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Abstract. Minimally invasive imaging of ocular surface pathologies
aims at securing clinical diagnosis without actual tissue probing. For
this matter, confocal microscopy �Cornea Module� is in daily use in
ophthalmic practice. Multiphoton microscopy is a new optical tech-
nique that enables high-resolution imaging and functional analysis of
living tissues based on tissue autofluorescence. This study was set up
to compare the potential of a multiphoton microscope �DermaInspect�
to the Cornea Module. Ocular surface pathologies such as pterygia,
papillomae, and nevi were investigated in vivo using the Cornea Mod-
ule and imaged immediately after excision by DermaInspect. Two ex-
citation wavelengths, fluorescence lifetime imaging and second-
harmonic generation �SHG�, were used to discriminate different tissue
structures. Images were compared with the histopathological assess-
ment of the samples. At wavelengths of 730 nm, multiphoton micros-
copy exclusively revealed cellular structures. Collagen fibrils were
specifically demonstrated by second-harmonic generation. Measure-
ments of fluorescent lifetimes enabled the highly specific detection of
goblet cells, erythrocytes, and nevus-cell clusters. At the settings used,
DermaInspect reaches higher resolutions than the Cornea Module and
obtains additional structural information. The parallel detection of
multiphoton excited autofluorescence and confocal imaging could
expand the possibilities of minimally invasive investigation of the ocu-
lar surface toward functional analysis at higher resolutions. © 2009 So-
ciety of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3275475�

Keywords: multiphoton microscopy; confocal microscopy; in vivo microscopy;
ophthalmology.
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Introduction

ptical imaging of ocular pathologies is crucial for the clini-
al diagnosis of ophthalmological diseases. Slit-lamp biomi-
roscopy is the basic imaging technique used by ophthalmolo-
ists for the assessment and diagnosis of ocular pathologies of
he anterior and posterior part of the eye, although it is limited
n resolution. The introduction of optical coherence tomogra-
hy �OCT�1,2 and reflection and fluorescence imaging of the
etina opened further possibilities in the diagnosis of retinal
isorders by adding information about the retinal microarchi-
ecture and blood supply. However, real microscopic imaging
t the posterior segment of the eye is impeded by the limited
perture of the eye. In contrast, imaging the ocular surface is
ossible with subcellular resolutions. The introduction of con-
ocal microscopy that is based on reflected near-infrared
NIR� light successfully demonstrated high-resolution visual-

ddress all correspondence to: Phillipp Steven, Department of Ophthalmology,
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ization of the cornea and conjunctiva. Especially, different
epithelia as well as fibroblasts, Langerhans cells, and nerve
fibers within the transparent cornea3 and also corneal endot-
helial cells were distinguished by this technique. Clinical ap-
plications include the detection of acanthameba cysts,4 cor-
neal dystrophies,5,6 dry eye,7 contact lens–associated
changes,8,9 and recently stromal alterations following corneal
cross-linking.10 In confocal reflection microscopy, contrast is
generated by reflections at interfaces of tissue and cellular
structures due to variations of the index of refraction. Never-
theless, it provides only morphological information that en-
ables us to analyze tissue components rather than the func-
tional state of the tissue. In contrast, intrinsic tissue
fluorescence, so-called autofluorescence, which is caused by
collagen, elastin, NAD�P�H, flavins, etc., provides specific
structural and also functional information. Femtosecond ra-
diation in the NIR range from 700 nm to 900 nm can propa-
gate in tissues to a depth of a few hundred micrometers.
There, the irradiance in the focal spot may still reach a level

1083-3668/2009/14�6�/064040/8/$25.00 © 2009 SPIE
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f a few hundred GW /cm2, at which two photons get simul-
aneously absorbed.11,12 The combined energy of the two in-
rared photons is able to excite tissue autofluorescence only in
he focal volume that provides inherent three-dimensional
3-D� sectioning.13,14 Hence, multiphoton excited fluorescence
icroscopy is the only method to image tissue autofluores-

ence in thick living tissues with longitudinal and transverse
esolutions better than a micrometer.15 Besides autofluores-
ence, multiphoton imaging techniques use second-harmonic
eneration �SHG� to detect noncentrosymmetric molecules
ike collagen.16 Through this, collagen structures in ocular tis-
ues have been visualized with high contrast.17 Fluorescence
ifetime measurement �FLIM� of fluorophores that are present
n the tissue combines structural with functional information
y analyzing cellular metabolism.18,19 For clinical in vivo ap-
lications, the use of autofluorescence seems very appealing,
ince fluorescence dyes that are approved for in vivo use in
umans are rare and lack great specificity.

