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19 Multiphoton FLIM in cosmetic clinical research
Abstract: There is an increasing need in cosmetic clinical research for non-invasive,
high content, skin imaging techniques offering the possibility on the one hand, to
avoid performing invasive biopsies, and on the other hand, to supply a maximum
of information on the skin state throughout a study, especially before, during and
after product application. Multiphoton microscopy is one of these techniques compatible with in vivo human skin investigations, allowing human skin three-dimensional
(3D) structure to be characterized with sub-µm resolution. In association with ﬂuorescence lifetime imaging (FLIM) and speciﬁc 3D-image processing, one can extract several quantitative parameters characterizing skin constituents in terms of morphology,
density and organization. Various intracellular and extracellular constituents present
speciﬁc endogenous signals enabling a non-invasive visualization of the 3D structure
of epidermal and superﬁcial dermal layers. Multiphoton FLIM applications in the cosmetic ﬁeld range from knowledge to evaluation studies. Knowledge studies aim to
acquire a better knowledge of skin differences appearing with aging, solar exposure
or between the different skin phototypes. Evaluation studies deal with the efficacy of
cosmetic anti-aging or whitening ingredients. The goal of this chapter is not to give a
literature review of multiphoton FLIM applications in cosmetic clinical research, but
rather to acquaint the reader with the quantitative 3D information afforded by multiphoton FLIM imaging of human skin and its interest in cosmetic clinical research.

19.1 Multiphoton ﬂuorescence lifetime imaging
of in vivo human skin
In dermatology, skin imaging has always found a privileged position in the scientiﬁc
literature, for teaching purposes or for the monitoring of the patient, owing to the
direct access to the skin. Techniques such as ultrasound, magnetic resonance imaging, optical coherence tomography or in vivo confocal microscopy have offered new
opportunities for skin imaging not only at its surface but also in depth. Today, the
development of non-invasive skin imaging methods, which can be applied in vivo on
human volunteers, allowing the replacement of biopsies in a number of situations,
avoiding their renewal for treatment monitoring, permitting to guide a surgical procedure or to acquire new knowledge on skin constituents, is still a major objective for
dermatologists.
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Similar needs exist in cosmetic clinical research: we are looking for non-invasive,
high content, large ﬁeld of view, high resolution 3D skin imaging techniques offering the possibility, on the one hand, to avoid performing invasive biopsies and, on the
other hand, to supply a maximum of information on the skin state throughout a study:
before, during and after product application. The most recent imaging techniques offer the subcellular resolution required for the detailed observation of skin. Some of
them may also provide access to a three-dimensional in vivo functional imaging in real
time [1]. Among these, multiphoton microscopy has gradually emerged as the most
suitable technique to image skin constituents at the subcellular level in vivo on human
volunteers. Indeed, multiphoton microscopy is compatible with in vivo human skin
investigations, allowing human skin 3D structure to be characterized with sub-µm
resolution. It offers the possibility to image the cellular and extracellular matrix components non-invasively, by taking advantage of intrinsic multiphoton signals: secondharmonic generation (SHG) created by ﬁbrillar collagens and two-photon excited ﬂuorescence (2PEF) emitted by keratin, nicotinamide adenine dinucleotide (NADH), ﬂavin
adenine dinucleotide (FAD), melanin, or elastin [2–7].
Multiphoton microscopy is a form of laser scanning microscopy that uses localized two-photon excitation to produce signals only at the focal point of the objective
[8, 9]. The principle of two-photon absorption phenomenon was theoretically demonstrated by Maria Göppert-Mayer in 1931 [10, 11], experimentally proved 30 years later by
Kaiser and Garrett [12] with the advent of laser sources. In the 1970s, C. Sheppard and
R. Kompfner proposed the construction of a nonlinear laser microscope, built in the
1990s by Denk et al. [13]. The concept is based on the idea that two energy-equal nearinfrared (NIR) photons can simultaneously be absorbed by a molecule, and produce
an excitation equivalent to the absorption of a single photon in the ultraviolet/visible
range. Each NIR photon provides half the energy needed to excite the molecule from
the fundamental state to the excited state (see Fig. 19.1). The excitation results in the
subsequent emission of a ﬂuorescence photon, typically at a higher energy, smaller
wavelength, as compared to the infrared (IR) photons. As two photons are required
for excitation, the two-photon excited ﬂuorescence signal intensity is proportional to
the square of the excitation intensity. This nonlinear dependence on excitation intensity affords a 3D localization of the excitation and emission, conﬁned at the focal
point of the objective lens in a sub-femtoliter volume. Indeed, as the probability of twophoton absorption is extremely low, such phenomenon is only possible if the sample
is excited with a high power density (MW/cm2 to GW/cm2 ). This can be achieved by
focusing the photons both temporally (using IR femtoseconds–fs pulsed lasers that
deliver ultra-short laser pulses with a duration of ≈ 100 fs) and spatially (at the focal
point of the objective lens). This intrinsic “optical sectioning” is the key advantage
of multiphoton microscopy over confocal microscopy, which employs additional elements such as pinholes to reject out-of-focus ﬂuorescence. The excitation volume is
then scanned in two or three dimensions in the sample to acquire 2D or 3D images.

