
likely attributable to conversion of non-fluorescent oxidized
NAD to its fluorescent reduced form, NAD(P)H. These data
reflect the complex behavior of the coenzymes in the different
metabolic pathways. It would be of great advantage when the
arrival time of the fluorescence photons (fluorescence lifetime)
can be measured to gain more information on the coenzymes
and their binding behavior.

B. OMI-FLIM During Oxygen Inhalation

Manfred von Ardenne proposed the therapeutic use of ex-
ogenous oxygen to treat cancer and other diseases, as well
as to stimulate cellular metabolism. Using OMI-FLIM with
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Fig. 7. MPT was performed during two hours of oxygen inhalation. The
metabolism of individual intratissue cell can be studied as a function of inhalation
time without motion artefacts. There was no numbness in the fingers. In cells near
the stratum basale (red), the metabolic ratio (Ashort/Along) decreased during
the first hour and subsequently increased. The ratio is influenced by melanin. In
contrast, cells in the upper living epidermis -s. granulosum/s. spinosum, located
farther from oxyhemoglobin- showed an initial increase followed by a gradual
decline [21]. FOV: 0.3 × 0.3 mm2.

Fig. 8. FLIM-OMI of patients with atopic dermatitis (left) and chronic wounds
(right) using MPTflex. The mean autofluorescence lifetimes are significantly
shorter in diseased skin compared with healthy skin (see also [28]). FOV: 0.2 ×
0.2 mm2.

the MPTcompact tomograph, we monitored oxygen-induced
metabolic changes in the arm of two volunteers during controlled
oxygen inhalation. Each volunteer remained immobilized for
two hours to allow repeated imaging of the same intratissue cells
over time [36]. Interestingly, specific intratissue cells could be
traced without any motion artefacts or disturbing breathing and
heart beating artefacts (five times during one optical sectioning
of 6 seconds). Fig. 7 demonstrates time-lapse imaging of the
living epidermis of a male volunteer. Exact the same intratissue
cells can be monitored for more than two hours during oxygen
inhalation.

Major modifications of the cellular autofluorescence occurred
within one hour of inhalation. Most modifications were observed
in cells of the basal cell membrane that are close to blood
capillaries in the dermal papilla. Oxygen inhalation likely in-
creased the dissolved oxygen concentration in the blood plasma.
This elevated oxygen level could then diffuse into the deeper
epidermal layers adjacent to the capillaries, altering cellular
metabolism.

It should be noted that occlusion may lead to plasma extrava-
sation from the vessels into interstitial tissue that may also influ-
ence the fluorescence signal. Furthermore, melanin from cells
in the basal cell layer including melanocytes may influence the
short fluorophore component. To reduce that influence, regions
of interests (ROI) with “melanocyte-free” epidermal cells have
been used for calculation. The high Ashort/Along ratio (>10)
reflects the contribution of melanin that possesses a very short
<0.2 ns fluorescence lifetime.

By contrast, cells in the upper viable epidermis were un-
likely to be affected by the inhaled oxygen. Instead, their
metabolic state was influenced by the coverslip interface of the
MPTcompact, which restricts diffusion of atmospheric oxygen
into superficial skin layers. They show a completely different
behaviour (Fig. 7).

C. FLIM-OMI on Inflamed Skin

Patients with atopic dermatitis (AD), psoriasis, and chronic
wounds were evaluated in a clinical FLIM-OMI study conducted
at the Universitätsklinikum Münster and the SRH Waldklinikum
Gera. Each AD patient participated in five imaging sessions over
a three-month period. Two distinct skin sites per patient were
examined with a multiphoton tomograph. In total, approximately
13000 MPT optical sections were acquired and correlated with
clinical parameters, including SCORAD scores, IgE levels, and
individual treatment regimens. Both lesional skin and visually
unaffected skin adjacent to the lesions were analyzed. A cohort
of 20 healthy volunteers served as controls [28].