These unique properties suggest the use of multiphoton
xcited autofluorescence as a multiphoton tomography �MT�
n clinical diagnosis. Recently, the Conformité Europeénne
CE�-marked device DermaInspect �DI� was introduced for
kin imaging.20–22 It is currently being tested for tumor diag-
osis, visualization of skin aging, and quantification of the
ptake of chemical substances or nanoparticles. Nevertheless,
linical diagnosis of the skin by MT has to compete with
agnified visual examination and histology of skin biopsies

hat are routinely taken. In addition, skin areas that might
equire detailed examination can be quite large, resulting in
ong investigation times for a microscopic procedure.

A promising field for MT is the ocular surface consisting
f cornea, sclera, and conjunctiva. In contrast to the skin,
iopsies are not taken as easily from these tissues, due to the
ack of excess tissue and impending functional loss, e.g., by
ostoperative scarring. In this context, it was shown that mul-
iphoton excited autofluorescence and SHG provides clini-
ally useful information about microscopic changes of the
ornea that are associated with keratoconus,23,24 infection,25

car formation,26 and thermal or mechanical damage associ-
ted with refractive surgery.27,28 A recent report showed also
omplementary information from confocal reflectance and
T in nondiseased cornea.29 All these studies suggest a po-

ential role of MT in clinical diagnosis of corneal diseases.
evertheless multiphoton imaging of other ocular surface pa-

hologies besides the cornea have not been done until now.
A microscopic-based preoperative diagnosis is already

ossible by the Rostock Cornea Module �RCM�, a confocal
eflectance microscope added on to the retina laser scanner
RT II from Heidelberg Engineering.3 However, its clinical
alue is limited because solely morphological information is
ained from the tissue that lacks equivalent functional and
istopathological data possibly provided by MT.

In order to assess image quality and possible clinical ap-
lications of MT, we used the DermaInspect �DI� to image
ifferent freshly excised pathologies of the ocular surface and
ompared the multiphoton images with in vivo RCM images
f the same individual, taken prior to surgery. The aim of this
tudy was to compare the potential of MT and FLIM with
onfocal microscopy for imaging ocular structures, especially
n nontransparent pathologically changed tissue, and to find
ournal of Biomedical Optics 064040-
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new possible diagnostic applications of autofluorescence-
based multiphoton microscopy.

2 Material and Methods
Different ocular surface pathologies �Fig. 1� were investigated
in vivo by the Rostock Cornea Module in combination with
the HRT II �Heidelberg Engineering, Heidelberg, Germany�.
After surgical excision, the pathologies were stored in tissue
culture media and immediately investigated by the multipho-
ton tomograph DermaInspect �JenLab GmbH, Neuengönna,
Germany� without further fixation. The DermaInspect con-
sisted of a solid-state, mode-locked 80-MHz titanium:sap-
phire laser �MaiTai, Spectra Physics, Darmstadt, Germany�
with a tuning range of 710 to 920 nm and a mean laser output
of �900 mW at 800 nm that delivered a pulse width of ap-
proximately 150 fs to the sample. Tissue autofluorescence
was imaged by exciting the samples at 730 and 835 nm, re-
spectively. The DermaInspect contained a computer-
controlled beam attenuator, a shutter, and a two-axis galvos-
canner. A 40� objective with NA 1.3 and 140-�m working
distance �Plan-Neofluar 40�, 1.3 Oil, Zeiss, Göttingen, Ger-
many�, which was focused by a piezodriven holder, was used
in this study. Larger scale motions of the sample in the x and
y directions were performed by computer-controlled stepper-
motors �Owis GmbH, Staufen, Germany�. The autofluores-
cence was detected by a standard photomultiplier module
�H7732, Hamamatsu, Herrsching, Germany� after passing
through a beamsplitter �Chroma 640 DCSPXR, AHF Analy-
sentechnik AG, Tübingen� and a short-pass filter �BG39,
Schott, Mainz, Germany�, resulting in a detection bandwidth
from 380 to 530 nm �FWHM�, which could not detect the
second-harmonic generation �SHG� signal for an excitation
shorter than 760 nm. To detect SHG, the excitation was tuned
to 826 nm in order to maximize SHG signal strength30 and
transmission of the optics, which were designed for the visible
range, and the same photomultiplier with a 413-nm bandpass
filter �Amko, Tornesch, Germany� was used for suppression
of autofluorescence.