Unauthenticated
Download Date | 6/6/18 11:19 AM

19.1 Multiphoton ﬂuorescence lifetime imaging of in vivo human skin

| 371

Multiphoton microscopy presents several other advantages: superior imaging
depth within biological tissues as IR light penetrates deeper in the skin than UV/VIS
light, less photobleaching and phototoxicity as conﬁned to the excitation volume.
Furthermore, it provides additional contrast modes with increased speciﬁcity, such
as the second harmonic generation, a coherent second-order nonlinear process, forbidden in centrosymmetric media and implying no absorption phenomenon. In the
skin, the SHG signal is obtained from dense and ordered macromolecular structures
such as ﬁbrillar collagens [14]. SHG microscopy is sensitive to the organization of
collagen molecules rather than to the collagen type [14] and probes collagen macromolecular structure at the micrometer scale, which makes it a powerful technique to
study collagen organization in biological tissues. Both 2PEF and SHG signals can be
excited using the same laser source and detected separately based on their spectral
difference. Simultaneous recording of 2PEF and SHG signals enable multimodal imaging of epidermis and superﬁcial dermis up to a depth of about 160–200 µm depending
on the body region.
Fluorescence lifetime imaging microscopy [15] brings another dimension to multiphoton microscopy: in association with 2PEF imaging it offers an “additional” mode
of contrast with increased speciﬁcity offering an insight into the type of ﬂuorophores
contributing to the detected signal. Fluorophores with similar emission spectra can be
differentiated by FLIM provided that they present different ﬂuorescence lifetimes. Fluorescence lifetime (τ) is a measure of the average time that the ﬂuorophore remains in
the excited state following excitation. The excited state decays back to the ground state
in a statistical manner. This ﬂuorescence decay has an exponential shape for simple
molecules. In skin, the autoﬂuorescence signal within the sub-femtoliter excitation
volume comes from a variety of ﬂuorophores and the ﬂuorescence decay typically
shows a bi-exponential behavior:
Photon count(t) = a1 e−t/τ1 + a2 e−t/τ2 ,
where τ1 and τ2 are respectively the fast and slow lifetimes and a1 and a2 their amplitudes.
The skin endogenous ﬂuorophores present lifetimes on the order of hundreds
of picoseconds (e.g. melanin, free NADH, bound FAD) to nanoseconds (see [16] and
included references). The ﬂuorescence lifetime is independent of ﬂuorophore concentration, but depends on the local microenvironment of the molecule that is, for
example, pH, binding status, conformational changes.
As an example, the lifetimes of NADH and FAD, two coenzymes involved in cell
metabolic activity, differ substantially depending on whether they are free or bound to
proteins. The two-photon excited ﬂuorescence intensities of NADH and FAD and especially the “RedOx ratio” (deﬁned as the ratio of the 2PEF intensities of NADH and FAD,
or NADH/(NADH + FAD)) can be used as an indicator of the oxidation-reduction potential of a cell, a non-invasive optical metabolic index allowing to assess the changes
in metabolic activity. This type of functional information was initially evidenced in
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the 1960s by Chance et al. in isolated cells [17]. Fluorescence lifetime imaging offers
additional functional information in terms of preferred energy production pathways
(glycolysis, Krebs cycle, oxidative phosphorylation) by the measuring of the ratio of
free and protein-bound NADH and free and protein-bound FAD. A detailed review of
the role of NADH and FAD in the metabolic process as well as of the advantages and
limitations of two-photon excited ﬂuorescence lifetime imaging to assess the metabolic state is given by Georgakoudi and Quinn in reference [18] and included citations.
Usually NADH and FAD redox ratio imaging and FLIM imaging both require long
acquisition times: ﬁrstly, due to the fact that an optimal excitation of these two chromophores implies a sequential imaging at ≈ 740 nm for NADH and ≈ 900 nm for FAD,
secondly, because NADH and FAD imaging implies different image acquisition times
due to their different mitochondrial concentration (orders of magnitude higher for
NADH as compared to FAD) and lastly, because FLIM analysis requires an increased
number of photons per pixel (hundreds of photons/pixel for a bi-exponential decay).
For all these reasons, clinical trials dealing with multiphoton FLIM assessment of the
metabolic activity in human volunteers involve mostly a single excitation wavelength,
around 760 nm, convenient for NADH imaging.
Fluorescence lifetime imaging affords also a speciﬁc detection of melanin, the pigment that gives the color of the skin. Melanin detection can of course be performed
by 2PEF imaging in the basal layers of epidermis (highly concentrated melanin regions show 2PEF intensities stronger than that of other endogenous ﬂuorophores).
This works satisfactorily in the basal and supra-basal layers as demonstrated with the
study of corticosteroids effects [19]. But this type of intensity-based detection is not
always satisfactory. First, the signal intensity may be disrupted by other ﬂuorophores
also creating intense 2PEF signals (e.g., keratin in the stratum corneum), and second,
it does not take into account pixels with low melanin concentration of a ﬂuorescence
intensity comparable to that of other endogenous ﬂuorophores. A more speciﬁc detection can be done by FLIM, as melanin presents an extremely fast decay component
(< 0.1 ns). However, melanin detection in the whole epidermis with FLIM is too long
to be performed on human volunteers, and in practice is limited to selected 2D slices,
obtained at a depth chosen by the operator.
Another approach, combining multiphoton and FLIM, called Pseudo-FLIM, can
be used to speciﬁcally detect melanin from multiphoton FLIM-like data compatible
with 3D in vivo acquisitions on human volunteers [20, 21]. The main idea is to bin the
ﬂuorescence photons in a reduced number of time channels either at the acquisition
or afterwards during processing and to calculate the slope of the decay. By applying a
threshold to keep the high slope values (i.e. short lifetimes), one can identify melanin
pixels as melanin presents a very short (τ1 < 0.1 ns) and predominant (a1 > 90 %)
lifetime component. As this analysis requires only a few photons per pixel (≈ 30), it
results in a short image acquisition time (16 µs/pixel) compatible with 3D imaging on
humans.
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In the literature, many contributions focus on multiphoton/FLIM imaging of normal human skin, characterized either ex vivo or in vivo. The reader can have an insight
on the in vivo work that started more than 20 years ago and at the evolution of the imaging instruments by consulting the references [2, 6, 8, 16, 22–44]. The ﬁrst multiphoton/
FLIM data of human skin in vivo were obtained in the 1990s by and Masters et al. with
a homemade microscope on the forearm of one of the authors [2]. Nowadays commercial microscopes clinically/medically approved for their use on humans exist, in either
tabletop (DermaInspect™, since 2002) or in a more ﬂexible, compact and “portable”
conﬁguration (MPTﬂex™, since 2011) more suitable for clinical use [45]. The clinical
applications of in vivo multiphoton/FLIM microscopy range from the characterization of age-related or photoaging changes [38, 46–55]], dermatological disorders and
melanoma [28, 56–71], up to the assessment of penetration and effects of pharmaceutical/cosmetic products on human skin [19, 21, 55, 72–81].

