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Abstract. Recently, multiphoton microscopy has gained
much popularity as a noninvasive imaging modality in
biomedical research. We evaluate the potential of multi-
photon microscopy for monitoring laser-skin reaction in
vivo. Nude mouse skin is irradiated with an erbium:YAG
laser at various fluences and immediately imaged by a
multiphoton microscope. The alterations of cutaneous
nonlinear optical properties including multiphoton autof-
luorescence and second-harmonic generation associated
with laser irradiation are evaluated morphologically and
quantitatively. Our results show that an erbium:YAG laser
at a low fluence can selectively disrupt the stratum cor-
neum, and this alteration may account for the penetration
enhancing effect of laser-assisted transcutaneous drug de-
livery. At a higher fluence, the zone of tissue ablation as
well as the disruption of the surrounding stratum corneum,
keratinocytes, and dermal extracellular matrix can be bet-
ter characterized by multiphoton microscopy as compared
with conventional histology. Furthermore, the degree of
collagen damage in the residual thermal zone can be
quantified by second-harmonic generation signals, which
have significant difference between control skin, skin irra-
diated with a 1.5-, 8-, and 16-J /cm2 erbium:YAG laser
�P�0.05�. We show that multiphoton microscopy can be
a useful noninvasive imaging modality for monitoring
laser-skin reaction in vivo. © 2009 Society of Photo-Optical Instru-
mentation Engineers. �DOI: 10.1117/1.3116711�

Keywords: multiphoton; autofluorescence; second-harmonic
generation; laser; laser-assisted drug delivery; collagen.
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1 Introduction
Various light therapies have been employed in clinical prac-
tice. Advances in these treatment modalities, such as various
types of laser, intense pulsed light �IPL�, and light emitting
diodes, have led to their wide clinical applications in treating
cutaneous diseases and performing cosmetic procedures.1

The results of laser treatment depend on the immediate
interaction of incident light with tissues well as the subse-
quent tissue regeneration and remodeling. As in many areas of
medicine, histological examinations are necessary to evaluate

1083-3668/2009/14�2�/024034/8/$25.00 © 2009 SPIE
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he reaction of epidermal, dermal, vascular, and appendageal
omponents of skin after laser therapy.2 The major drawback
f conventional histological examination is its invasive nature
nd the inability to examine the light-tissue interaction in real
ime. The use of inappropriate parameters can result in inad-
quate treatment outcome and may lead to serious side
ffects.3 To be specific, skin conditions can vary among indi-
iduals as well as among the treated areas in the same indi-
idual. To achieve a favorable result, the parameters em-
loyed should be adjusted accordingly. Despite the wide
pplication of light therapy, the association between immedi-
te light-tissue reaction, subsequent tissue remodeling, and
nal clinical outcome has not been investigated in detail due

o the lack of an appropriate real-time noninvasive monitoring
ool. As a result, validation of appropriate adjustable clinical
reatment parameters often relies on repetition of trial-and-
rror practice.

Investigators have resorted to noninvasive objective meth-
ds to assess laser-tissue reaction, such as sonography and
ptical coherence tomography.4,5 However, limited by the res-
lution, these techniques do not enable detailed analysis of
utaneous structural alterations. Recently, reflectant confocal
icroscopy has gained popularity as a useful clinical tool for

oninvasive imaging by providing subcellular resolution.6

hough it is powerful in analyzing the cellular morphologies
n epidermis, its ability to resolve the turbid dermal extracel-
ular matrical structures is limited.

Recently, the nonlinear optical imaging technique of mul-
iphoton microscopy �MPM� has emerged as a useful tech-
ique for skin imaging.7–10 In MPM, fluorophores are excited
y simultaneous absorption of two or more photons in the
ear-IR spectrum as opposed to absorption of one photon in
he UV or visible light spectrum in conventional florescence

icroscopy. To achieve efficient multiphoton excitation, ex-
remely high peak photon input from lasers with pulses in the
ange of tens to hundreds of femtoseconds is required.7 Due to
he nonlinearity, the excitation occurs only at the focal point
nd images from a thin optical section can be acquired with-
ut using a pinhole. MPM holds several unique advantages
ver confocal scanning laser microscopy, such as reduced
pecimen photobleaching, higher contrast images, and en-
anced penetration depth.7,9,11 Since endogenous autofluores-
ent substances including NAD�P�H, keratin, and elastic fi-
ers can be excited by multiphoton excitation, label-free
maging can be achieved.9,11