Fluorescence lifetime imaging �FLIM� was performed by
time-correlated single-photon counting.31 Start signals were
generated from a fast photomultiplier module �PMH-100-0,
Becker & Hickl, Berlin, Germany� with a transient time
spread of approximately 180 ps that detected the fluorescence
photons emitted by the tissue. The stop signal was provided
by a fast photodiode that measured the excitation pulses. The
timing between both signals was measured by a PC-based
single-photon counting board �SPC 830, Becker & Hickl, Ber-
lin, Germany�. The board was synchronized with the scanning
of the excitation beam, and 256�256 spatially resolved au-
tofluorescence decay curves were measured in the image field.
Curve fitting with a single exponential decay curve including

Fig. 1 Ocular surface pathologies: �a� pterygium, �b� conjunctival
papilloma, and �c� conjunctival nevus. Squares: areas of interest.
November/December 2009 � Vol. 14�6�2
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deconvolution with the time response of the system �SPCI-
age 2.6, Becker & Hickl, Berlin, Germany� was used to

alculate a mean fluorescence lifetime for each pixel and was
isplayed in color-coded images.

After imaging, the specimens were sent for definite histo-
athological assessment. The tissue was fixed, sliced in
-�m sections, and stained with haematoxyline eosin �H.E.�.
he study was conducted according to the Declaration of Hel-
inki and approved by the Ethics Committee of the University
f Luebeck �08-083�, and informed consent was obtained
rior the procedure from each patient.

Table 1 Comparison of the technical specifi
DermaInspect.

Rostock Cornea Mo
�RCM�

Technical background
and

working principle

Confocal microscope

Diode laser 670 nm

Reflection contrast

Specifications In vivo human patient

NA: 0.9 water immer

Focus size: 0.91 �m�
1–30 frames/s

Field of view 300–40

Single images, stacks

ig. 2 Epithelial cells of the cornea. �a� and �b�: Imaged with confo
ultiphoton microscopy �DermaInspect�. Images �b�, �d�, and �f� sh

nverted images �e� and �f�.
ournal of Biomedical Optics 064040-
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3 Results and Discussion

Due to the working principle and the intended use, RCM and
DI have different technical characteristics �Table 1�. To carry
out confocal imaging with reflectance contrast, a relatively
inexpensive diode laser is sufficient, whereas the DermaIn-
spect uses a tunable femtosecond laser to generate autofluo-
rescence, SHG, and fluorescence lifetime images. Both sys-
tems work with different commercially available microscope
objectives. The RCM uses a 63�, NA 0.95 water immersion
objective that gives a diffraction-limited focal spot of 0.9 �m

s of the HRT with Cornea Module and the

HRTII DermaInspect
�DI�

Multiphoton microscope

Femtosecond laser 710–900 nm

Autofluorescence, SHG, FLIM

In vivo human skin, ex vivo samples

NA: 1.3 oil immersion

m, Focus size: 0.69 �m�1.6 �m,
0.02–1.0 frames/s

Field of view 20–230 �m

Single images, stacks, SHG, FLIM

croscopy �HRTII+Rostock Cornea Module�. �c� and �f� Imaged with
igitally magnified, view from �a�, �c�, and �e�. �c� and �d�: Digitally
cation

dule+

s

sion

4.1 �

0 �m

, video
cal mi
ow a d
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diameter of the Airy disk� and a length of the focal volume of
.1 �m �Ref. 3�. The field of view can be varied between
00 �m and 400 �m. The DI works at a higher resolution
ue to the 40�, NA 1.3 oil immersion objective, which can
rovide a limited focus volume of 0.68 �m�1.6 �m at
30-nm diffraction. Corresponding to the increased reso-
ution, the field of view is smaller �20 �m to 230 �m�. The
CM achieves video rate imaging with up to 30 frames per

econd. Due to the lower autofluorescence signals, the maxi-
al imaging speed of the DI is limited to less than 1 frame

er second at quite restricted image quality. For high-quality
mages, as shown in Figs. 2–5, exposure times of 25 s were
ecessary. For multiphoton imaging, the image acquisition
ime is limited by the excitation threshold for tissue damage,
hich is only a factor of two from the excitation intensity
sed. A possible solution to this limitation would be to use
ultiple scanning beams. However, due to cross talk, the im-

ig. 3 Pterygium. �a� to �d�: Goblet cells within the epithelium �arro
mage; and �d� fluorescence lifetime imaging �lifetime histogram in ps�
tain; �f� confocal image; �g� composite image of multiphoton micros
ifetime imaging �lifetime histogram in ps�.

ig. 4 �a� to �d�: Conjunctival papilloma; core blood vessel �arrows� an
omposite image of multiphoton microscopy �false color labeling;
lifetime histogram in ps�. �e� to �h�: Conjunctival nevus; pigmented
tain; �f� confocal image; �g� multiphoton intensity image; and �h� flu
ournal of Biomedical Optics 064040-

Downloaded from SPIE Digital Library on 23 Dec 2009 to
age quality rapidly degrades with depth in scattering tissues.
Only for the transparent cornea can no reduction of image
quality be expected.

