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Background and Objectives: To produce controlled,
spatially confined thermal effects in dermis.
StudyDesigns/Materials andMethods:A 1 W, 1,500 nm
fiber-coupled diode laser was focused with a high numerical
aperture (NA) objective to achieve a tight optical focus
within the upper dermis of skin held in contact with a glass
window. The delivery optics was moved using a computer-
controlled translator to generate an array of individual
exposure spots. Fresh human facial skin samples were
exposed to a range of pulse energies at specific focal depths,
and to a range of focal depths at constant pulse energy.
Cellular damage was evaluated in frozen sections using
nitro-blue tetrazolium chloride (NBTC), a lactate dehydro-
genase (LDH) activity stain. Loss of birefringence due to
thermal denaturation of collagen was evaluated using
cross-polarized light microscopy. The extent of focal
thermal injury was compared with a model for photon
migration (Monte Carlo Simulation), heat diffusion, and
protein denaturation (Arrhenius model).
Results: Arrays of confined, microscopic intradermal foci of
thermal injury were created. At high NA, epidermal damage
was avoided without active cooling. Foci of thermal injury
were typically 50–150 mm in diameter, elliptical, and at
controllable depths from 0 to 550mm. Both LDH inactivation
and extracellular matrix denaturation were achieved.
Conclusion: Spatially confined foci of thermal effects can
be achieved by focusing a low-power infrared laser into
skin. Size, depth, and density of microscopic, thermal
damage foci may be arbitrarily controlled while sparing
surrounding tissue. This may offer a new approach for
nonablative laser therapy of dermal disorders.
� 2005 Wiley-Liss, Inc.
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INTRODUCTION

A variety of highly effective, ablative methods have been
used to treat facial rhytides associated with photoaging.
These include laser resurfacing, dermabrasion, and che-
mical peels. These methods completely disrupt or remove
the epidermis. Subsequent loss of barrier function results
in discomfort and desiccation-induced extension of the
original wound depth [1]. Transudation, focal crusting, and

edema are generally observed during the period of dermal
exposure [2–4]. Epidermal loss also increases the risk of
infection, scarring, and pigmentary changes. Stimulation
of new extracellular matrix deposition appears to be the
primary mechanism for wrinkle reduction [4–6]. Since the
microscopic changes associated with wrinkles occur pri-
marily in the dermis, epidermal damage may be unneces-
sary for treatment of facial rhytides [7–9].

Nonablative dermal remodeling (NDR), also called non-
ablative skin rejuvenation or subsurfacing, which does not
remove the epidermis, was specifically developed as a
better-tolerated alternative to ablative laser resurfacing.
NDR uses mid-infrared lasers (at wavelengths absorbed by
water) in combination with cooling at the skin surface
to produce an ‘‘upside-down’’ thermal burn. A 1.32-mm
Nd:YAG laser and a 1.45-mm semiconductor diode laser are
in clinical use, in combination with dynamic cryogen spray
cooling [10]. NDR may also affect dermal targets such as
sebaceous follicles; the latter device has recently been
approved as a treatment for acne vulgaris [11]. The main
problem with NDR, however, is poor and/or unpredictable
efficacy compared with ablative treatments. Even when
dosimetry is pushed to the point of significant pain and
occasional scarring, the efficacy of NDR for treatment of
photoaging is limited [12,13].

Selective photothermolysis (SP) is a widely used ap-
proach to laser treatment, in which microscopic target
structures such as blood vessels, pigmented cells, or hair
follicles are preferentially photocoagulated by selectively
absorbed pulses of light [14]. Unlike NDR, SP is generally
effective and very well tolerated. Some improvement of
facial wrinkles occurs after treatment of telangiectases by
SP with a pulsed dye laser [15]; this improvement might be
stimulated by microscopic thermal damage to the perivas-
cular dermis. We surmised that producing many micro-
scopic regions of thermal injury surrounded by uninjured
dermal tissue might achieve a better combination of
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efficacy and safety for treatment of photoaging than other
treatment modalities. Unlike SP, which depends on specific
light-absorbing target structures, arbitrary patterns of
microscopic photothermal injury might be created in skin,
for example, in arrays, by controlling a tightly focused laser
beam. The ability to focus near-infrared lasers well into the
dermis has been demonstrated, for example, as the basis for
in vivo confocal laser scanning microscopy [16].

It has also been demonstrated that confined dermal
damage with epidermal sparing can be obtained with an
intradermally focused infrared fiber laser (l¼ 1.06 and
1.2 mm) when exposure times of about 1 second were
performed in parallel with surface cooling [17].

Very high power densities can be achieved at an intra-
dermal focus, even with low power lasers.

This study reports confined dermal areas of thermal
damage created with a low-power (1 W) infrared diode laser
source without surface cooling. This was accomplished
through the proper choice of wavelength and numerical
aperture (NA) of the focusing lens. The experimental
system included focusing optics and a translation stage;
exposure durations were in the range of 3–20 milliseconds,
which represented only 1% of the laser duty cycle. The
analysis of the histological samples revealed that this
system could achieve foci of thermal injury within the skin
with controllable size, depth, and packing density of the
foci. It was possible to either include or avoid epidermal
injury without active cooling by proper choice of exposure
parameters and delivery optics. The thermal damage
pattern as obtained by histology was in good correlation
with the damage pattern as predicted by modeling. These
results suggest that studies to investigate the clinical
effects of various thermal damage patterns may be
worthwhile.