By use of a femtosecond laser, the nonlinear polarization
ffect of second-harmonic generation �SHG� can also be used
or visualizing biological structures lacking inversion
ymmetry.11,12 For SHG, the interaction of noncentrosymmet-
ic structures with incident light yields photons with a wave-
ength of exactly half the wavelength of the incident light.
nlike fluorescence excitation, the polarization effect of SHG
oes not involve absorption of the incident photons by the
olecules. Therefore, photobleaching and thermal damage

an be avoided. Collagen fibers, myosin, and microtubules are
ffective biological SHG signal generators.12 As SHG is
ighly sensitive to structures, SHG signals can be used for
robing modification of collagen structures in cancer and
valuating the thermal structural transitions of collagen.13,14

he wavelength of SHG is shorter than the fluorescence gen-
rated by multiphoton excitation, and hence, SHG signals can
ournal of Biomedical Optics 024034-
be easily separated from fluorescence for further analysis and
image processing. The combination of multiphoton autofluo-
rescence �AF� and SHG imaging has been applied to evaluat-
ing cutaneous aging and differentiating basal cell carcinoma
from normal dermal stroma.15,16 Multiphoton microscopy has
been used to detect corneal architecture and intratissue fem-
tosecond laser effect in a rabbit eye model.17

In this paper, we assessed the usefulness of MPM in moni-
toring laser-skin reactions in vivo. An erbium:YAG �Er:YAG�
laser was chosen in this study due to its wide dermatological
applications, such as dermabrasion, skin tumor removal, skin
rejuvenation, and enhancement of transcutaneous drug
delivery.18,19 We investigated the morphological and quantita-
tive changes of AF and SHG signals associated with Er:YAG
laser irradiation and evaluated the potential of MPM in real-
time evaluation of laser-skin interaction.

2 Materials and Methods
2.1 Multiphoton Microscope
The multiphoton microscope is similar to the one we previ-
ously described with modification.20 A femtosecond titanium-
sapphire �ti-sa� laser �Tsunami; Spectra Physics, Mountain
View, California� pumped by a diode-pumped solid state
�DPSS� laser �Millennia X; Spectra Physics, Mountain View,
California� was used as the excitation source. The 780-nm
output of the laser system was guided toward a modified com-
mercial upright microscope �E800; Nikon, Tokyo, Japan�.
Prior to entering the microscope, the excitation source was
angularly deflected by an x-y scanning system �Model 6220;
Cambridge Technology, Cambridge, Massachusetts�. The in-
put of the upright microscope was modified to accommodate a
beam expander. The excitation source was beam expanded
and reflected toward the focusing objective �S Fluor 40�,
numerical aperture �NA�=1.30; Nikon, Tokyo, Japan� by a
short-pass primary dichroic �700DCSPXRUV-3p; Chroma
Technology, Rockingham, Vermont�. The power at the sample
was 35 mW. The nonlinear AF and SHG signals were gener-
ated at the sample focal plane and collected in the epi-
illuminated or back-scattering geometry by the same focusing
objective. After passing through the primary dichroic, the AF
and SHG signals were separated into two separate channels
where they were detected by independent photomultiplier
tubes �R7400P; Hamamatsu, Hamamatsu City, Japan�. The
AF and SHG signals were separated by a secondary dichroic
�435DCXR; Chroma Technology Rockingham, Vermont�. The
secondary dichroic is a long-pass filter that reflects below and
transmits above 435 nm. The SHG signal was further filtered
by a SHG filter �HQ390/20; Chroma Technology, Rocking-
ham, Vermont� centered at 390 nm with a bandwidth of
20 nm, while the AF was detected by a bandpass filter
�E700sp-2P-E435lp; ChromaTechnology, Rockingham, Ver-
mont� for broadband fluorescence detection between 435 and
700 nm. To acquire a global image of the thermally treated
specimens at high resolution, an x-y sample positioning stage
�H101; Prior Scientific Instruments, Cambridge, UK� was
used to translate the skin specimen after each imaged frame.
An array of overlapping and individually beam-scanned im-
ages, each with an area of 110�110 �m2, was then
assembled.
March/April 2009 � Vol. 14�2�2
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.2 Image Processing and Analysis
he MPM images were analyzed and reconstructed by the
oftware ImageJ 1.36b �National Institutes of Health, Be-
hesda, Maryland�. The toolbox enabled visual inspection of
arious morphologic features and fluorescence patterns of cel-
ular components within normal skin and laser-irradiated skin.
F and SHG signals of each site were quantitatively acquired.
o determine whether treatment with Er:YAG laser at various
uences influences dermal SHG, average SHG intensity at a
epth of more than 60 �m of untreated and treated skin were
nalyzed with a general linear model. A value of P=0.05,
orresponding to the 95% confidence interval, was selected
or analysis of significant difference of SHG in this study.
PSS 15.0 statistical software �SPSS Inc., Chicago, Illinois�
as used.

