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Abstract. Fractional photothermolysis (FP) induces discrete columns of photothermal damage in skin dermis,
thereby promoting collagen regeneration. This technique has been widely used for treating wrinkles, sun dam-
age, and scar. In this study, we evaluate the potential of multiphoton microscopy as a noninvasive imaging
modality for the monitoring of skin rejuvenation following FP treatment. The dorsal skin of a nude mouse under-
went FP treatment in order to induce microthermal zones (MTZs). We evaluated the effect of FP on skin remod-
eling at 7 and 14 days after treatment. Corresponding histology was performed for comparison. After 14 days of
FP treatment at 10 mJ, the second harmonic generation signal recovered faster than the skin treated with 30 mJ,
indicating a more rapid regeneration of dermal collagen at 10 mJ. Our results indicate that nonlinear optical
microscopy is effective in detecting the damaged areas of MTZ and monitoring collagen regeneration following

FP treatment. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.7.075004]
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1 Introduction

Ablative skin resurfacing and nonablative dermal remodeling
are currently accepted techniques for treating photoaged skin.
Ablative skin resurfacing using CO, or Erbium:YAG laser
can volatilize the skin tissue and cause photothermal damage
to induce tissue coagulation.!” The side effects and longer
recovery time after ablative skin resurfacing are less desirable
for many patients. On the other hand, nonablative dermal
remodeling results in photothermal damage without volatilizing
skin tissue, thereby minimizing the side effects of skin treat-
ment.®> To further improve the side effects and the recovery
time, fractional photothermolysis (FP) was introduced to create
discrete columns of photothermal damage to specific depths into
the tissue. With the formation of heat shock proteins in the
microthermal zones (MTZs), collagen regeneration in the
skin dermis is promoted. In contrast to traditional treatment
modalities, epidermal integrity is better preserved as each
MTZ is surrounded by healthy tissue. As a result, healing is
rapid as the recovery time dramatically reduced.*’

The FP treatment can be used for the treatment of wrinkles,
sun damage, and scars. The density, the depth, and the spot size
of MTZs can be adjusted in order to target the intended tissue in
a precise manner.® Adjustment of these parameters can consid-
erably affect the outcome of the FP treatment. Until now, the
status of the treated skin and treatment outcome are evaluated
with biopsy, a gold standard in clinical medicine. However, this
method is time-consuming, invasive, and may result in side
effects such as surgical scar formation. Furthermore, informa-
tion from treated skin cannot be immediately obtained and
monitored so that the optimal time point of treatment may be
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delayed. Thus, noninvasive techniques are required in clinics
for monitoring the parameters of MTZ and treatment outcome.

Recently, numerous noninvasive imaging technologies, such
as optical coherence tomography (OCT),” confocal micros-
copy,® and second harmonic generation (SHG) microscopy,’
have been developed to visualize the structures of skin tissue.
Specifically, SHG microscopy is a useful technique for visuali-
zation of tissue structure as it holds several unique advantages,
such as reduced specimen photodamage, higher contrast images,
and enhanced penetration.!®!! Recently, SHG became increas-
ingly popular in the application of dermatology as this technique
can be used to visualize collagen fiber in the dermis.'?
Specifically, SHG has been applied to monitor thermally
induced structural transitions of collagen and to predict heat-
induced collagen shrinkage.'® Furthermore, the combination
of multiphoton autofluorescence (MAF) and SHG imaging
has been applied to visualize thermal damage in radiofre-
quency-irradiated skin."* Multiphoton microscopy (MPM) has
also found applications in wound healing,'® as the characteriza-
tion of skin thermal damage in ex vivo human skin demon-
strated.'®!” These findings indicated that nonlinear optical
microscopy can be used as an effective monitoring system
for evaluating the effect of the FP treatment on the skin.

The outcome of the FP treatment depends largely on the
parameters associated with MTZs. In this study, we performed
FP with different energies on nude mouse skin. After FP treat-
ment, morphologic changes of epidermis and dermis were
imaged using SHG and MAF microscopy for 2 weeks. In addi-
tion, quantitative changes of the SHG signal were used to evalu-
ate the outcome of the FP treatment. In this manner, we
evaluated the potential of MPM in detecting the effect and sub-
sequent outcome of the FP treatment.
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2 Materials and Methods

