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Abstract: Confocal and nonlinear optical microscopies have been applied
for dermatological studies because of their capability to provide sub-surface
three-dimensional images with sub-μm spatial resolutions. Optical signal
degradation as the imaging plane being moved toward deeper regions in
skin specimens is the key factor that limits the observation depth for the
laser scanning based linear or nonlinear imaging modalities. In this article,
we studied the signal degradation in fixed human skin specimens using
reflection confocal microscopy and higher-harmonic optical microscopy
based on a Cr:forsterite femtosecond laser centered at 1230-nm. By
analyzing the optical properties through these linear and nonlinear imaging
modalities, we found that the optical signal degradation in the studied
human skin specimen is dominated by the distortion of the point spread
function.
© 2006 Optical Society of America
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1. Introduction
Optical imaging and microscopy such as optical coherence tomography (OCT) [1-3], confocal
microscopy [4,5], and nonlinear optical microscopy [6-10] have been widely applied for
dermatological studies because of their high penetration and three-dimensional (3D) imaging
capability with high spatial resolutions. OCT can provide high penetration using 1.3-μm
wavelength light [1] or a sub-μm axial resolution with a 725-nm broadband light source [3].
Compared with OCT, laser scanning confocal and nonlinear microscopies provide much
higher lateral resolution while the sectioned two-dimensional images are in the plane parallel
to the surface, in contrast to the cross-sectional (tangential) images provided by OCT.
Reflection confocal microscopy has provided a window into living skin for basic and clinical
research. Confocal reflectance images of normal skin correlate well with images from
conventional histology, with contrast being provided by refractive index differences of
subcellular structures such as cell layers and nuclear details in the epidermis, collagen, and
microcirculation in the dermis [11-13]. It was also found that pigmented skin and pigmented
lesions are especially suitable for laser scanning confocal microscopy because melanin
functions as a natural source of contrast [12]. Two-photon fluorescence microscopy [14] of
skin based on 780-nm femtosecond light also provides high resolution imaging from the skin
surface through the epidermal-dermal junction [7]. Recently we demonstrated that
higher-harmonic optical microscopy (HOM) based on a 1230-nm femtosecond light source
could provide sub-micrometer-resolution deep-tissue biopsy images of skin without the use of
fluorescence or exogenous markers [9,10], which could also be considered as a powerful tool
for dermatological studies.
Optical signal degradation as the imaging plane being moved toward deeper regions in
skin specimens is the key factor that limits the observation depth for the laser scanning based
linear or nonlinear imaging modality mentioned above. The signal degradation in biological
tissues might probably be owing to the excitation light attenuation, the distortion and
broadening of the 3D excitation point spread function (PSF), and the broadening of the
femtosecond excitation light pulses [15,16]. The refractive index differences in tissues, which
are significant for lenses with high numerical apertures (NA), cause not only aberration effects
that distort the PSF profiles [17], but are also responsible to move part of the incident light
away from the focal spot, which can be considered as part of the scattering loss. Due to the
combination of scattering and absorption, the average power delivered at the focal plane also
attenuates with increasing depth, as predicted by the Beer’s law. While the broadening of the
femtosecond pulsewidth will severely reduce the generated nonlinear signals, the reduced
average excitation power and the distorted PSF would reduce both the linear and nonlinear
optical signal intensities, smooth the image details with poorer imaging resolutions, and
degrade the relative contrast of the generated images.
In this article, we studied the signal degradation of linear and nonlinear imaging
modalities in fixed human skin specimens using reflection confocal microscopy and HOM
based on a Cr:forsterite femtosecond laser centered at 1230-nm. By minimizing the combined
effects of scattering and absorption of common tissue constituents such as water, melanin, and
hemoglobin, 1.3-μm light is known to provide the deepest penetration capability in live
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biological specimens [1,18-20]. By analyzing the optical properties through reflection
confocal (RC), second harmonic generation (SHG), and third harmonic generation (THG)
modalities including spatial resolutions and measured signal power at different imaging depths
in fixed human skin specimens, we show that the optical signal degradation in the studied
human skin specimens with a light source in the optical penetration window is dominated by
the distortion induced broadening of the point spread function, rather than light attenuation or
femtosecond pulse-broadening.
2. Materials and methods
The study of the signal degradation in fixed human skin specimen was performed with a
femtosecond Cr:forsterite laser centered at 1230-nm with a 140-fs pulse width at a 110-MHz
repetition rate, using a harmonic laser scanning microscope combining RC microscopy (that
could be considered as the fundamental harmonic mode) with higher-harmonic modalities, as
shown in Fig. 1. The 1230 nm infrared (IR) laser beam was first shaped by a telescope and
then directed into a modified beam scanning system (Olympus Fluoview 300) and a
microscope (Olympus BX-51) with an IR water-immersion objective (LUMplanFL/IR
60X/NA 0.9). The RC signals were collected in the reflection geometry by use of the same
objective. The reflection 1230 nm signal passed through the same scanner and a confocal
pinhole with the size of 0.25-AU (1-AU=1.22λ/NA) [21] and was detected by an IR-sensitive
photodetector (PDA400, Thorlabs). With a momentum conservation law, most of the SHG and
THG photons are with a forward propagating characteristic. We collected the forward
transmitted SHG (615 nm light) and THG (410 nm light) signals by a 1.4-NA achromatic
visible condenser, divided them by a chromatic beam splitter, and detected them by two
separate photomultiplier tubes with 410- and 615-nm narrowband interference filters in front.
Average illumination power of 90-mW was applied to the sample surface during the study.
The fixed integument samples were removed from the back of a seventy-year-old female
patient and preserved in formalin at 4. The experimental protocols were approved the
National Taiwan University Hospital Institutional Review Board (NTUH-IRB). The thickness
of the samples under observation was on the order of 1 mm.