Both devices acquire single images and image stacks with
variable z spacing. In addition, the RCM has the option to
generate videos of dynamic tissue changes.

The practical resolution of both systems, RCM and DI,
was assessed with images from corneal epithelial cells. Both
devices provided subcellular resolution. The RCM was able to
resolve the individual cells with bright cell borders and nuclei
�Figs. 2�a� and 2�b��. Structures in the cytoplasm were barely
resolved. The DI provided a significantly higher resolution,
which allowed us to identify even single-cell organelles. Un-
der multiphoton excitation, the cytoplasm appeared as a
granular structure �Figs. 2�e� and 2�f��. Nuclei and actual cell
borders remained dark. Contrast inverted �negative image�,
the multiphoton images showed some similarities to the con-

� Histology, H.E. stain; �b� confocal image; �c� multiphoton intensity
�h� Blood vessels filled with erythrocytes �arrows�. �e� Histology, H.E.

alse color labeling, 730 nm: green, SHG: blue�; and �h� fluorescence

unding papilloma cells �histology, H.E. stain�; �b� confocal image; �c�
: green, 835 nm: red, SHG: blue�; �d� fluorescence lifetime image

cells form clusters within the epithelium �arrows�; �e� histology, H.E.
ce lifetime image �lifetime histogram in ps�.
ws�. �a
. �e� to
copy �f
d surro
730 nm
nevus-
orescen
November/December 2009 � Vol. 14�6�4
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ocal images �Figs. 2�c� and 2�d��. In epithelial cells, at
30-nm excitation, a prominent source of the autofluores-
ence in the cytoplasm is NAD�P�H, which is mainly local-
zed in the mitochondria. Shape, size, density, and distribution
f mitochondria within the cytoplasm together with shape and
ize of nucleus and cellular body can be used to discriminate
ifferent cell types. Fibroblasts, e.g., demonstrate an elon-
ated dark nucleus with only a small rim of bright fluorescing
itochondria in comparison to epithelial cells that have nu-
erous evenly distributed mitochondria within a broad cyto-

lasmic rim encircling a roundish nucleus.
Resolution and contrast of the RCM images are signifi-

antly poorer than the multiphoton images of the DI. This is
xplained by the differences in focal spot size and the process
f image formation32 and the lower NA of the objective used.
n contrast to confocal imaging, multiphoton imaging has no
rade-off between resolution and image brightness. A smaller
ocus even increases image brightness. In addition, autofluo-
escence of the mitochondria provides a high-contrast signal
n a low background. By using an oil immersion objective,
e expect essentially aberration-free imaging in the superfi-

ial layers of the tissue, although at deeper layers, the refrac-
ive index mismatches between sample and oil reduce the im-
ge quality due to spherical aberrations. Fluorescence imaging
as further advantages over confocal reflectance imaging. It is
ncoherent and therefore does not suffer from speckle noise.
he high coherence of the laser in confocal reflection imaging

eads to speckle noise from interference of scattered light. A
igher resolution and better contrast of MT was seen essen-
ially in all images of the investigated tissue structure.

The first noncorneal pathology investigated with confocal
nd multiphoton imaging was a pterygium, which is a strand
f conjunctiva growing onto the cornea �Fig. 1�a� Figs.
�a�–3�h��. This tissue contains different cell types, vessels,
nd connective tissue that were identified by comparative his-
ology �Figs 3�a� and 3�e��. Mucous-producing goblet cells
ere easily discriminated in histology from epithelial cells by

heir special morphology and staining characteristics �Fig.
�a��. With the RCM, goblet cells are identified as cells with a
yperreflective cell body compared to surrounding epithelial