Inflamed skin showed increased intercellular distances and
a pronounced redistribution of mitochondria. Rather than the
typical cytoplasmic scattering, mitochondria in inflamed regions
reorganized into a “protective ring” surrounding the nucleus.
Notably, the mean autofluorescence lifetime was significantly
altered not only in lesional skin but also in clinically normal-
appearing skin located near the lesions. In fact, there was a major
decrease of the autofluorescence lifetime. Effective AD treat-
ment resulted in normalization of mean fluorescence lifetimes,
indicating restoration of normal skin metabolism.

A decrease of the mean fluorescence lifetime was also found
in chronic wounds compared with healthy skin. Therefore, it can
be concluded that skin inflammation reduces mean autofluores-
cence lifetime values.

D. FLIM-OMI in Cosmetic Research

Cosmetic researchers in Europe, Japan, and the United States
use multiphoton tomography (MPT) to investigate both long-
term anti-ageing effects—particularly changes in the skin-age
parameter SAAID (the elastin-to-collagen ratio)—and short-
term metabolic responses in the upper viable epidermis fol-
lowing topical application of anti-ageing compounds. Notably,
researchers at Procter & Gamble identified an age-dependent
decline in NAD(P)H levels in both Japanese and German volun-
teers. These OMI-FLIM findings are now being used to guide
and optimize the development of “skin-energizing” formulations
[37].
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Fig. 9. The green-yellow region of interest (ROI) in the optical section shows
pseudo-colored mean fluorescence lifetimes of the stratum spinosum of the
inner arm of a volunteer treated with a retinal-containing cosmetic product.
Application of the crème led to a reduced mean AF lifetime. FOV: 0.2 × 0.2
mm2.

Fig. 9 shows an example of FLIM-OMI of a volunteer’s arm
after application of a retinal containing cosmetic product. The
image highlights a region of interest (ROI) with viable epidermal
cells. The ROI was selected for image processing to avoid
interference from keratin-rich microfolds that are also visible in
that optical section. When comparing untreated skin (control)
with skin treated topically with the cosmetic formulation, a
change of the metabolic ratio Ashort/Along was observed. The
mean fluorescence lifetime decreased from 1.77 ns to 1.56 ns.
Such a decrease is characteristic for inflammation-associated
metabolic changes, suggesting that this cosmetic formulation
may have induced an inflammatory response. In contrast, for
other cosmetic products we have observed the opposite trend
– an increase in the mean lifetime. It should be noted that in
some cases the cosmetic product itself may exhibit a two-photon
excited fluorescence that has to be considered. This fluorescence
lifetime of this additional fluorophore can be determined prior
to topical administration. To separate his contribution, global or
tri-exponential fitting of the fluorescence decay curves should
be applied.

Notably, Colgate-Palmolive also employs FLIM-OMI
(MPTflex) to evaluate new chemical peeling agents engineered
to retain efficacy while minimizing inflammation [38].

E. FLIM-OMI Studies on Astronauts

JenLab participated in a European space medicine study that
examined the skin of five astronauts before and after long-
duration space missions. For each astronaut, six stacks of mul-
tiphoton FLIM sections were acquired from the left arm within
45-minute imaging sessions. A significant decrease in melanin
content was detected after spaceflight. The elastin-to-collagen
ratio (SAAID) shifted in a positive direction, which is typi-
cally associated with anti-ageing effects. However, all astronauts
demonstrated a measurable thinning of the epidermis following
their missions [27].

To investigate whether the thinning was caused by altered cel-
lular metabolism in the skin, such as disturbed production of new
skin cells (normal “turnover” of the epithelium is one month on
Earth), FLIM-OMI measurements were performed. The FLIM
data were taken within a few days after landing. Because it was
not possible to measure the astronauts immediately upon return,

any acute inflammatory effects may have been missed. Also, the
investigation was limited to the inner left forearm. Under these
conditions, no significant changes in FLIM-derived metabolic
parameters were found.

Notably, subsequent MPT measurements showed that the
epidermal thickness returned to normal within a few weeks after
the astronauts’ return to Earth. At present, the underlying cause
of the epidermal thinning remains unresolved.