.3 Er:YAG Laser Assembly
n Er:YAG laser �Burane; WaveLight Laser Technologie AG,
rlangen, Germany� was used to irradiate skin. The laser had
wavelength of 2940 nm and pulse duration of 250 �s. An

rticulated arm was used to deliver the laser beam onto the
kin. Laser beam spot size was 1.5 mm in diameter. Each skin
ite was exposed once.

.4 Accommodation of the Mouse on the
Microscopic Stage

he experimental protocol involving animals was approved
y our Institutional Animal Care and Use Committee. Male
ude mice �Balb/c-nu strain, 8 to 10 weeks old� were anes-
hetized by intraperitoneal phenobarbitol injection and pre-
ared for Er:YAG laser irradiation. Immediately after laser
rradiation, mouse dorsal skin were stabilized in a dorsal skin
old chamber, coverslipped, and observed under the MPM.

.5 Histological Examination of Skin
ull-thickness dorsal skin after MPM imaging was excised.
he skin specimens were fixed in 10% buffered formalin so-

ig. 1 MPM images and histology of unirradiated nude mouse skin �a
epresents SHG. �a� MPM image of the skin surface. The stratum cor
emonstrated. Hair is also intensely autofluorescent �arrows�. �b� Ma
2 �m from the surface. Keratinocytes with abundant autofluorescen
emonstrated. �d� Basal layer and the dermal-epidermal junction, 80
canty cytoplasm as compared with that in stratum spinosum. SHG em
e� MPM image of the dermis, 160 �m from skin surface. Fibrous coll
orresponding histological image. Compared with MPM images, the st
xation and staining process. �Bars: 20 �m.�
ournal of Biomedical Optics 024034-
lution and further processed for histological examinations
with hematoxylin and eosin stains. The adjacent normal skin
was assessed as the control.

3 Results
3.1 Multiphoton Image of Unirradiated Nude Mouse

Skin

Figure 1 shows the multiphoton images of unirradiated nude
mouse skin. MPM images of skin surface reveal compact
anucleated corneocytes. Autofluorescent pentagonal or hex-
agonal corneocytes are tightly packed and the cell borders are
clearly delineated �Figs. 1�a� and 1�b��. Hair is also intensely
autofluorescent and can be seen on the skin surface �arrows�.
In the optical sections corresponding to the stratum spinosum
and stratum basale, the cells are characterized by fluorescent
cellular cytoplasm surrounding nonfluorescent round nuclei.
A gradual decrease in cell size can be observed when serial
images are taken from the stratum spinosum down to the stra-
tum basale. The ratio of the nucleus to the cytoplasm also
increases with depth �Figs. 1�c� and 1�d��. The dermal-
epidermal junction with intermingled AF signals from basal
keratinocytes and SHG signals from collagen fibers can be
seen in Fig. 1�d�. Collagen fibers in dermis emit strong SHG
signals �Fig. 1�e��.

