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Abstract. Both reflected confocal and multiphoton mi-
croscopy can have clinical diagnostic applications. The
successful combination of both modalities in tissue imag-
ing enables unique image contrast to be achieved, espe-
cially if a single laser excitation wavelength is used. We
apply this approach for skin and corneal imaging using the
780-nm output of a femtosecond, titanium-sapphire laser.
We find that the near-IR, reflected confocal �RC� signal is
useful in characterizing refractive index varying bound-
aries in bovine cornea and porcine skin, while the multi-
photon autofluorescence �MAF� and second-harmonic
generation �SHG� intensities can be used to image cyto-
plasm and connective tissues �collagen�, respectively. In
addition, quantitative analysis shows that we are able to
detect MAF from greater imaging depths than with the
near-IR RC signal. Furthermore, by performing RC imaging
at 488, 543, and 633 nm, we find that a longer wave-
length leads to better image contrast for deeper imaging of
the bovine cornea and porcine skin tissue. Finally, by
varying power of the 780-nm source, we find that com-
parable RC image quality was achieved in the
2.7 to 10.7-mW range. © 2009 Society of Photo-Optical Instrumenta-
tion Engineers. �DOI: 10.1117/1.3247157�

Keywords: multiphoton fluorescence; second-harmonic generation;
reflected confocal imaging; optical microscopy.
Paper 08222RRR received Jul. 10, 2008; revised manuscript received
Aug. 11, 2009; accepted for publication Aug. 11, 2009; published
online Oct. 26, 2009.

1 Introduction
There has been considerable recent interest in applying optical
microscopy imaging techniques for the minimally invasive,
label-free imaging and diagnosis of pathological tissues. In
the submicrometer resolution range, two techniques indepen-
dently emerged as promising candidates in tissue diagnosis.
The development of reflected confocal �RC� microscopy
based on reflection from interfaces of different refractive in-
dices achieved enormous success in both dermatology and
ophthalmology. Although the RC signal lacks molecular
specificity, tissue abnormalities and pathogens can often be
identified with this modality.1–4 In comparison, multiphoton
�MP� tissue microscopy achieves image contrast by inducing
nonlinear optical phenomena such as fluorescence excitation
or harmonic generation from the specimens of interests.5,6

While RC and MP microscopy share common features such as
the ability to achieve excellent axial depth discrimination and

1083-3668/2009/14�5�/054026/8/$25.00 © 2009 SPIE
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abel-free imaging, the fundamental differences of the image
ontrast mechanisms dictate the choice of the imaging modal-
ty in a particular application. Specifically, while the RC sig-
al is capable of detecting the presence of interfaces with
ifferent refractive indices, multiphoton autofluorescence
MAF� and second-harmonic generation �SHG� intensities can
e used for the respective monitoring of cellular metabolism
nd the imaging of noncentrosymmetric biological structures
uch as collagen and muscle fibers.7,8

In tissue imaging, multiphoton microscopy has been well
emonstrated in imaging both the skin and ocular surface.9–11

he ease of accessing these two tissues enables them to be the
referred choices for optical imaging diagnostics. Further-
ore, multiphoton fluorescence and SHG microscopy have

roven to be effective in discriminating pathological tissues
rom their normal counterparts in a wide array of dermato-

ig. 1 Experimental arrangement for the single-excitation wavelength,
C, and multiphoton imaging system.

Fig. 2 Power dependence of the RC, MAF, and SHG sig
ournal of Biomedical Optics 054026-
logical and ophthalmological conditions including skin aging,
basal cell carcinoma, laser ablation effects, keratoconus, and
corneal infection.12–17

However, in most applications, tissue imaging is achieved
with either RC or MP microscopy. In the few reports in which
both modalities are implemented, two wavelengths from dif-
ferent excitation sources were used for the independent detec-
tion of the RC and MP signals.18 Clearly, the ability to achieve
both RC and MP microscopy with a single excitation wave-
length will be significant for tissue imaging in several ways.
First, the multimodal information of the RC, MAF, and SHG
signals offers researchers or clinicians additional information
in tissue diagnosis. Second, the use of a single wavelength for
specimen examination avoids artifacts associated with chro-
matic aberration. Specifically, the issue associated with axial
image shift from chromatic aberration can be avoided. Finally,
the use of a near-IR source to obtain the RC signal can avoid
possible photodamage from visible sources. However, since
the refractive index of a material tends to decrease with in-
creasing wavelengths, there is a concern whether the near-IR,
RC signal from tissues is sufficient for imaging purposes.