19.2 Clinical multiphoton FLIM systems
Two types of multiphoton FLIM microscopes classiﬁed as class 1M devices, medically
approved by certiﬁed bodies of the European Union for their use on humans are nowadays commercially available (JenLab GmbH, Germany).
The ﬁrst system on the market was the DermaInspect™ in 2002 [6], a tabletop
microscope that offers high quality simultaneous 2PEF and SHG imaging of epidermis and superﬁcial dermis up to a depth of about 160–200 µm depending on the body
region [19]. It also enables ﬂuorescence lifetime imaging that is performed using a
time-correlated single-photon counting (TCSPC) unit (SPC830 from Becker & Hickl
GmbH, Berlin, Germany). Most of the clinical trials performed with this system were
done on the forearm. Within this region, good signal-to-noise ratio images can be
acquired up to a depth of 160 µm with an average excitation power increasing from
10 mW at the skin surface up to 50 mW when reaching the dermis [19]. The excitation
wavelength can also be varied as this system is equipped with tunable femtosecond
pulsed lasers, but an optimal excitation of a maximum of endogenous ﬂuorophores is
obtained when working at wavelengths around 760 nm [5]. This excitation wavelength
also enables second harmonic generation, as this signal is generated at exactly half
the excitation wavelength (λ/2). An example of a z-stack of 2PEF/SHG images acquired
on normal human forearm skin can be found in [19] and images acquired at different
depths are given in Fig. 19.1.
In the epidermis, typically, the ﬁrst 10 µm reveal the organization of the stratum corneum disjunctum – SCD (made of corneocytes – polygonal-shaped dead
keratinocytes emitting a 2PEF signal that mainly arises from keratin) and the next
10 µm correspond to stratum corneum compactum – SCC (this epidermal layer creates
less intense 2PEF signals and presents an almost homogenously distributed pattern
with no distinguishable cell structures). The presence of cell nuclei indicates the tran-
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Fig. 19.1: (Top) Spatial distribution of illumination in one-photon and two-photon excitation process.
(Bottom) Example of multiphoton 2PEF/SHG images acquired in vivo on human skin forearm with the
DermaInspect™ and MPTﬂex™ systems at different depths. 2PEF signal (cyan hot color) reveals the
endogenous ﬂuorophores distribution inside the epidermis and dermis (elastic ﬁbers, ﬁbroblasts)
whereas the SHG signal (red color) reveals the collagen ﬁbers. Acquisition conditions: DermaInspect™ – 511 × 511 pixels, 0.255 µm/pixel; 130 × 130 µm2 , 7.4 s/image; MPTﬂex™ – 511 × 511 pixels,
0.4 µm/pixel; 205 × 205 µm2 , 4.4 s/image.