2.1 Fractional Photothermolysis Treatment
Procedures

The shaved dorsal skin of nude mice (National Laboratory
Animal Center, Taipei, Taiwan) was treated by FP through a
1550-nm erbium-doped fiber laser with a roller handpiece
(Fraxel® laser SR 1500, Reliant Technologies, Palo Alto,
California, USA). Exposures of 10 and 30 mJ, two illumination
conditions, were performed (one pass) on mice to create MTZ
densities of 326/cm? and 108/cm?, respectively. These two
energy settings were selected to study the recovery process in
superficial dermis (10 mJ) and deeper dermis (30 mJ). In addi-
tion, we did not observe adverse side effects to the mice as the
MTZs remained in the dermis. These two settings resulted in the
same treatment level (coverage area). At Days 0, 7, and 14 fol-
lowing FP treatment, ~1 cm? of the skin specimen was excised
from the dorsal region of each mouse and stored in 10% for-
malin solution (Sigma-Aldrich, St. Louis, Missouri) for imaging
and histological examinations. The control samples were
excised from the nude mouse without FP treatment.

2.2 Multiphoton Autofluorescence and Second
Harmonic Generation Imaging

The MAF and the SHG images of skin were acquired through
the use of a homemade multiphoton microscopic system as pre-
viously reported.'® Briefly, skin samples were imaged with a

(a) control (b)

0 um

20 um

40 um

60 um

80 um

100 um

multiphoton laser scanning microscope and with a PlanFlour
20 x /NA 0.75, water-immersion objective lens (Nikon,
Tokyo, Japan). The MAF and the SHG signal were excited at
780 nm by a diode solid-state laser-pumped mode-locked femto-
second Ti:sapphire laser (Tsunami; Spectra Physics, Mountain
View, California, USA) and the emitted autofluorescence and
the SHG signal were detected at the wavelength range of
470 to 635 nm and 380 to 400 nm, respectively. Emitted photons
were detected by photomultiplier tubes (R7400P; Hamamatsu,
Hamamatsu, Japan). Due to the unevenness of the skin’s inher-
ent structure, we determined the skin surface by first detecting
the skin epithelium through the MAF imaging. The skin surface
is then defined to be about 10 ym below the topmost layer of the
imaged epithelium skin. The images were acquired at depths of
approximately 0, 20, 40, 60, 80, and 100 gm from the surface of
the skin. All acquired optical images were 228 X 228 ym? in
area with a resolution of 256 X 256 pixels. To visualize skin
samples on a large scale, a specimen translation stage (H101,
Prior Scientific Instruments, Cambridge, United Kingdom)
was used to translate the specimen after the acquisition of
each small area of optical image. In all, 16 adjacent images
(4x4) were acquired and assembled into a larger scale
image (912 x 912 m?).

2.3 Image Processing and Analysis

The MPM images were analyzed and reconstructed by use of
Image] 1.47v (National Institutes of Health, Bethesda,
Maryland, USA). This program allows visual inspection of

30m) (c) 10m)

Fig. 1 En face second harmonic generation (SHG) (red) and multiphoton autofluorescence (MAF)
(green) images of untreated (a) and fractional photothermolysis (FP)-treated nude mouse skin at
30 mJ (b) and 10 mJ (c) were acquired from the surface to the depth of 100 um. Dark regions in (b)
and (c), indicated by the yellow arrow, are locations of the microthermal zones (MTZs). The histological
image (d) to (f) corresponded to SHG (red) and MAF (green) images of untreated and FP-treated nude
mouse skin at 30 and 10 mJ, respectively. The yellow arrow indicated the MTZ location caused by FP

treatment. The scale bar in (c) and (f) is 200 um.
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Fig.2 MTZs areas from FP treatment at 30 and 10 mJ were estimated
from en face SHG images at the depth of 20, 40, 60, and 80 um.

various morphologic features and fluorescence patterns of cel-
lular components within the skin specimens. The SHG signal
of skin was determined by setting a threshold at each image to
exclude the counts located at the lowest 5% SHG intensity.
This value was selected since we found that the SHG signal
from one frame is ~20 times that of the background.
Therefore, we used 5% as the cutoff in analyzing the SHG
intensity. In this manner, the SHG signal of each image was
presented by the percentage of all pixel counts, which is indica-
tive of the second harmonic generating collagen that is present.

Control Day 0

The data presented are determined from at least five indepen-
dent images.

2.4 Histological Examination

Full-thickness dorsal skin was excised and prepared for compa-
rable histological examination. The histological preparation
includes specimen fixation in 10% buffered formaldehyde sol-
ution followed by dehydration using ethanol. Subsequently, the
specimen was embedded in paraffin wax and stained with hema-
toxylin and eosin.