In this paper, we demonstrate the combination of RC,
MAF, and SHG imaging on ex vivo bovine cornea and porcine
skin specimens using the single excitation wavelength of
780 nm from a femtosecond, titanium-sapphire laser. In addi-
tion, we also investigate the effects of different excitation
wavelengths �488, 543, and 633 nm� on RC imaging. The
effects of varying the power of 780 nm for RC imaging are
also examined.

2 Materials and Methods
The combined RC and MP microscope used in this study is
based on a commercial laser scanning microscope �LSM 510
Meta, Zeiss, Germany�. As shown in Fig. 1, a diode-pumped,
solid state �DPSS� laser �Millennia X, Spectra-Physics,
Mountain View� pumped titanium-sapphire source �Tsunami,
Spectra Physics� with the output wavelength of 780 nm was
used as the excitation source. The laser beam was first re-
flected by a short-pass dichroic mirror �KP650� before enter-
ing the scanning mirror unit. The scanned laser beam then
passes through a long pass dichroic mirror �700dcxru,
Chroma Technology, Rockingham, Vermont� and into the ob-

the �a� porcine skin and �b� bovine cornea specimen.
nals in
September/October 2009 � Vol. 14�5�2
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ective. For imaging purposes, we used a high-resolution,
ater-immersion objective �C-Apochromat 40�, numerical

perture �NA� 1.2, Zeiss� to focus the excitation source onto
he specimen and the collection of RC, epi-illuminated autof-
uorescence �AF�, and backward SHG signals from the speci-

ens. For multiphoton imaging, the signal were acquired us-
ng the nondescanned detection in which the MAF and SHG
ignals were reflected by the 700dcxru dichroic mirror and
urther separated by the combination of a secondary dichroic
irror �440 dcrxu, Chroma Technology� and two bandpass
lters �e700sp-2p-e435, HQ390/22m-2p, Chroma Technol-

ig. 3 �a� RC �red�, �b� MAF �green�, �c� SHG �cyan�, and �d� combin
mage sizes are 115�115�100 �m3. �Color online only.�
ournal of Biomedical Optics 054026-
ogy�. The detection bandwidths of the MAF and SHG signals
were 435 to 700 and 380 to 400 nm respectively. For RC
imaging, the signal were detected in the descanned mode
where the reflected 780-nm light was descanned and passed
through the KP650 dichroic mirror, the bandpass filter
�HQ780/20, Chroma Technology�, and the confocal pinhole
before detection by the photomultiplier tube �PMT�. Although
KP650 is a short-pass filter, the reflected signal was suffi-
ciently intense to provide good signal registration.

MAF, and SHG imaging of the ex vivo human skin specimen in 3-D.
ed RC,
September/October 2009 � Vol. 14�5�3
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To accommodate the capabilities of the Zeiss system, the
escanned RC and nondescanned multiphoton image acquisi-
ion were sequentially acquired in the two-pass mode. The use
f a single laser wavelength and the same filter and dichroic
rrangement for both the RC and MP imaging demonstrates
he feasibility of achieving image contrast by different mecha-
isms in simultaneous acquisition. The use of the two-pass
pproach is dictated by the Zeiss scanning software, which
revents the simultaneous acquisition of both the descanned
nd nondescanned signals. Finally, the pixel dwell time was
.6 �s, and each image was average over 16 repeated scans
or each of the two imaging modes. For the 512