ig. 5 Conjunctival papilloma cells, multiphoton intensity image; ar-
ows indicate nuclei Inset; arrows indicate nuclei; arrowheads indi-
ate nucleoli.
ournal of Biomedical Optics 064040-
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cells �Fig. 3�b��. In the autofluorescence images of the DI,
goblet cells were clearly seen, as the mucous-filled vacuoles
demonstrated very low autofluorescence, even lower than ad-
jacent nuclei �Fig. 3�c��. In addition, multiphoton-excited
FLIM was able to increase the contrast �Fig. 3�d�� and differ-
entiate the cell body of the goblet cells from nuclei, because
the mucous within the goblet cells was characterized by a
longer �blue� and the nuclei by a shorter fluorescence lifetime
�red�, compared to the cytoplasm �green� and the mitochon-
dria �yellow�. The autofluorescence properties of goblet cells
were not yet studied, and the chromophores involved are not
known.

Also extracellular structures were visualized by the DI
with high resolution. Elastin fibers were seen due to their
autofluorescence at 730-nm excitation �green; Fig. 3�g��,
whereas straight collagen fibers were seen by SHG imaging
�blue; Fig. 3�g��. RCM images of the connective tissue show
straight lines that are probably collagen fibers. These cannot
be distinguished from other connective tissue components.
Embedded vessels are visible as dark structures in which in-
dividual blood cells are located �Fig. 3�f��. The DI is also able
to visualize blood vessels. The femtosecond irradiation ex-
cites the autofluorescence of erythrocytes, which is character-
ized by a very short lifetime �red� �Fig. 3�h��. The fluores-
cence is possibly caused by hemoglobin, which is a high
multiphoton absorption cross section33,34 but a low fluores-
cence quantum yield. From intravital animal experiments, we
know that in the in vivo situation, imaging with the DI is not
fast enough to follow the movement of an individual blood
cell, but vessels are still detectable by morphological features
and due to characteristic movement artifacts. Vessels were
also visualized by SHG of perivascular collagen, as shown in
images of an ocular papilloma with a core vessel �Fig. 1�b�;
Figs. 4�a�–4�d��. The false color overlay of the autofluores-
cence �Fig. 4�c�; 730 nm: green; 835 nm: red; and SHG:
blue� gives the exact co-localization between the cellular and
extracellular structures and a clearer image compared to the
confocal image �Fig. 4�b��. At 730-nm and 835-nm excita-
tion, strong fluorescing lysosomes of a perivascular macroph-
age were visible �here shown yellow/red in the overlay of
green and red�.

Cellular autofluorescence is caused by a variety of differ-
ent chromophores,35 which have different multiphoton excita-
tion efficacies at different wavelengths.36,37 By changing the
excitation wavelength, the contribution of the chromophores
to the autofluorescence also changes. NADH, which is re-
sponsible for the strong autofluorescence of the mitochondria
in epithelial cells, is more efficiently excited at shorter wave-
lengths below 780 nm. Our work in different tissue shows
that excited above 830 nm the NADH fluorescence is very
weak, whereas lysosomes, dendritic cells, and macrophages
fluoresce quite strongly �work not published�. We attribute the
fluorescence to flavoproteins,38 cellular lipids, and aging pro-
teins such as ceroids and lipofuscin.39,40 Therefore, we con-
clude that the structure visible at both 730-nm and 835-nm
excitation is a macrophage. Dendritic cells, which have simi-
lar features, are generally not found in this location. The
FLIM image of the same tissue demonstrated short lifetimes
of these lysosomes �red� within the macrophage �Fig. 4�d��.
November/December 2009 � Vol. 14�6�5
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Autofluorescence of melanin was recorded in an ocular
evus �Fig. 1�c� Figs. 4�e�–4�h��. A bright fluorescence pat-
ern in epithelial cells was observed in a pigmented lesion
Fig. 4�g��. A distinction from mitochondria or lysosomal
uorescence was achieved by FLIM at 835 nm �Fig. 4�h��.
he fluorescence lifetime of melanosomes �red/yellow� is
horter than the time resolution of our system, which is a few
undred picoseconds with our detector. The RCM demon-
trated the same intraepithelial nevus-cell cluster, but the re-
ection image showed a much lesser contrast and resolution

han the DI images. Here, detection was achieved only by
hape and the hyporeflective rim around the cluster.

Intercellular structures of cells were visualized by the DI
ith resolutions that allowed the discrimination between nu-

lei and prominent nucleoli and the estimation of the
ytoplasmic/nuclear ratio �Fig. 5�.