3 Results

3.1 Fractional Photothermolysis Treatment-Induced
Damage Revealed by Multiphoton Imaging

To visualize the photothermal damage on mouse skin, we per-
formed ex vivo SHG and MAF imaging immediately after the
FP treatment at 10 and 30 mJ. As shown in Figs. 1(a)-1(c),
these en face multiphoton images were acquired at intervals of
20-uym depth from the skin surface to a 100-um depth.
Compared to control images, the disappearance of the SHG signal
in the multiphoton images as indicated by the yellow arrow,
revealed FP treatment-induced damage on skin collagen. The larger
damaged area and several smaller damaged areas were observed in

Day 7 Day 14

30mJ)

10 m)

30m)J

10 m)

Fig. 3 En face SHG (red) and MAF (green) images of mouse skin were acquired at the depth of 40 um:
normal skin (a); treated skin at Days 0 (b), 7 (c), and 14 (d) post FP treatment at 30 mJ; treated skin at
Days 0 (e), 7 (f), and 14 (g) post FP treatment at 10 mJ. Histological images corresponded to SHG (red)
and MAF (green) images: normal skin (g); treated skin at Days 0 (h), 7 (i), and 14 (j) post FP treatment at
30 mJ; treated skin at Days 0 (k), 7 (I), and 14 (m) post FP treatment at 10 mJ. The yellow arrow indicates
the location of MTZ. The scale bar in (g) and (m) is 200 um each.
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FP-treated specimens at 30 and 10 mJ, respectively, which corre-
spond to the Fraxel® laser setup (108/cm?> MTZs at 30 mJ and
326/cm?* MTZs at 10 ml]). Localized melting and structural
changes (i.e., MTZs) of mouse skin can be seen in the correspond-
ing histological images [Figs. 1(d)-1(f)] following FP treatment,
indicating that the disappearance of the SHG signal in the multi-
photon images is due to FP treatment-induced collagen damage.

En face MPM images along the z-axis direction revealed the
structures of MTZs at different depths. Moreover, the averaged
areas of MTZs at various depths can be quantitatively evaluated
from the en face results. The complete MTZs of five images
were circled to estimate the damaged areas. Figure 2 show the
averaged areas of MTZs at the depths of 20, 40, 60, 80 ym from
the surface of the skin. We excluded the results at the depths of O
and 100 pym due to the clear edges of MTZs at the skin surface
and because the deeper depth are difficult to determine. The
result showed a trend such that the area of MTZs decreases
as the depth increases, which is most likely due to the decay
of pulse energy with the increasing depth.

3.2 Multiphoton Imaging of Skin Rejuvenation After
Fractional Photothermolysis Treatment

To evaluate skin rejuvenation after the FP treatment, ex vivo
SHG and MAF images were acquired at Days 0, 7, and 14
post FP treatment. Figure 3(a) shows an en face MPM image
at a depth of 40 um at Days 0, 7, and 14 post FP treatment.
The decrease in the area of MTZs with time was observed at
both energies of 30 and 10 mJ, indicating collagen regeneration
following FP treatment. Compared to the FP treatment of 30 mJ,
the smaller area of MTZ was found 7 days following an FP
treatment at 10 mJ. In the corresponding histological images
[Fig. 3(b)], the large and the small MTZs are visible at Day
0 after FP treatment with 30 and 10 mJ. Similar to our MPM
images, the MTZs became less significant with time [Fig. 3(b)].
At Days 7 and 14 after the FP treatment of 10 mJ, it is difficult to
identify the FP modified regions from the histological images.

3.3 Quantitative Second Harmonic Generation
Analysis in Evaluating the Effect of Fractional
Photothermolysis Treatment on Collagen
Rejuvenation

The SHG intensity of skin has been used as an index of collagen
structural disruption and skin rejuvenation.’!>?° For quantitative
SHG analysis, each of three mice underwent FP treatment at 30
and 10 mJ, then at least five ex vivo MPM images were acquired
at every time point. The percentage of the SHG area in each
image was determined to evaluate collagen rejuvenation. To
investigate dermal rejuvenation, the percentage of the SHG
area was analyzed on normal and FP-treated skin. In Fig. 4,
results at the depths of 20 and 80 ym are shown. Since the thick-
ness of mouse epidermis is around 20 zm,”' the results at a depth
of 20 yum would represent the physiological changes at the upper
dermis, whereas that at a depth of 80 um represents correspond-
ing changes in the deeper dermis. The percentage of the SHG
area of normal skin at the depths of 20 and 80 ym are 85 + 3%
and 81.8 £ 1.3% of all pixel counts, respectively. On Day 0 fol-
lowing FP treatment, the SHG signal at the depth of 20 ym
decreased to 51.8 +9.8% (30 mJ) and 56.8 +2.6% (10 mJ).
Subsequently, on Day 14, the percentage of the SHG area
increased to 68 +2.8% (30 mJ) and 77.7 £5.1% (10 mJ). A
similar trend was observed at the depth of 80 um as the
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Fig. 4 Percentage of SHG area was quantitatively analyzed from en
face SHG images at 20 um (a) and 80 um (b). The gray bar corre-
sponds to the control result. The black and white bars are the results
of 30 and 10 mJ, respectively. * indicates that significant difference
exits (p < 0.05, student’s t-test).