sition to living epidermis (stratum granulosum, spinosum and basale). The living cells,
mainly keratinocytes, show homogenous ﬂuorescent cytoplasm and nonﬂuorescent
membranes and nuclei. Their diameter is about 30 µm in stratum granulosum and
reaches 10 µm in stratum basale (both cell diameter and the ratio between the cytoplasmic and nuclear volumes decrease with depth). The cytoplasm ﬂuorescence of the
epidermal living cells is mainly due to mitochondrial NADH upon ≈ 760 nm excitation.
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A 2PEF signal is also detected from melanin, which is found in different concentrations within some epidermal cells and mainly in the basal layers of the epidermis. As
previously mentioned, a highly intense 2PEF signal, greater than the one created by
the other cellular ﬂuorophores, can be obtained in the basal layers where melanin
is highly concentrated. FLIM can help distinguishing the less concentrated melanin
regions inside the epidermis presenting comparable ﬂuorescence intensities with
the other cytoplasmic ﬂuorophores. But, unfortunately, 2PEF-FLIM imaging does not
allow distinguishing keratinocytes from melanocytes or from other epidermal cells
such as Langerhans cells. Melanocytes can only be identiﬁed in vivo by multiphoton
imaging in diseases such as melanoma due to the abnormal melanin accumulation in
these cells and especially into their dendrites [58].
In the dermis, SHG and 2PEF contrast modes offer an insight into the 3D structure of superﬁcial dermis (≈ 100 µm). In young volunteers, this region corresponds to
the papillary dermis, but in older volunteers, the superﬁcial part of the reticular dermis can also be imaged (due to epidermal atrophy with age, ﬂattening of the dermalepidermal junction and thinning of the papillary dermis).
In multiphoton images, the interface between the epidermis and dermis is revealed by the appearance of an SHG signal. This signal is created by the ﬁbrillar collagens and allows visualizing the collagen ﬁber organization inside the dermal papilla.
The other visible constituents are the elastic ﬁbers, the dermal cells (probably ﬁbroblasts), the blood capillaries and blood cells often seen inside these capillaries.
In clinical trials, one needs to acquire several z-stacks of multiphoton images in
different regions of an area of interest. In practice, in our clinical trials, we limited the
measures to a minimum of 2 acquisitions as 3D imaging is time consuming. Typically,
with the DermaInspect™, a multiphoton 3D (x, y, z) image of 130 × 130 × 162 µm3 volume, corresponding to a z-stack of 70 en face images, can be acquired in less than 10
minutes (z-stack of 511 × 511 pixels images with 0.255 µm/pixel acquired every 2.35 µm;
7.4 s/image). But almost an hour per two areas of interest is starting to become tiring for
the volunteers, not to mention the additional time required for image reacquisition, in
case the volunteer moved during the acquisition. Hopefully, technology evolves and
the new MPTﬂex™ system overcomes this difficulty by employing more sensitive detectors which offer the possibility of reducing the pixel dwell time.
MPTﬂex™, a second generation CE-marked, medically-certiﬁed multiphoton
FLIM microscope available since 2011, presents several advantages over the DermaInspect™ [45]. First of all, it is a compact and therefore easily transportable system. It
beneﬁts from improved ergonomics due to the ﬂexible articulated mechano-optical
arm that opens the way to an in vivo investigation of human body areas less accessible
such as face, scalp and armpits. The detection efficiency has been improved with the
use of more sensitive detectors, but also by their implementation in a “miniaturized”
scanning head at the end of the articulated arm. When comparing images acquired
with similar pixel dwell times, the MPTﬂex™ offers an increased imaging depth even
though the excitation power is limited to a maximum of 30 mW. The ﬁeld of view is
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≈ 4 times higher reaching 250 × 250 µm2 (see Fig. 19.1) and wide-ﬁeld images can also
be acquired within a 5 × 5 mm2 region by mosaic scanning using the motorized scan
head. In practice, to keep a reasonable image acquisition time per z-stack, one has to
reduce the FOV and/or the pixel dwell time. A z-stack of 205 × 205 × 162 µm3 (65 en face
511 × 511 pixels images, dx = 0.4 µm, dz = 2.54 µm; 4.4 s/image, 16.8 µs/pixel) can be
acquired in less than 5 minutes.

19.3 Quantitative data afforded by multiphoton imaging
of human skin in vivo
The routine use of multiphoton microscopy in clinical practice requires speciﬁc automated image processing tools that would allow the investigator to extract pertinent
quantitative 3D-information on skin layers and constituents. Up to now, very few image processing methods have been developed for characterizing multiphoton images
of human skin in vivo. In the dermis, the proposed methods are mainly based on the
computation of the mean intensity of 2PEF and SHG signals, or of the density of pixels
occupied by these signals on conveniently chosen 2D slices within dermis at a ﬁxed
depth from the skin surface [46–49]. Parameters linked to the epidermis thickness
[32] and keratinocytes morphology estimated on 2D slices within granulosum and
spinosum layers [65] have also been proposed. But neither of these parameters was
assessed in the 3D epidermal or dermal volume.
In the past years, our team focused on segmenting the multiphoton images in
order to automatically separate the epidermis from the dermis [38] and validating
3D quantiﬁcation parameters of interest for the study of photoaging or whitening
phenomena [19–21, 50]. We developed a user-friendly software, the Multiphoton Skin
Tools Suite (MPSTS), allowing to choose a set of 3D acquisitions, build the list of measures to compute and run a batch processing to compute all the segmentations as well
as the measures for an entire clinical study. The tools that we propose open the possibility of characterizing in 3D the skin layers and sublayers, the cells, their melanin
content or the elastic and collagen ﬁbers in terms of quantity, size and organization.