In the corresponding histological image, in contrast to
compact structures revealed in the MPM images, stratum cor-
neum is loose with a basket-weave pattern �Fig. 1�f��. This
discrepancy is due to the artifacts caused by fixation and
staining procedures in histological examinations that disrupt
the normal intercellular packing of corneocytes.21–23 In addi-
tion, the epidermis is thinner measured histologically �about
60 �m� than that measured by multiphoton microscopy
�about 80 �m�. This indicates that tissue shrinkage during
processing of the specimen for histological examination can
be a significant artifact that interferes with the precise mea-
surement of tissue thickness.

MPM images. The green channel represents AF and the red channel
s autofluorescent and the morphology of corneocytes can be clearly
picture of the skin surface. �c� MPM image of the stratum spinosum,
plasm surrounding round nonfluorescent nuclei �arrowhead� can be
m the skin surface. Basal keratinocytes �arrowhead� are smaller with
om fibrous collagen starts to appear in the dermal-epidermal junction.
ndles with intense SHG signals are penetrating in the dermis. �f� The
orneum is loose with a basket-weave pattern due to artifacts from the
� to �e�
neum i
gnified
t cyto

�m fro
itted fr
agen bu
ratum c
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.2 Selective Disruption of Stratum Corneum by
Er:YAG Laser at a Low Fluence of 1.5 J /cm2

Revealed by Multiphoton Imaging
ude mouse skin was irradiated with Er:YAG laser at a flu-

nce of 1.5 J /cm2. In the MPM images, compared with the
ightly packed hexagonal corneocytes with distinctive inter-
ellular borders in control group �Fig. 1�a��, the morphology
f a large proportion of corneocytes has been disrupted into a
omogenized pattern and intercellular borders can not be
learly delineated �Figs. 2�a� and 2�b��. In addition to the
omogenization change, selective loosening of stratum cor-
eum and loss of corneocytes can also be observed focally
Fig. 2�a�, asteroids�. Brightly fluorescent hairs are still intact
nd are relatively resistant to laser irradiation �arrows�. How-
ver, in the corresponding histological image, only scanty cor-
eocytes are still preserved �Fig. 2�f��. We speculate that the
omogenized or loosened corneocytes are lost during histo-
ogical processing.

When images are taken farther down the skin surface, the
orphology of keratinocytes in the stratum spinosum and

tratum basale is still intact �Figs. 2�c� and 2�d��. The SHG
ignals can still be detected from the dermal collagen �Fig.
�e��. In the histological image, epidermal keratinocytes are
lso still intact and no significant change of dermal collagen is
evealed �Fig. 2�f��. Since the AF from the epidermal cells and
HG from the dermis are all decreased and the cellular mor-
hology and collagen fibers are relatively intact, the decrease
f the intensity of AF and SHG from epidermal cells and
ermal collagen may be caused by the shielding effect from
he intensely fluorescent disrupted corneocytes.

.3 Ablation of Stratum Corneum and Thermal Injury
to Underlying Structures by Er:YAG Laser at
Moderate Fluence of 8 J /cm2

fter irradiation at the fluence of 8 J /cm2, partial ablation of
tratum corneum is revealed and the residual stratum corneum
isplays a loose reticular pattern �Figs. 3�a� and 3�b��. The

ig. 2 MPM images and histology of nude mouse skin irradiated with
hannel represents AF and the red channel represents SHG. �a� MP
omogenized morphology. The focal stratum corneum is loosened o
agnified picture of skin surface. �c� MPM image of stratum spinosum

an still be observed �arrowhead�. �d� Basal layer and the dermal-ep
arrowhead� and SHG-emitting collagen can be seen. �e� MPM image
till be observed but the detected SHG intensity is decreased compa
ith the MPM image, the stratum corneum is almost totally detached d

n the underlying structures. �Bars: 20 �m.�
ournal of Biomedical Optics 024034-
stratum spinosum starts to become a homogenous fluorescent
morphology without discernable intercellular borders �Fig.
3�c��. Residual discernable keratinocytes are mixed with ho-
mogenized cells in basal layer �Fig. 3�d��. In the correspond-
ing histological image, intact corneocytes can hardly be seen.
There is a thin layer of eosinophilic debris in which upper
epidermal cells show a condensed nucleus and more eosino-
philic cytoplasm. Some of these cells are partially detached
from the underlying epidermal cells. Many residual basal cells
become vacuolated �Fig. 3�f�, arrowhead�.