Fig. 1. Set up of the harmonic laser scanning microscope combining the reflection confocal
with the higher-harmonic generation modalities. BF: barrier filter; BS: beamspliter; DB:
dichroic beamsplitter; PMT: photomultiplier tube; GM: galvanometric mirrors; PD:
photodetector; VIC: V-I converter circuit; PH: confocal pinhole.
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3. Experimental results and discussion
Figure 2 and Fig. 3 show examples of the cross-sectional images taken at depths of 90- and
150-μm from the studied skin surface by the harmonic laser scanning microscope. With the
signals oriented from refractive index differences, RC can reflect subcellular structures such
as cell layers and nuclear details in the epidermis, as well as collagens and microcirculation in
the dermis [12,13] while the general histological structures in both epidermis and dermal
layers can also be identified through the THG modality due to its sensitivity to local optical
inhomogeneities [22-24], including refractive index (or susceptibility χ(1)) and third-order
susceptibility χ(3) differences which usually occurs at the same bio-locations. Fig. 2(a) and Fig.
2(B) show cross-sectional RC and THG images in the stratum basal layer on top of the
dermo-epidermal junction. The highly-correlated images of the densely packed basal cells
resolved by the RC and THG signals clearly indicate that the RC and THG modalities have
the similar sources of contrast in human skin, i.e., optical susceptibility discontinuities. In the
dermal layer, as shown Fig. 3(a), RC signals can still pick up fine structures including wavy
collagen fibril distribution in the connective tissues with relatively less brightness than the RC
image shown in Fig. 2(a). THG signals, on the other hand, decreases more significantly deep
into the dermal layer (see Fig. 3(b)), compared with the linear-optics based RC signals [16].
With strong optical second harmonic generation in collagen fibers [8,25,26], the SHG
modality provides the unique capability to reflect the distribution of connected tissues in the
dermal layer [10] (Fig. 3(c)). The uneven distribution of SHG signals in Fig. 2(c) is due to the
Rete ridge structures of the dermal papillae [27] inter-digitated with the downward projections
of the epidermis.

Fig. 2. Cross-sectional (a) RC, (b) THG, (c) SHG, and (d) combined images of human skin
taken at a depth of 90-μm from the skin surface around the dermo-epidermal junction. Images
size: 120x120μm.

#9917 - $15.00 USD

(C) 2006 OSA

Received 9 December 2005; revised 17 January 2006; accepted 18 January 2006

23 January 2006 / Vol. 14, No. 2 / OPTICS EXPRESS 753

Fig. 3. Cross-sectional (a) RC, (b) THG, (c) SHG, and (d) combined images of human skin
taken at a depth of 150-μm from the skin surface in the dermal layer. Images size: 120x120μm.