19.3.1 Automatic 3D segmentation of skin layers
The aim of the segmentation is to classify each image voxel in one of the following
compartments: coupling medium (CM), epidermis (ED) or dermis (D). Such a task is all
but trivial, especially if the dermal-epidermal junction (DEJ) is neither ﬂat nor parallel
to the image plane. Moreover, given that a typical multiphoton clinical study may contain several hundred stacks of images, the segmentation method should not be time
consuming. From a methodological image processing viewpoint, the main difficulties
encountered with multiphoton skin images are:
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The signal tends to be more intense near the optical axis and decreases with the
imaging depth, due to attenuation and diffusion of excitation and emission light.
The SHG signal is speciﬁc to the dermis, but not enough to delimit it, as at the DEJ
level, dermal regions can be found with elastic ﬁbers only and no collagen ﬁbers,
i.e., an absence of SHG signal.
The sampling steps are not isotropic and the vertical resolution and sampling
steps are large with respect to some structures, such as cells at the top of the living
epidermis.

To overcome these difficulties, we use a marker-based approach. The general strategy
is summed up by the ﬂow chart shown in Fig. 19.2. Markers, sets of pixels considered
as speciﬁc to a compartment, are afterwards propagated to the entire image volume,
in order to have a complete partition.
The propagation is done in two steps:
(i) a fast watershed algorithm produces a low-level segmentation, made of supervoxels (small, homogeneous regions);
(ii) the super-voxels are merged, taking into account the markers, thanks to a graph
cut algorithm.
All processing is done in 3D, except when otherwise speciﬁed. Moreover, the current
version of the segmentation method, which has not undergone any speciﬁc computational optimization, takes an average of one minute to process a 3D multiphoton image
on a classical personal computer (Intel core i7, 8 GB memory). For details, we refer the
reader to [38].
At this stage, an epidermis mask, i.e., a 3D binary image corresponding to the
epidermis compartment is available for further processing. Using modern mathematical morphology operators, it is possible to further segment the epidermal layers,
namely stratum corneum (SC) and living epidermis (LED). This automatic segmentation method allows quantifying independently the different compartments inside the
epidermis (see Fig. 19.2). Moreover, a more reﬁned segmentation of the epidermis can
also be calculated: by deﬁning 12 normalized layers inside the epidermis, one can
have access, for example, at the melanin density distribution along the z-axis inside
the epidermis.

19.3.2 Pseudo-FLIM speciﬁc melanin detection
So far, available melanin detection methods lacked speciﬁcity, were limited to 2 dimensions and/or needed invasive biopsies. The classical assessment method is based
on Fontana–Masson histological staining associated with 2D white light imaging.
But this approach is invasive and inappropriate in clinical studies where follow-up
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of melanin changes is needed. Confocal microscopy enables a non-invasive melanin
visualization based on its higher reﬂectivity, but cellular membranes and corneocytes exhibit similar reﬂection signals, making melanin detection and quantiﬁcation
impossible.

Fig. 19.2: General automated segmentation and quantiﬁcation strategy for in vivo multiphoton FLIM
images of human skin implemented in the MPSTS software.
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In multiphoton microscopy, melanin quantiﬁcation based on the 2PEF signal intensity can be performed in the basal layers of epidermis, where melanin is often highly
concentrated [19]. But methods based upon ﬂuorescence intensity levels are not always satisfactory: high 2PEF signals can also be detected from other ﬂuorophores
(e.g., keratin in the stratum corneum), and regions with low melanin concentration
(low intensities) will not be taken into account.
FLIM affords speciﬁc melanin detection based on its lifetime, but the long acquisition times are incompatible with 3D imaging on human volunteers. In practice it is
limited to selected 2D slices at a depth chosen by the user.
We proposed another approach based on multiphoton FLIM, called Pseudo-FLIM,
to speciﬁcally detect melanin in the whole epidermis [20]. This requires binning
the ﬂuorescence photons in a reduced number of time channels (4 instead of 256,
2 ns/time channel). This can be done either at the acquisition or afterwards during
processing. In our studies, we use the ﬁrst option (see Fig. 19.3). The main steps are:
(i) apply a 2D-Gaussian ﬁlter on the raw 4-time channels images;
(ii) calculate a log linear regression on the ﬁrst 3-time channels for each (x, y) pixel;
(iii) calculate a slope parametric image;
(iv) create a melanin mask by applying a threshold that keeps only the high slope
values.