percentage of SHG area increased from 49.3 4+ 9.3% to 64.6 =
4.2% (30 mJ) and from 57.2 4+ 3.8% to 80 £+ 1.3% (10 mJ) on
Day 14. These results indicated that the collagen regeneration
occurred throughout the dermis and can be investigated by mul-
tiphoton imaging. Additionally, compared to the FP treatment at
30 mJ, the SHG signal recovered more quickly at 10 mlJ.

4 Discussion

The FP treatment causes nonablative fractional dermal remod-
eling through collagen regeneration and has been reported in the
treatment of wrinkles, sun damage, scars, and spider veins. The
penetration depth and spot size of MTZ are important factors for
this technique. In addition, multiple treatments are usually
required in the clinics, and periods of treatments depend on
the doctor’s clinical experience. Therefore, noninvasive imaging
techniques are required for monitoring the MTZ parameters and
treatment outcomes. Recently, an OCT system was reported to
visualize the structure of the skin and analyze the damaged area
at various depths following ablative fractional skin resurfacing
and nonablative fractional dermal remodeling.”*** A damaged
skin structure showed changes in scattering properties such
that the MTZs can be detected and analyzed. In comparison,
the SHG signal is specific to fibrillar collagen remodeling in the
dermis. Therefore, in evaluating collagen regeneration by the FP
treatment, SHG microscopy is an appropriate technique. In this
study, we used a mouse model to demonstrate that SHG micros-
copy is a useful tool for monitoring collagen regeneration post
FP treatment. In the Fraxel laser setting, large but low-density
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MTZs were induced by the FP treatment at 30 mJ. In contrast,
the FP treatment at 10 mJ resulted in small and high density
MTZs for the same coverage area (treatment level) setting.
These two FP energy settings were used on the skin of
nude mice.

To visualize MTZs through SHG imaging, en face SHG and
MAF images from the surface of the skin to the depth of 100 ym
were acquired. The en face SHG and MAF images along the
z-axis direction clearly showed the presence of MTZs
[Figs. 1(b) and 1(c)], as the spot size of MTZ decreased with
increasing depth. The damaged area analysis also showed a
decreasing trend from a depth of 20 to 80 um (Fig. 2). The
large deviation at each depth is due to the fact that the damaged
area induced by FP treatment is influenced by parameters such
as the incident angle of the optical beam and the optical proper-
ties of skin. Additionally, damaged areas of MTZ induced by the
FP treatment were analyzed through histological examination
[Figs. 1(e) and 1(f)]. These results demonstrated that SHG
microscopy can be effectively used to visualize the MTZs.

To evaluate skin rejuvenation after the FP treatment, en face
SHG and MAF images were acquired at Days 0, 7, and 14 fol-
lowing FP treatment. The SHG images showed that the damaged
area decreased at Days 7 and 14 after the FP treatment at 30 and
10 mJ (Fig. 3). Quantitative SHG analysis also showed an
increasing trend at both of the depths (Fig. 4). On the other
hand, differing from the SHG images, disruption in collagen
structure is difficult to identify from the surrounding reticular
dermis in the histological images (Day 7). Compared to a his-
tological examination, the SHG signal is effective for investigat-
ing collagen regeneration due to its specificity to collagen fiber.
In addition, quantitative SHG analysis showed that the dermal
collagen recovered faster under the FP treatment of 10 mJ than
at 30 mJ (Fig. 4). This finding suggested that the smaller but
high density MTZs can induce collagen regeneration faster in
our nude mouse model.

By use of an ex vivo mouse model, we demonstrated that
SHG microscopy is capable of detecting the parameters of
the induced MTZ and monitoring collagen regeneration after
FP treatment. In this study, we successfully visualized the dam-
aged area of MTZ at various depths by SHG and MAF imaging.
By the subsequent analysis of SHG signal on mouse skin, col-
lagen regeneration after the FP treatment can be evaluated. In
addition, a different MTZ-damaged area and a different recovery
of collagen regeneration from the FP treatment can be resolved
from the two different energies. Our study suggested that SHG
microscopy can be further developed into a real-time, feedback
system for evaluating responses to FP treatment in vivo.
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