When the images are taken farther down to the dermis, the
intensity of SHG signals from the dermis is greatly dimin-
ished and the fibrous morphology of collagen is further dete-
riorated into an amorphous structure due to the residual ther-
mal damage from laser irradiation �Fig. 3�e��. Compared with
MPM images, this denatured collagen zone can not be easily
appreciated in the histology. It presents as a thin layer of
slightly homogenized collagen immediately beneath dermal-
epidermal junction �Fig. 3�f��.

3.4 Complete Ablation of Epidermis with a Thermal
Injury Zone to the Dermis by Er:YAG Laser at a
High Fluence of 16 J /cm2

High-fluence laser irradiation �16 J /cm2� produced a de-
pressed crateriform hole �Fig. 4�a��. On the rim of the crateri-
form hole, the residual corneocytes and keratinocytes are ho-
mogenized into a highly fluorescent ring �Fig. 4�a��. In the
central area of the crateriform hole, the stratum corneum can
not be seen after being ablated. When images are taken down
to the skin in the central area �Figs. 4�b�–4�e��, intact kerati-
nocytes can not be observed. In the dermis, no SHG signals
can be detected �Fig. 4�e��. In the histological image, no re-
sidual epidermal cells are observed �Fig. 4�, and the crater can
not be easily appreciated due to tissue shrinkage and defor-
mation. Eosinophilic homogenized degeneration of dermal
collagen can be seen in the central area of the ablated zone
�boxed area, Fig. 4�f��.

laser at the fluence of 1.5 J /cm2. �a� to �e� MPM images. The green
ge of the skin surface. The fluorescent stratum corneum becomes a
t �asteroids�. Brightly fluorescent hairs are still intact �arrows�. �b� A
m from skin surface. Intact keratinocytes with fluorescent cytoplasm
l junction, 70 �m from skin surface. Smaller fluorescent basal cells
is, 130 �m from skin surface. The fibrous structures of collagen can

h unirradiated skin. �f� Corresponding histological image. Compared
fixation and staining process. Structural alterations can be hardly seen
Er:YAG
M ima
r absen

, 30 �
iderma
of derm

red wit
uring
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.5 Probing the Laser-Induced 3-D Structural
Alterations by Multiphoton Imaging

o highlight the spatial impact of laser irradiation on skin, the
erial multiphoton images are reconstructed into 3-D images
Fig. 5�. In unirradiated skin, keratin and keratinocytes form
n autofluorescent layer from the top of the image and fibrous
ollagen emitting SHG signals are penetrating in the dermis
Fig. 5�a��. The dermal-epidermal junction shows an undulat-
ng plane between the AF and SHG signals. The crater gener-
ted by high-fluence Er:YAG laser irradiation �16 J /cm2� can
e more easily visualized in the reconstructed image �Fig.
�b��. The shape of the crater is consistent with the reverse
ell-shaped Gaussian distribution of the laser beam. The ab-
ence of SHG signal in residual dermis indicates that the col-
agen is denatured in the residual thermal zone.

ig. 3 MPM images and histology of nude mouse skin irradiated with
hannel represents AF and the red channel represents SHG. �a� MP
ntermingled with focal ablated nonfluorescent areas. Hairs disappear

PM image of stratum spinosum, 40 �m from skin surface. Irradia
orders. �d� The basal layer and the dermal-epidermal junction, 80
iscernible keratinocytes �arrow�. �e� MPM image of dermis, 180 �m
brous morphology of collagen is also disrupted from thermal dena
esidual debris is observed. Basal keratinocytes have a ballooning and
s slightly homogenized. �Bar: 20 �m.�

ig. 4 MPM images and histology of nude mouse skin irradiated with
hannel represents AF and the red channel represents SHG. �a� MPM
ebris. Serial images from the boxed area along the z axis are shown
ue to ablation. �c� At 40 �m from skin surface, residual fluorescent d
kin surface, only residual amorphous debris is observed and intact ce
y some fluorescent materials. �f� Corresponding histological image. E
boxed area� as compared with the normal fibrous structures of colla
ournal of Biomedical Optics 024034-
3.6 Quantitative SHG Analysis Detects the Thermal
Injury Profile in Laser-Irradiated Skin