IV. CONCLUSION

Optical metabolic imaging (OMI) of human skin based
on two-photon autofluorescence lifetime imaging (FLIM) of
intratissue coenzymes has been conducted for more than
two decades, enabled by certified femtosecond medical de-
vices known as multiphoton tomographs. The tunable tita-
nium:sapphire laser allows rapid adjustment of excitation wave-
lengths, supporting both “NAD(P)H imaging” and “flavin imag-
ing.” Also, a two-color femtosecond laser source has been used
to enable simultaneous FLIM of NAD(P)H and flavins.

The fiber-laser–based multiphoton tomograph MPTcompact,
operating at 780 nm, offers a compact and robust platform for
high-resolution OMI-FLIM of human skin. This TCSPC device
enables the measurement of fluorescence lifetimes and the gen-
eration of pseudo color FLIM images within a few seconds based
on a biexponential fitting procedure. In clinical multiphoton skin
studies, the amplitude ratio Ashort/Along (“metabolic ratio“)
as well as the mean fluorescence lifetime have been used as
metabolic parameters. The autofluorescence was detected in
the visible spectral range of about 400–600 nm. That range
allows the detection of NAD(P)H, flavins, keratin, elastin, and
melanin. Because of the thin horizontal sections (1–3 μm) and
the possibility to obtain FLIM data from regions of interests, the
signal contribution of fluorophores that are not coenzymes can be
nearly avoided. Because of the low concentration of fluorescent
flavins in the epidermis, the autofluorescence signal taken at
780 nm can be attributed to the free and protein-bound form of
NAD(P)H.

Notably, the FLIM-derived metabolic ratio Ashort/Along and
modifications of the mean autofluorescence lifetime can act as
highly informative biomarker in dermatology [39]. OMI-FLIM
shows promise for patients with inflammatory skin conditions
such as atopic dermatitis, psoriasis, and chronic wounds where
the mean fluorescence lifetime is reduced compared to non-
affected healthy skin. Early diagnosis and treatment monitor-
ing appear feasible by detecting changes in the fluorescence
lifetimes of skin coenzymes (e.g., [40]). The potential use of
OMI-FLIM for identifying precise tumor margins (e.g., 41, 42)
and guiding procedures such as Mohs surgery remains under
active investigation.

Beyond clinical dermatology, in vivo OMI-FLIM of human
volunteers is increasingly relevant for the cosmetics industry to
evaluate anti-aging treatments, and for the pharmaceutical indus-
try to study cell–drug interactions after topical administration.
Femtosecond fiber lasers offer several advantages over tunable
mode-locked titanium:sapphire systems: they are more compact,
robust, and cost-effective, and do not require water chilling. In
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practice, a mean near-infrared laser power of approximately
20 mW (80 MHz) is sufficient for in vivo two-photon OMI
using TCSPC-FLIM. Certified medical multiphoton tomographs
permit a maximum in situ average power of 50 mW for human
skin imaging. A typical optical section covering 0.3 × 0.3 mm2

can be acquired within 1–6 seconds. Higher frame rates can be
achieved through technologies such as acousto-optic deflectors
instead of galvanometric scanners [43], advanced acquisition
methods [44], [45], and AI-based FLIM pattern recognition for
TCSPC data processing.

To date, most two-photon OMI applications remain restricted
to laboratory settings, focusing primarily on cell cultures,
organoids, biopsies, and live-mouse imaging using research
microscopes (e.g., [46], [47], [48], [49], [50]). In contrast, two-
photon metabolic imaging of human subjects requires certified
medical devices or cosmetic imaging platforms such as multi-
photon tomographs. To date, multiphoton tomographs are on the
order of 300 kEuro due to the use of the expensive femtosecond
laser.

IV. OUTLOOK

Clinical OMI applications are currently limited to dermatol-
ogy, but future clinical studies are expected to extent into fields
such as otolaryngology, urology, and gynecology through the
development of femtosecond-laser endoscopes [51]. A deeper
understanding of intratissue cellular metabolism may not only
support the emergence of new High-Tech early diagnostic meth-
ods but also contribute to the optimization of therapies such as
chemotherapy, immunotherapy, and radiotherapy.
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