Fig. 19.3: Pseudo-FLIM Melanin quantiﬁcation process. Speciﬁc melanin detection is done using
an approach, called Pseudo-FLIM, which allows detecting melanin from multiphoton FLIM-like data
compatible with 3D in vivo acquisitions on human volunteers as only a few photons per pixels are
needed.
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The slope of the decay (the higher the slope, the shorter the lifetime) allows to identify
melanin pixels, as melanin presents a very short (τ1 < 0.1 ns) and predominant (a1 >
90 %) lifetime component (i.e., high slope values). As this analysis requires only a few
photons per pixel, it results in a short image acquisition time (≈ 30 photons per pixel;
≈ 16 µs pixel dwell time) compatible with 3D imaging on humans.

19.3.3 Quantitative parameters
The 3D automatic segmentation opens the possibility of automatically computing
quantitative measurements, on the segmentation frontiers (skin surface and DEJ),
and within each layer (ED, SC, LED, D). Each measure is generically deﬁned as the
combination of a modality, a region of interest and an operator. Modalities are, for example, 2PEF, SHG or Pseudo-FLIM. Regions of interest (ROI) can be layers such as the
dermis or epidermis, but also frontiers such as the DEJ. Operators compute the ﬁnal
measure using the modality and the ROI. For example, by choosing 2PEF as modality,
ED as ROI, and the mean operator, one can compute the mean value of 2PEF intensity
within the epidermis. We classify the quantitative parameters extracted from skin
multiphoton images into morphological and density measures (see Fig. 19.2) [38].

19.3.3.1 Morphological measures
Morphological measures characterize the regions and frontiers shapes. They are directly derived from the 3D segmentation, without further need of the raw multiphoton
signals. One can, for example, estimate the thickness (T) of the living epidermis in µm,
T(LED), by calculating it along the z-axis at each (x, y) position and computing its
mean value. It is also possible to quantify the DEJ undulation by estimating its normalized area, NA(DEJ), deﬁned as the ratio between the areas of the DEJ surface and
its projection on a horizontal plane. A value of 1 implies a totally ﬂat and horizontal
DEJ and higher values indicate a more undulated DEJ.

19.3.3.2 Density measures
The density measures can be estimated in 3D in the whole epidermal and dermal layers
and sublayers. They aim at characterizing the melanin density in the epidermis or the
elastic and collagen ﬁber density in the superﬁcial dermis. The density parameter requires a binary mask computed by applying a threshold to 2PEF, SHG or Pseudo-FLIM
modalities in order to detect the pixels containing melanin, elastic or collagen ﬁbers.
It is deﬁned as the ratio of voxels occupied by these constituents to the total number of
voxels of the ROI onto which the density is estimated. We also compute in the whole
3D imaged superﬁcial dermis the SHG-to-AF aging index of dermis (3D–SAAID (D)),
which has only been calculated in 2D in the literature [46, 82].
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19.4 Cosmetic applications
The domain of application is dictated by the type of endogenous signals/constituents
that can be evidenced by multiphoton FLIM microscopy. Cosmetic applications range
from knowledge to evaluation studies aiming to acquire a better knowledge of skin
differences appearing with aging, UV or solar exposure or between the different skin
phototypes, as well as to evaluate the efficacy of cosmetic anti-aging or whitening
ingredients. The penetration of cosmetic compounds could also be investigated by
multiphoton FLIM techniques provided that their 2PEF emission spectrum and/or ﬂuorescence lifetime are different compared to the ones of endogenous skin constituents.
In the following, we will discuss the most straightforward cosmetic clinical
applications. The clinical trials described hereafter were performed with the DermaInspect™ device. The experimental protocols were approved by the Saint Louis
Hospital ethics committee, complying with the Declaration of Helsinki. All volunteers gave written, informed consent.

19.4.1 Photo-aging
The study of age-induced skin modiﬁcations with multiphoton FLIM microscopy is of
particular importance if one wants to non-invasively assess the anti-aging effects of a
cosmetic compound at the microscopic level and follow these effects over time, before
and after product application. To explore the 3D skin differences that can be evidenced
by multiphoton microscopy, we performed a clinical trial on 15 young (18–25 a) and
15 aged (70–75 a) Caucasian human female volunteers, focusing on ventral and dorsal
forearm sides (sun protected vs. sun-exposed) [38, 50].
As previously mentioned, with multiphoton microscopy epidermis and superﬁcial dermis can be characterized in 3D up to a depth of approximately 160 µm. In
young subjects, dermis includes papillary dermis and a limited fraction of reticular
dermis, whereas in elderly subjects it mainly corresponds to reticular dermis as deﬁned in histology due to epidermis atrophy and loss of DEJ undulation. In spite of
the very limited ﬁeld of view and imaging depth, as compared to histology, multiphoton imaging and image processing provide quantitative parameters in agreement with
what is known for skin aging and photoaging, without the need for skin biopsy.
The 3D quantiﬁcation data on epidermal thickness and DEJ undulation are shown
in Fig. 19.4. We observed no difference in mean thickness of the epidermis between
dorsal and volar side of the forearm, but a decrease with age, in agreement with the
literature.
Similarly, the normalized area of the dermal-epidermal junction, which is related
to the shape of the DEJ, decreases with age without any differences between dorsal and
volar side. As expected, with age the ridges of the DEJ ﬂatten out. The melanin content
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Fig. 19.4: Epidermal changes induced with photo-aging: (a) epidermal thickness; (b) normalized
area of DEJ. The 2PEF/SHG images (ventral forearm side) give insights into the shape of the DEJ:
round papillae in young volunteers, and ﬂattened ones in old volunteers (d). For each age class, the
left blue bars correspond to the ventral measures, and the right green ones to the dorsal measures.
Error bars correspond to 95 % conﬁdence intervals of the mean.