It has been reported that the change in the intensity of SHG is
a good predictor of collagen structural disruption.13,14,24 We
quantitatively analyzed SHG intensity after laser irradiation at
various fluences. Figure 6 shows the SHG intensity profiles of
normal skin and skin irradiated with a laser at various flu-
ences. In the unirradiated skin, the intensity of SHG started to
increase between 40 and 80 �m from the surface. This zone
corresponds to the undulating dermal-epidermal junction.
SHG intensity approaches its plateau at the depth of about
80 to 120 �m from the surface. This corresponds to the plen-
tiful collagen content in the dermis. After irradiated with
Er:YAG laser at low fluence of 1.5 J /cm2, the plateau inten-

G laser at the fluence of 8 J /cm2. �a� to �e� MPM images. The green
e of skin surface. Intensely fluorescent residual stratum corneum is
vaporization at this fluence. �b� Magnified picture of skin surface. �c�
tum spinosum also becomes homogenized without distinctive cell

om skin surface. Homogenized keratinocytes are mixed with a few
in surface. SHG signals from collagen are greatly diminished and the
. �f� Corresponding histological image. A thin layer of eosinophilic
lated morphology �arrowhead�. The collagen in the papillary dermis

laser at the fluence of 16 J /cm2. �a� to �e� MPM images. The green
f skin surface. An ablated hole is surrounded by intensely fluorescent

o �e�. �b� Magnified surface of at the central hole. The space is empty
rrow� can sometimes be seen in the ablated crater. �d� At 80 �m from
absent. �e� At 180 �m from skin surface, SHG is absent and replaced
ilic homogenization of collagen is observed in residual thermal zone
eath. �Bar: 50 �m in �a�; 20 �m in �b� to �f�.�
Er:YA
M imag
due to
ted stra
�m fr
from sk
turation

vacuo
Er:YAG
image o
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ity of SHG signals in the dermis decreases compared with
he control group. However, the increase of SHG intensity at
he dermal-epidermal junction of depth about 40 to 80 �m is
till observed. Since the fibrous structures of collagen are still
bserved, the decrease in the plateau SHG intensity in dermis
ay be caused by the shielding effect of the overlying ho-
ogenized highly fluorescent stratum corneum. At the mod-

rate fluence of 8 J /cm2, SHG decreases more significantly
nd the increasing trend of intensity at the dermal-epidermal
unction can only be barely observed. In skin exposed to a
igh fluence of 16 J /cm2, the SHG signals are undetectable.
HG signals of dermal collagen are significantly different be-

ween four groups with paired comparisons �P�0.05�.

Discussion
he Er:YAG laser and the 10,600-nm CO2 laser are two com-
only used resurfacing lasers. The epidermis is composed of

0% water. In these two lasers, the major chromophore for
bsorbance is water. At high fluences of the CO2 laser for
blation, instant heating of water to 100 °C occurs and va-
orization of tissue ensues. However, it can also yields a zone
f coagulation beyond the vaporization zone to a variable de-
ree, depending on the mode and parameters of CO2 laser
sed.25 The residual thermal effects in the temperature range
f 40 to 100 °C can result in denaturation of proteins, un-
inding of DNA, and disruption of cell membranes. Though

he residual thermal zone of the CO2 laser can contribute to
issue shrinkage for the purpose of tightening in skin rejuve-
ation, it can also lead to undesirable effects. For example,
his residual thermal effect can compromise cell function and
ecrosis ensues.26