Previous studies in the epidermis layers of human skins with the RC microscopy have
already proved that the bright areas in confocal images (Fig. 2(a)) are cytoplasm and the dark
areas within are the nuclei of the viable epidermis [11]. Previous RC images in human skin
[11-13, 28-30] provided very helpful evidences that the light scatterings from basal cells is
dominated by the scattering of organelles inside [31]. With a high correlation between the RC
and THG signals in the basal cells (Fig. 2 (d)), our comparison study suggests that the THG
signals in the basal layers of human skin reflect the locations of the cytoplasm that containing
melanin and multiple organelles, similar to that of the RC signals [12]. Therefore, the
round-shaped dark THG images in basal cells (Fig. 2(b)) allow the observation of nuclei in
basal cells with higher spatial resolution compared with the RC imaging modality, while
distinguishing the shapes, distributions, and sizes of the nuclei in basal cells is essential for the
diagnosis of skin cancer.
The lateral resolution degradation of different imaging modalities can be estimated by
analyzing the fine structures of the obtained images. Figure 4 shows the obtained lateral
resolution of these three imaging modalities at different imaging depths inside the studied
human skin specimen. Note that there are no collagen fibrils in the epidermis at the depth
shallower than 75-μm relative to the surface of the skin sample, so the lateral resolution of
SHG modality at the 75-μm depth is not shown. On the other hand, the THG signal is too
weak to detect at a depth of more than 300-μm relative to the surface of the skin, hence the
lateral resolution of the THG modality at a 300-μm depth is not shown either. The focal
diameters of the incident laser beam versus depth can then be derived according to the
observed resolution of the RC, the SHG, and the THG images as shown in Fig. 5 with the
related resolution formula [21,32,33] listed in Table 1. The well-matched focal diameters
derived from these different imaging modalities support the accuracy of the derived data. The
derived focal diameter close to the sample surface matches well the theoretical value based on
optical diffraction. It is important to notice that the results shown in this study are independent
of the sample thickness. By increasing the sample thickness, the obtained SHG or THG
images at different focusing depths will all experience the same signal attenuation due to the
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constant SHG or THG attenuation in the extra sample layer. The image resolution study
shown in Fig. 4 and Fig. 5 is independent of the signal intensity, and is thus independent of the
sample thickness. For the signal degradation study which will be presented next, the constant
SHG or THG signal attenuation due to the extra sample layer will be cancelled since the
analysis results are only dependent on the relative signal powers at different imaging depths.

Fig. 4. Lateral resolutions of RC (black square), SHG (red circle), and THG (green triangle) images
versus depth in the studied human skin sample.
Table 1. Formula for the focal beam diameter and the resolutions of different imaging modalities.
Beam diameter

RC resolution

SHG resolution

THG resolution

0.51λ

0.37 λ

0.36 λ

0.3λ

NA

NA

NA

NA

Fig. 5. Focal diameter degradation with depth in the studied human skin sample derived from the
lateral resolution of the RC (black square), SHG (red circle), and THG (green triangle) images
respectively.
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The incident light peak intensity at the focal plane is the critical factor to the generation of
signals, especially to nonlinear SHG and THG signals. Because of nonlinearity, the generated
SHG intensity depends on the square power of the incident light intensity, while the generated
THG intensity depends on the third power of the incident light intensity. When the incident
light peak intensity decreases, the generated SHG and THG intensities will also severely decay.
Due to distortion of the point spread functions as the observation depth move to deeper
regions, the focal area also get larger that causes the reduction of the proportional RC signals
that passing through the confocal pinhole. Therefore, the measured RC signal power would be
inversely proportional to the focal area, that is, inversely quadratic to the focal diameter [32].
Since the generated THG intensity depends on the third power of the incident light intensity
and the measured signal intensity depends on inversely quadratic of the focal diameter of the
incident light, the THG signal intensity depends on the inverse 6th power of the focal diameter
of the incident light. The THG signal power thus depends on inversely quartic (inverse 4th
power) of the focal diameter of the incident light. Figure 6 shows the collected RC signal
power versus focal diameter taken at different sample depths. The values of the focal
diameters at different sample depths are based those shown in Fig. 5. We did not analyze the
power dependency of the SHG signal because the intensity of the forward SHG signal is
strongly dependent on the collagen fibril thickness [10,34] while the thickness of the collagen
fibrils in the dermis layer is very uneven. The distribution of the SHG signal is also very
different from those of RC and THG signals. Collagen-induced SHG is only present in the
dermal layer [10] and its uneven signal distribution is further modified by the Rete ridge
structures of the dermal papillae [27] inter-digitated with the downward projections of the
epidermis. Based on a chi-square-based fitting method [35] (solid black line in Fig. 6), the
dependency of the RC signal power on the focal diameter broadening as the focal plane
moving into the sample can be found to be roughly negatively quadratic with a slope of -2.24,
confirming that the degradation of signal power is mainly affected by the distortion of the
focused beam size in our study. The difference between slope = -2.24 and slope = -2 in Fig. 6
could be attributed to the attenuation of optical signals in the skin specimen, which is another
important signal degradation mechanism. Pulse broadening will not affect the intensity of the
RC signals. Based on this assumption, we could also obtain an effective attenuation
coefficient of 6.3-cm-1 (for 1230-nm light) based on analyzing the difference of these two
slopes. The effective attenuation coefficient α for 1230-nm light was calculated according to
the Beer’s law, i.e., α= (lnP1-lnP2)/2Δd, where P1 is the power calculated from the solid line
with slope = -2 at the depth of Δd, P2 is the power measured from the skin specimen at the
depth of Δd, and the factor of 2 is due to the roundtrip measurement in the reflection
geometry.
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Fig. 6. RC signal power (square) versus focal diameter degradation with different depths in the
studied human skin sample. The black solid line is the best fit with a slope = -2.24 and the gray
solid line is the slope = -2 fitting. Note that both axes are log-scaled.