(data not shown) is higher on dorsal versus volar side of the forearm, but without any
difference between young and old volunteers.
Fig. 19.5 shows the changes occurring with age in the superﬁcial dermis, namely
the changes in the elastic and collagen ﬁber densities that can be evidenced with multiphoton microscopy.
For the mean density of elastic ﬁbers, 3D-2PEF Density (D), an increase is observed
with age due to solar elastosis and no differences between dorsal and ventral forearm
sides. The mean density of collagen ﬁbers, 3D-SHG Density (D), shows no difference
between young and old groups, but is higher on ventral sides compared to dorsal ones.
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(d)

(e)

Fig. 19.5: Dermal changes induced with photo-aging in the 3D density of (a) elastic ﬁbers and (b) collagen ﬁbers. The two densities can be used to calculate in 3D the SHG-to-AF aging index of dermis –
3D-SAAID (c). The 2PEF images (dorsal forearm side) show the elastic ﬁbers differences between
(d) young and (e) old volunteers. The increase in elastic ﬁber density with age, due to solar elastosis, is clearly seen (e). For each age class, the left black bars correspond to the ventral measures,
and the right gray ones to the dorsal measures. Error bars correspond to 95 % conﬁdence intervals
of the mean.

The SHG-to-AF aging index of dermis 3D-SAAID (D), estimated here in the whole imaged volume of superﬁcial dermis, highly decreases with age as also evidenced in 2D
at a ﬁxed depth from the skin surface [46, 82]. Moreover, its mean value is also lower
on the sun-exposed dorsal forearms compared with the sun-protected ventral side.
Negative values mean that there are more signiﬁcant pixels with 2PEF than with SHG
signals, and a value close to zero means that both proportions are similar.
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The changes with age in the elastic and collagen ﬁbers can also be addressed
in terms of organization, by quantifying the relative position of 2PEF and SHG signals [38].
The estimation of all these density-based measures is more representative of the
superﬁcial dermis in 3D than in 2D. The 2D measurements of elastic or collagen ﬁber
density done at a speciﬁc ﬁxed imaging depth can be impacted, for example, by the
changes in epidermis thickness or DEJ undulation. This is problematic when one
wants to assess the effects of cosmetic products or any other effects, especially if the
morphology of the epidermis is also modiﬁed. In this case, at a ﬁxed depth from the
skin surface, the variations in elastic or collagen ﬁber densities cannot be attributed
to the product alone, as the dermal regions investigated before and after product application will not be the same. Not only does the 3D approach avoid the selection of
a 2D plane, but the measurements are based on a larger, more representative, volume
of tissue. The density measurements are also more robust than the intensity measurements, as these are directly dependent on the excitation power. The excitation
power delivered at a certain depth will depend upon epidermal thickness, the presence of melanin or other constituents that can attenuate or diffuse both the laser and
the emitted multiphoton signals. More generally, the interpretation of a quantitative
parameter should be done by taking into account all the available information in a
study.
With this photo-aging study, we showed for the ﬁrst time that it is possible to process and extract in 3D quantitative measurements revealing expected aging effects.

19.4.2 Study of constitutive pigmentation
Melanin-speciﬁc detection by multiphoton FLIM opens the possibility to non-invasively
characterize the changes between the different skin phototypes, the pigmentation
disorders or to assess compounds able to modulate skin melanin content. When combining the Pseudo-FLIM speciﬁc melanin detection with the high level segmentation
of the epidermis, one can not only have non-invasive access to the global melanin
density, but also to its z-distribution through the epidermis.
In a clinical trial on 45 female volunteers (18–55 a) with different skin color (Individual Typology Angle [83] – ITA values of their ventral forearm ranging from very
light – grade I to brown skin – grade V), we evidenced an increase in the global mean
melanin density with ITA group, as expected and in agreement with histology (see
Fig. 19.6). Moreover, we studied the melanin density normalized z-proﬁle from the
dermal-epidermal junction up to the stratum corneum. Our results show an increased
melanin density at the basal layers for ITA groups II to V, almost no differences at the
level of stratum granulosum and a slight increase in melanin density at the level of
stratum corneum for darker skin color.
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ITA group

Fig. 19.6: Change with skin color in (top) mean global melanin density of the epidermis and (bottom)
in the normalized melanin density z-proﬁle (12 normalized layers from 0 – DEJ level to 11 – SC level).
The data are expressed in % and error bars correspond to 95 % conﬁdence intervals of the mean.
Raw 2PEF images are shown in cyan hot color and melanin masks images obtained by Pseudo-FLIM
method in white color.
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This innovative approach could have large applications in both the dermatological
and cosmetic ﬁelds, since easily applied to the characterization of pigmentation disorders or to the assessment of compounds able to modulate skin melanin content.