With the Er:YAG laser at 2940 nm, the energy is so effi-
iently absorbed by water �12 to 18 times that of the

ig. 5 Three-dimensional MPM images of control and laser irradiated
kin. The green channel represents AF and the red channel represents
HG. �a� Normal skin has keratinocytes that emit AF in the epidermal
ayer and fibrous collagen that emits SHG in the dermal layer. Hex-
gonal tightly packed corneocytes can be seen from the top view. The
ermal-epidermal junction can be delineated by the undulating wave-
haped junction of AF and SHG. �b� After irradiation with Er:YAG laser
t fluence of 16 J /cm2, a slope of hole appears. The gradually de-
ressed shape of the crater is consistent with the reverse bell-shaped
aussian distribution of light intensity across the laser beam. SHG

ignals are absent in the dermis due to thermal denaturation. �x-y
lane: surface of skin 110�110 �m2; z axis: skin depth 180 �m.�
ournal of Biomedical Optics 024034-
10,600 nm wavelength� that its shorter penetration depth re-
sults in a more precise zone of tissue ablation with reduced
residual thermal injury compared with CO2 laser.27 The
Er:YAG laser is currently widely used in dermatology as an
ablative tool for skin tumor removal, acne scar treatment, and
facial rejuvenation. The vaporizing effect of Er:YAG laser
ablates superficial tissue, whereas the residual heat conduction
can still lead to tissue coagulation and collagen denaturation.2

Though the residual thermal zone can induce collagen shrink-
age and neogenesis,28 too much thermal damage can also lead
to unwanted complications, including postinflammatory hy-
perpigmentation and scars.3 The evaluation of residual ther-
mal zones previously depended on histological examinations,
but the procedure does not allow for real-time imaging. When
the collagen is totally coagulated, eosinophilic homogeniza-
tion can be seen in histological examination. However, if col-
lagen is not heated enough to become totally coagulated, it
can be difficult to detect the subtle changes in histology.24,29

Thermal denaturation results in the loss of molecular order in
the collagen fibers, which can have a profound influence on
SHG.13,14,24 Consistent with our previous reports,24,29 thermal
treatment can disrupt regular collagen packing and hence the
SHG signal in dermis decreases. Decrease in intensity of the
SHG signals from collagen, which have statistically signifi-
cant difference between each group, is correlated to the flu-
ence of the laser �Fig. 6�. The findings in this study support
that fact that the SHG signal in MPM is a more sensitive tool
in identifying the degree and extent of residual thermal dam-
age in laser-irradiated skin. Hence, the SHG signals may be

Fig. 6 SHG intensity profiles of skin irradiated with Er:YAG laser at
various fluences as a function of skin depth �z� from the skin surface
�at z=0 �m�. Unirradiated control skin has higher SHG along the
depth since collagen appears in the dermal-epidermal junction at the
depth of about 40 to 80 �m. SHG intensity rapidly increases to a pla-
teau value at the depth of 80 to 120 �m from the surface. After
Er:YAG laser irradiation at a low fluence of 1.5 J /cm2, the plateau
intensity of the SHG signals in the dermis decreases compared with
the control group. At a moderate fluence of 8 J /cm2, the SHG signal
further decreases and the increasing trend at the depth of 40 to 80 �m
is also greatly diminished. At a high fluence of 16 J /cm2, the SHG
signals decrease to an undetectable level. Error bars represent 1 SD
�standard deviation� in the average value of five skin samples. Single
asterisks � *� indicate regions of significant difference �P�0.05� be-
tween each group.
March/April 2009 � Vol. 14�2�6
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sed as a real-time feedback system during laser treatment to
isualize and quantify the residual thermal zone.