Figure 7 shows the dependency of the THG signal power on the focal diameter
degradation as the focal plane moving into the sample, where the solid black line is the best fit
obtained based on a chi-square-based fitting method [34] with a slope of -4.5, confirming that
the degradation of THG signal power is also mainly affected by the distortion of the focused
beam size. Compared with the ideal case with a slope of -4 where only the distortion of the
point spread function is considered, the slight difference between the experimental data and
the theoretical upper limit (-4.5 versus -4) could be attributed to light attenuation and the
broadening of the femtosecond pulsewidth. When the imaging depth was increased with Δd,
the average intensity of the 1230nm excitation light would be decreased with a factor of eαΔd,
while the generated THG average intensity at the focal spot would be decreased with a factor
of e3αΔd, assuming that the excitation pulsewidth was not broadened. With a forward collection
geometry and an increasing excitation depth, the total propagation length for THG photons
will be decreased. With a THG photon attenuation constant α’, the measured THG intensity
should thus experience a degradation factor of e(3α−α’)Δd, due to the light attenuation effect.
Due to stronger light attenuation at 410 nm than that at 1230 nm [18], the signal degradation
due to the light attenuation effect in forward THG study should thus be weaker than the RC
study (with a factor of e2αΔd). The relatively stronger discrepancy in the THG study (-4.5
versus -4), compared with the result in the RC study (-2.24 versus -2), indicates the
contribution of the femtosecond pulsewidth broadening to the observed nonlinear signal
degradation. However our analysis suggests that the degradation of optical signal power
versus imaging depth, for linear confocal or nonlinear imaging modalities in the studied
human skin sample with a 1230-nm light in the optical penetration window, is dominated by
the distortion induced focal diameter broadening rather than the light attenuation [16] or
dispersion induced pulse broadening. This is understandable due to the fact that the applied
laser wavelength is located in the optical penetration window of the studied specimens [18]
and is close to the dispersion zero wavelengths of normal materials. Due to higher dependency
of the nonlinear signal degradation on the focal diameter broadening, the nonlinear optical
signal (for example THG) power will decay more rapidly while the observation plane moves
deeper into the skin specimens.
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Fig. 7. THG signal power (square) versus focal diameter degradation with different depths in
the studied human skin sample. The solid black line is the best fit with a slope = -4.5. The solid
gray line is with a slope = -4. Note that both axes are log-scaled.

4. Conclusion
In summary, we studied the optical signal degradation mechanisms in fixed human skin
specimens using RC microscopy and higher-harmonic optical microscopy based on a
Cr:forsterite femtosecond laser centered at 1230-nm. By analyzing the optical properties
through these linear and nonlinear imaging modalities, we found that the optical signal
degradation in the studied fixed human skin specimen is primarily dominated by the distortion
of the point spread function, while the excitation light attenuation or dispersion induced
optical pulse broadening can be considered as secondary effects. The capability of THG
modality to resolve the shapes, distribution, and sizes of nuclei in human skin basal cells with
high spatial resolution could also provide an imaging solution for the diagnosis of skin cancer
with minimized invasion.
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