The value of fluorescence lifetime imaging �FLIM� for fea-
ure identification and clinical diagnosis is currently under
valuation. In principle, FLIM provides additional indepen-
ent information besides the spectral characteristics of excita-
ion and emission. But it also adds complexity and increases
he measurement time if good image quality is desired. Our
tudy suggests that FLIM can indeed provide additional infor-
ation. Collagen, melanosomes, and erythrocytes are charac-

erized by very short lifetime below 200 ps, which gives a
ery strong contrast against the 1.5- to 2-ns autofluorescence
ifetime of other components. SHG imaging of collagen does
ot require additional FLIM because it is easily discriminated
ith a bandpass filter at twice the excitation wavelength from

utofluorescence. Melanosomes and erythrocytes do not have
sharp spectral signature.33,41 In addition, fluorescence inten-

ity of the erythrocytes is quite low, which makes a spectral
iscrimination difficult. In contrast to this, melanosomes ap-
ear as point-like structures that are difficult to discriminate
rom lysosomes and mitochondria. Here, a good FLIM con-
rast is important for an identification of these structures.
LIM also allowed discriminating low fluorescing parts of
oblet cells from nuclei, as demonstrated in Fig. 3�d�.

Conclusions
his study compared imaging of ocular surface pathologies by
eans of confocal reflectance and multiphoton excited autof-

uorescence microscopy under identical conditions as far as
ossible using a clinical approved confocal microscope and a
ultiphoton microscope approved solely for skin imaging in

ivo.
Both imaging modalities were able to visualize cellular

nd extracellular structures of ocular tissue pathologies. In the
kin, confocal reflectance and multiphoton imaging reach
omparable depths. Both can image down into the upper
ermis.20,42 A similar imaging depth with small advantages for
he DI was also observed in this study at scattering tissues, but
e did not quantify it.

Due to the higher NA of the objective used and the specific
ature of fluorescence imaging, DermaInspect images contain
ore tissue-specific information. The DI was able to resolve

ubcellular structures like mitochondria or lysosomes that
ere barely seen by the RCM. Also size and shape of the
uclei were imaged with considerably higher precision. Even
ucleoli were visualized. High contrast and the lack of
ournal of Biomedical Optics 064040-
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speckle noise contributed to the considerably higher morpho-
logical information content of subcellular structures. Hereby,
different cell types such as goblet cells and epithelial cells can
be distinguished with high specificity. In principle, compa-
rable resolution and image quality are also possible in confo-
cal reflectance microcopy by using a high NA immersion ob-
jective and by averaging multiple images for speckle
reduction. However, the four parameters �fluorescence inten-
sity, spectrum, excitation, and FLIM� of the autofluorescence,
which are measured by the DI, provide additional information
for characterization and identification of tissue structures that
is not available in reflectance microcopy. This enables a
unique characterization of cellular and tissue components
such as mitochondria, hemoglobin, collagen, or melanin. We
demonstrated spectral and fluorescence lifetime–based identi-
fication of epithelial cells, goblet cells, erythrocytes, macroph-
ages, collagen, elastin, vascular structures, and pigmented le-
sions.

The possibility to measure unique fluorescence signatures
for these structures paves the way for an automatic identifica-
tion of tissue structures, which is difficult when it has to be
based solely on morphological features. In this context, we
have demonstrated previously that the dependence of the fluo-
rescence lifetime on the excitation wavelength can discrimi-
nate different brain tissues and different tumor cells lines.43,44

NAD�P�H–based FLIM has the potential to differentiate cell
type or even stages of cell development, since it can monitor
in vivo NAD�P�H–dependent cellular metabolism.45 Possible
applications in diagnosing ocular surface pathologies include
detection of pathogens in inflammatory diseases, characteriza-
tion of immune cells �lymphocytes, macrophages, etc.� during
ocular surface inflammation, detection of epithelial neoplasias
of conjunctiva and cornea by measuring a shifted nucleoplas-
mic index, and detection of tumor cells that demonstrate an
enhanced cellular metabolism. The main disadvantage of mul-
tiphoton versus confocal microscopy—besides the currently
expensive equipment—is a slow imaging speed caused by a
principally limited fluorescence rate from one focal spot. Mul-
tifocal spot scanning46,47 adds complexity and suffers strongly
from degraded contrast in deeper scattering tissue. An alter-
native solution to this problem is to combine multiphoton
with confocal microscopy. This approach would allow scan-
ning larger regions by confocal microscopy, identifying cer-
tain small regions of interest and restricting the spectrally re-
solved multiphoton imaging to these small areas. Based on the
results presented, our next step will be to integrate multipho-
ton imaging into a clinical instrument for in vivo imaging.
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