19.4.3 Efficacy assessment of anti-aging or whitening cosmetic ingredients
Multiphoton FLIM microscopy, as shown above, is able to evidence the age-induced
skin changes and the differences in constitutive pigmentation. One of the most
straightforward applications in cosmetics is the overtime follow up of the efficacy
of anti-aging and whitening ingredients. This can be done in either long-term studies
in which the products are applied for weeks or months or in short-term studies during
about one month. The ability of multiphoton microscopy to continuously monitor and
evaluate epidermal effects of pharmaceutics compounds in short-term study is shown
in [19].
In the following, we will give an example of efficacy evaluation of anti-photoaging agents in a short-term screening protocol based on an occlusive patch test. The
occlusive patch test was initially developed for assessing topical retinoid activity in
human skin and has been extended as a short-term screening protocol for anti-aging
agents. In this model, biopsies are performed at the end of the occlusion period for
morphological and immunohistochemistry analysis. Our main objective with this
study was ﬁrstly, to demonstrate that multiphoton microscopy, in association with
a patch test, could be used as a short-term screening protocol for anti-aging and
whitening agents, and secondly, to validate the relevance of this method for kinetic
and quantitative assessment with gold standards of anti-aging that are retinoids.
For that, 20 women, aged 50–65 years, were enrolled. Retinol 0.3 % (RO) and
Retinoic acid 0.025 % (RA) were applied to the dorsal photodamaged side of their
forearm under occlusive patches for 12 days. A patch alone was applied to a third
area as control. Evaluation was performed at day D0, D12 (end of treatment), D18 and
D32 using multiphoton microscopy. Epidermal thickness, normalized area of the DEJ
and melanin density were estimated using the 3D image processing tools described
in Section 19.3. Both RO and RA induced changes in these 3 parameters (see the
complete study results in [21]). The anti-aging (epidermal thickening, increase in DEJ
undulation) and whitening (decrease in melanin density) effects of RO are shown in
Fig. 19.7.
Retinol induced an epidermal thickening due to living epidermis thickening with
no effect on SC. This effect was signiﬁcant at D12 (end of the treatment), D18 and D32
vs. baseline and vs. control.
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Fig. 19.7: Quantiﬁcation results of Retinol effects obtained with multiphoton microscopy. The epidermal thickening and the increase in DEJ undulation at D32 for control and Retinol 0.3 % can be
visualized on the 3D volume renderings of the segmented epidermal (a, c) and dermal (b, d) compartments. Images (e) and (f) acquired at the basal layers exemplify the melanin density changes.
The 3D quantiﬁcation data are expressed as boxplots with fences. The boxes contain 50 % of the
data; the intervals between the lower limit of the box and the lower inner fence contain 25 %, and
vice versa for the other 25 %. — indicates the median that divides the population in two groups with
equal numbers of data points; ° the outliers and * the extreme data points.
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Additionally, multiphoton microscopy evidenced an increase in DEJ undulation with
retinoid treatment, the effect of retinol being, to our knowledge, a new ﬁnding.
Retinoid-induced decrease in melanin content is also observed for the ﬁrst time in
such a short-term protocol. In some subjects, visible skin whitening was observed on
retinoid-treated areas which correlate with the decrease in melanin density. Changes
in melanin density are clearly visible on melanin masks obtained using Pseudo-FLIM
speciﬁc melanin detection method (Fig. 19.7 (e) and (f)).
Dermal changes could not be addressed in this study, in which epidermal thickness increased drastically and exceeded the imaging depth at some time points. We
believe that cosmetic product-induced dermal changes that could be addressed with
multiphoton microscopy are not likely to be observed in such a short 12 days period
of treatment. Possible effects in the superﬁcial dermal structure using this technique
should be addressed in long-term studies with open applications.
This study shows that short-term protocol in combination with non-invasive
in vivo multiphoton microscopy allows epidermal effects induced by retinoids, including melanin content, to be accurately detected and quantiﬁed over time. This
is the ﬁrst application of innovative speciﬁc 3D quantiﬁcation tools for multiphoton
images to the evaluation of a cutaneous treatment.

19.5 Conclusion
Multiphoton FLIM in cosmetic clinical research is an exciting area of application of
this innovative and non-invasive imaging tool, compatible with in vivo studies on human volunteers. In association with speciﬁc 3D image processing, one can extract several representative quantitative parameters characterizing skin constituents in terms
of morphology, density and organization in both epidermis and superﬁcial dermis.
In spite of the very limited ﬁeld of view and imaging depth, as compared to histology,
multiphoton FLIM imaging and image processing provide quantitative data of interest
in skin photo-aging and pigmentation, without the need for skin biopsy. These innovative approaches opened the way to the kinetic evaluation of the efficacy of cosmetic
molecules at the subcellular level. With the arrival of ﬂexible and compact imaging
systems, future work in this domain will focus on human face skin, the preferred body
region for the application of cosmetic products.
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