512 pixels per frame corresponding to a frame size of
15.17�115.17 �m2, each image in each mode was ac-
uired in 6.71 s. For the ex vivo bovine cornea and porcine
kin specimens, the on sample power of the 780-nm source
as 10 mW. The same laser power settings were used in both

he descanned RC and nondescanned MP imaging. In addi-
ion, to evaluate the effectiveness of different wavelengths for
C imaging, we also imaged porcine skin and bovine cornea

amples using the 488-, 543-, and 633-nm laser sources in the
eiss LSM 510 system. In studies using the visible sources,
ach image was produced using an on-sample power of
round 0.03 mW, and the detector gain was independently
ptimized for each case.

To compare the signal strength at different imaging depths,
e averaged the pixel intensity for each imaging modality
ver the acquired image at each depth, and normalized the
esultant value with respect to the maximum observed value
ver the range of imaging depths.

Both the ex vivo bovine corneal and porcine skin speci-
ens were used in this study. Bovine eyes were purchase

rom a local meat shop. After removing excessive tissue
round the bovine eyes, the specimens were placed in a dish
ith a cover glass bottom. With the cornea in contact with the

over glass, phosphate buffer solution �PBS� was added to
imulate physiological conditions for imaging of the eye
pecimen. The ex vivo porcine skin specimen used in this
tudy was also obtained from a local meat shop. The skin
pecimen was placed in a well slide, filled with PBS, and
overed with a cover glass for viewing.

Results and Discussion
o verify that the RC, MAF, and SHG processes correspond

o either the one- or multiphoton processes, we measured the
ignal levels as a function of excitation power in both speci-
ens. The results, plotted on the natural logarithmic scale, are

hown in Figs. 2�a� and 2�b� for skin and cornea. As the
esults indicate, the slopes of the RC, MAF, and SHG signals
re, respectively, 1.05, 2.03, and 1.98 for skin and 1.05, 1.96,
.92 for cornea. These observations demonstrate that our sys-
em is effective in detecting and separating the one-photon RC
ignal from the multiphoton signals.

The RC and MP images of ex vivo porcine skin and bovine
ornea are shown in Figs. 3–6. In all images, the pseudocolors
f red, green, and cyan represent the RC, AF, and SHG sig-
als, respectively. Figure 3 shows the 3-D image stack of the
kin specimen to a depth of 100 �m and the detailed 2-D
mages at the selected depths of 10 and 55 �m, corresponding
o the two marked depths �red arrow in Fig. 3�d��, are shown
ournal of Biomedical Optics 054026-
in Fig. 4. The 3-D stack and 2-D images reveal that the
near-IR RC signal is most effective in outlining the epithelial
layers, while the AF is effective for cytoplasmic imaging of
the epidermis. Specifically, at the depths of 10 �m, we were
able to observe the cellular boundaries �white arrows� and the
nuclear regions �white dashed arrows�, suggesting that signifi-
cant refractive index changes in the near-IR range, in the skin
epithelium, occurs at the intercellular and nuclear boundaries.
Furthermore, note that the RC signal can also be used to de-
lineate the cytoplasmic regions, suggesting the presence of a
heterogeneous distribution of refractive index varying or-
ganelles there. Finally, the SHG signal is found only in the
dermal layers, corresponding to the presence of collagen fi-
bers.

Since the cornea is another organ in which reflected con-
focal microscopy has been successfully applied,3,4 we also
tested our multimodal imaging modality on ex vivo bovine
cornea specimens. Similar to our presentation of the skin re-
sults, we show the 3-D corneal image stack in Fig. 5, and the
detailed imaged at selected depths of 30 �epithelium� and
160 �m �stroma� are shown in Fig. 6. Similar to the skin
results, in the corneal epithelium, the RC signal is effective
for outlining the individual epithelial cells �white arrow at z
=30 �m� and their nuclei �white dashed arrow at z=30 �m�,
while the AF signal can be used for identifying the cytoplas-
mic regions. However, unlike skin imaging, the RC signal is
effective only for identifying epithelial cellular boundaries
and the nuclear regions with insignificant RC signal detected
from within the cytoplasmic domains. This may be due to the
higher water content of the corneal epithelium, which mini-
mized refractive index varying boundaries in corneal epithe-
lium. Within the stroma, SHG imaging reveals the architec-
ture of the collagen matrix while individual keraotcytes can
be traced using the near-IR, RC signal �white arrow z
=160 �m�.