In addition to tissue ablation by Er:YAG laser at high flu-
nce, Er:YAG laser at low fluence can enhance the transder-
al delivery of many lipophilic and hydrophilic drugs and
aterials, including 5-aminolevulinic acid, 5-fluorouracil, vi-

amin C, and even macromolecular DNA.19,30–32 Though the
etailed mechanism is unknown, it is believed that stratum
orneum might be disrupted or partially ablated to achieve
uch a penetration enhancing effect. Previously, we could
nly assess the stratum corneum structural alterations in his-
ology. However, the processing for histological examination
ompromises the compact structures of stratum corneum and
an lead to detachment of superficial corneocytes �Fig. 2�f��.
nother drawback of histology is that thin vertical sections do
ot allow large-area or 3-D analysis of stratum corneum struc-
ures. The advantages of MPM in imaging stratum corneum
ver conventional histological examinations include the abili-
ies to image skin in vivo without processing artifact and to
rovide more information by en face large-area and 3-D
maging.33 In this paper, we demonstrate that the structural
hanges of stratum corneum after low-energy Er:YAG laser
reatment can be better highlighted by MPM than histological
xaminations. By use of MPM, we show that Er:YAG laser
an selectively disrupt the compact structure of the stratum
orneum at a low fluence while little ablative effect takes
lace �Fig. 2�. The homogenized morphology of cornecytes is
imilar to the structural alterations induced by a depilatory
ream, which has been reported to be able to enhance the
ransdermal penetration of both small model drugs and
nsulin.33–35 This is the first report of stratum corneum struc-
ural alterations after low-fluence Er:YAG laser irradiation by
se of MPM. It has been demonstrated that, in combination
ith appropriate model fluorescent drugs, MPM can be used

o study transcutaneous drug delivery in vitro.33,36–38 Our find-
ngs suggest that MPM can be an ideal tool for studying the

echanism and dynamics of laser-assisted transdermal drug
elivery in vivo.

There is a Gaussian distribution of intensity across most
inds of laser beams and this variation of irradiance across the
eam can lead to variation in biological effects in the irradi-
ted skin. The Gaussian profile has peak intensity in the center
nd minimal intensity at the beam edges.39 It is important to
onitor the treatment effect across the laser beam to avoid

ver- and undertreatment in the irradiated spot. Previously,
nalysis of the extent and depth of tissue alterations by laser
rradiation involved labor-intensive and manual-counting

ethods that required multiple histological tissue sections.40

n addition, the processing of skin samples for the histological
xamination also leads to tissue distortion and shrinkage, and
t can be difficult to precisely evaluate the impact of the varia-
ion in the intensity profile across the laser beam on the laser-
kin interaction. In this paper, we demonstrate that a laser-
nduced reverse bell-shaped slope compatible with Gaussian
istribution in 3-D MPM images �Fig. 5�. The laser beam has
central peak irradiance and can ablate more tissue, whereas

eam edges have the lowest intensity that can only produce a
hallow rim or induce nonablative thermal effects. This result
an not be clearly demonstrated in the histology. Hence,
PM can be used to study the biological impact of the un-

ven distribution of energy within a laser beam and to facili-
ournal of Biomedical Optics 024034-
tate the design of laser beam intensity profile to obtain a better
clinical result.

In addition to ablative lasers, other lasers have been devel-
oped for specific clinical applications including treatment of
vascular abnormalities, depilation, etc. Suggested treatment
parameters are often based on the results from many modeling
studies, which are designed to predict photothermal effect for
selective photocoagulation.41 However, current modeling
methods can not adequately incorporate the complex dynami-
cal interaction between light and tissues. MPM may also be
used for monitoring the biological effects of theses lasers in
vivo as well. For example, with appropriate labeling, MPM
enables detailed 3-D visualization of vascular structures and
quantification of hemodynamics in vivo.42,43 Cutaneous blood
vessels have complex 3-D arrangement that is difficult to be
appreciated in standard 2-D display in histological examina-
tion. With the reconstructed 3-D images from MPM and im-
age analysis, it will be able to reveal the detailed vascular
structures and associated changes after laser treatment and
also the remodeling process.

In conclusion, by use of Er:YAG laser as the irradiation
source, we demonstrate that MPM is able to probe the laser-
skin reaction in vivo without labeling procedures. The selec-
tive disruption of stratum corneum at low fluence and the
ablative effects as well as the residual thermal injury at higher
fluences can be visualized and quantified with subcellular res-
olution. MPM has been used in imaging human epidermal and
dermal structures in vivo.44,45 Our results suggest that MPM
can be further developed into a real-time feedback system for
evaluating human responses to laser treatment in vivo.
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