To further demonstrate the achievable imaging depths of
the RC, MAF, and SHG signals, in Fig. 7 we plot the detected
RC, MAF, and SHG signals for the porcine skin and bovine
cornea specimens found in Figs. 3 and 5. The three signals
were computed at each depth. From the result, we can see that
the near-IR, RC signal is effective for imaging the bovine
cornea and porcine skin specimens to depths of approximately

Fig. 4 RC �red�, MAF �green�, SHG �cyan�, and combined RC, MAF,
and SHG 2-D images of the ex vivo human skin specimen at the
approximate imaging depths of �a� 10 �m and �b� 55 �m. Image sizes
are 115�115 �m2. �Color online only.�
September/October 2009 � Vol. 14�5�4
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00 and 100 �m, respectively. Similarly, the MAF signal can
e detected to approximately the same depths. However, note
hat, as a function of depth, the detected MAF signal decays at

slower rate than the RC signal, suggesting that the MAF
maging is a preferred imaging modality for probing into

ig. 5 �a� RC �red�, �b� MAF �green�, �c� SHG �cyan�, and �d� combined
imensions. Image sizes are 115�115�200 �m3. �Color online only
ournal of Biomedical Optics 054026-
deeper layers of the skin and corneal epithelia. Furthermore,
in the corneal RC signal profile, a peak exists at about
140 �m, corresponding to the Bowman’s layer in the
epithelium-stroma junction. A similar peak was not found for
the skin, suggesting that a sharper refractive change exists at

AF, and SHG imaging of the ex vivo bovine cornea specimen in three
RC, M
.�
September/October 2009 � Vol. 14�5�5
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he corneal epithelium-stroma junction than that at the skin
pithelial-dermal junction. In addition, in both the skin and
ornea specimens, the SHG signal rises sharply beyond the
pithelium, indicating the effectiveness of SHG imaging for
robing the collagen matrix. Nonetheless, one should keep in
ind that the nature of signal generation is different for the
C, MAF, and SHG signals. The RC signal occurs at inter-

aces of different refractive indices, while the MAF intensity
epends on the concentration of autofluorescent molecules
resent. Quantification of the SHG signal also depends on the
mount of noncentrosymmetric biomolecular structures
resent.

The comparision of 780-, 488-, 543-, and 633-nm RC im-
ging on a porcine skin sample and a cornea sample are made,
espectively, in Figs. 8�a� and 8�b�. The skin images shown
ere acquired at the depth of 15 �m, and the cornea images
ere acquired at the depth of 30 �m. From the RC images,
e see only slight or no image degradation with increasing
avelength. To investigate the relative change in RC intensity
ith increasing imaging depth, we plot the normalized RC

ntensity as a function of depth for the porcine skin �Fig. 9�a��
nd bovine cornea �Fig. 9�b�� samples. From Fig. 9�b�, we see
hat the RC intensity in bovine cornea imaging decays more
lowly with increasing laser wavelength, as expected, since
onger wavelength light is less susceptible to scattering by

ig. 6 RC �red�, MAF �green�, SHG �cyan�, and combined RC, MAF,
nd SHG imaging of the ex vivo bovine cornea in two dimensions.
epresentative images at the approximate depths of �a� 30 �m and �b�
60 �m are shown. Image sizes are 115�115 �m2. �Color online
nly.�

ig. 7 Measured RC, MAF, and SHG signal strengths as a function of im
pecimens.
ournal of Biomedical Optics 054026-
tissue sample. However, for porcine skin RC imaging, we
found that the RC signal decays at a slower rate at shorter
wavelengths. One possible explanation is that the porcine skin
tissue sample we used preferentially absorbs at longer wave-
length, despite the fact that less scattering occurs at longer
wavelength. Furthermore, since the detected reflectance con-
focal signals can come from out of the focal plane sample
scattering, the value of I / I0 may not accurately quantify the
contrast provided by reflectance confocal imaging. This effect
is particular significant in highly scattering tissues such as
skin. Figure 10 shows the reflected confocal images of por-
cine skin at the depth of 40 �m for the four wavelengths. By
visual inspection, we see that increasing wavelength does in-
deed lead to better image contrast, despite having a lower I / I0
ratio. These findings suggest that although a shorter wave-
length provides slightly better image quality near the surface,
longer wavelengths are more effective for in-depth RC imag-
ing.

In addition to investigating wavelength dependence of RC
imaging, we also investigated the effect of laser intensity for
780-nm RC imaging. Figure 11 shows RC image of areas in
the skin and cornea sample using 780-nm light of varying
powers �on sample�. We found that within the power range
tested, increasing the power does not lead to any observable
improvements in the image quality. Since optimal power for
MAF and SHG imaging typically requires on-sample power
of greater than a few milliwatts, the optimal power for simul-

depths from the �a� ex vivo porcine skin and �b� ex vivo bovine cornea

Fig. 8 RC imaging using four different laser light wavelengths �488,
543, 633, and 780 nm� for �a� porcine skin at a depth of 15 �m and
�b� bovine cornea specimen at a depth of 30 �m. Image sizes are
115�115 �m2.
aging
September/October 2009 � Vol. 14�5�6
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aneous RC, MAF, and SHG imaging is dictated by the re-
uirement for multiphoton imaging. In our study, the imaging
ower is limited by the threshold for tissue photodamage due
o multiphoton excitation.

Conclusions
e demonstrated RC, MAF, and SHG imaging using a single

xcitation wavelength of 780 nm. In both the ex vivo speci-
ens of porcine skin and bovine cornea, the near-IR, RC

ignal was effective for imaging the cellular boundaries of the
pithelia. However, in the case of porcine skin, additional RC
ignals from within the intracellular regions enabled addi-
ional structural imaging. In both cases, nuclei can be detected
rom the RC signal. On the other hand, the MAF signal can be

ig. 9 Semilog plot of the wavelength dependence of normalized RC
ornea specimen.

ig. 10 RC imaging using four different laser light wavelengths �488,
43, 633, and 780 nm� for porcine skin at a depth of 40 �m. Image
izes are 115�115 �m2. Visible image contrast improvements are
bserved with increasing wavelength.

ig. 11 RC imaging of �a� porcine skin and �b� bovine cornea using
ifferent laser powers at 780 nm. Image sizes are 115�115 �m2. The
orresponding on-sample laser power is shown on each image. No
ignificant difference in image quality is observed for RC imaging in
he power range tested.
ournal of Biomedical Optics 054026-
used for cytoplasmic imaging through the entire epithelium.
Since broadband AF signal �435 to 700 nm� was collected,
identification of the molecular species contributing to the
MAF signal was not made. However, a main contributor to
the MAF signal is8 most likely NAD�P�H. Beyond the epithe-
lia, SHG microscopy can be applied for characterizing the
underlying collagen matrix with the RC signal capable of
identifying individual corneal keratocytes. We found that the
use of longer 780-nm femtosecond pulse laser for deep RC
imaging of bovine cornea and porcine skin resulted in images
with visibly improved image contrast than the images ac-
quired from using continuous wave laser sources at wave-
lengths of 488, 543, and 633 nm. Furthermore, varying the
780-nm power for RC imaging produced images with com-
parable quality. Our results demonstrate that with the appro-
priate instrument, it is possible to achieve simultaneous RC,
MAF, and SHG imaging using a single femtosecond excita-
tion source. The contrast offered by this multimodal approach
may be extended for the clinical diagnosis of diseases in the
future.
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