METHODS

Optical System

The optical system consisted of a laser source, focusing
optics, a window held against the skin, and a translation
stage (Reliant FSR investigational device, Reliant Tech-
nologies, Inc., Palo Alto, CA). The outputs of four semi-
conductor laser diodes were combined using polarization
and wavelength beam combination. The wavelengths of the
lasers were 1,492 and 1,508 nm, with approximately equal
power at each wavelength. Combined output of the laser
diodes was coupled into a single-mode fused silica fiber.
Output from the single mode fiber was collimated and then
focused into the skin as shown schematically in Figure 1A,
through a 0.9-mm thick glass plate (fused silica, n¼ 1.44).
The lenses and one side of the glass plate were anti-
reflection coated to maximize the power coupled into the
skin. Focal spot diameter was estimated using a standard
knife edge measurement to be less than 20 mm [18]. The
effective NA of the focused beam used for this experiment
is 0.66. A ray tracing description of the optical design is
shown in Figure 1B. The depth of the focal spot within skin
samples held against the glass plate was adjusted by
varying the spacing between the focusing optics and the

glass plate. The lenses and fiber tip were translated by a
computer-driven XY-scanning stage to create an array of
sequential exposures, with a center-to-center spacing
between adjacent spots of 500 mm. Laser exposures and
motion of the scanning stage were controlled by software
that sequentially stopped the XY-scanning stage at each
grid point, turned on the lasers to produce a square-wave
pulse of specified pulse duration, and then moved to the
next grid point. The pulse duration was controlled with a
waveform generator (model 33120A, Agilent Technologies,
Inc., Palo Alto, CA).

Ex Vivo Skin Exposures

The study was performed on freshly excised human
facial skin upon approval form the Institutional Review
Board of Harvard Medical School. Freshly excised, full-
thickness human facial skin samples were obtained from
the dermatologic surgery clinic at the Massachusetts
General Hospital, Boston, MA (from Victor A. Neel, MD,
PhD) and trimmed to a 4� 6 mm rectangle with a thin layer
of subcutaneous fat on the lower surface. A thin layer of
aqueous fructose solution designed to match refractive
index of skin (Laser Lotion, Palomar Medical Products,
Burlington, MA) was applied between the skin sample and
glass plate. The entire device was equilibrated at room
temperature and no active cooling was provided to the
handpiece aperture. Skin samples equilibrated at room
temperature (�258C) were gently compressed against the
glass plate and irradiated.

Laser Exposure Parameters

Samples were divided into two groups. In Group 1, the
optical beam was focused at various depths while keeping
laser pulse energy constant. In Group 2, the optical beam

Fig. 1. A: Schematic showing laser exposure system; (B) ray

tracing model showing the optical path from the fiber tip to the

beam focus within the skin. [Figure can be viewed in color

online via www.interscience.wiley.com.]
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was focused to the same depths as in Group 1. Laser pulse
energy in Group 2 was adjusted to approximately compen-
sate for optical attenuation at the particular focal depth
(see Table 1).

Tissue Microscopy

Fresh frozen, vertical serial sections of the skin samples
after laser exposure were prepared for light microscopic
analysis. Average frozen section thickness was approxi-
mately 10 mm. The sections were stained at room tem-
perature with nitro-blue tetrazolium chloride (NBTC).
Reduction of NBTC by lactate dehydrogenase (LDH) leads
to an intense blue precipitate. LDH is a thermolabile
enzyme; loss of LDH activity subsides rapidly upon heat
induced cell damage and is correlated with cell lethality
[19,20]. Loss of NBTC staining as described below was used
to measure spatial depth and lateral extent of cellular
photothermal damage. Dermal collagen denaturation was
determined by cross-polarized light microscopy and identi-
fied by the loss of dermal collagen birefringence of the same
skin sections [21]. The spatial extent of birefringence loss
was blindly measured as described below. Loss of birefrin-
gence is due to thermal denaturation (melting) of type I
collagen, which occurs at a higher temperature than loss of
LDH activity. In this study, these endpoints reflect photo-
thermal injury to extracellular matrix and cells, respec-
tively. Routine H&E staining of frozen sections was also
performed for light microscopy.

Statistical Analysis

Approximately one hundred laser exposure spots created
by each laser parameter in both groups were blindly
measured using a calibrated microscope. Loss of NBTC
staining (LDH activity) was the most sensitive endpoint
indicating the presence of a laser exposure spot. Magnified
images (6�) of the thermal lesions were captured with a
CCD camera and analyzed blindly using a Visual Basic
program. Images of a calibration scale were also captured,
to quantify length. Spatial extent of each tissue lesion was
measured by selecting 5–10 points around the apparent
margin of the lesion, which were then connected to form a
polygon. Each point was referenced to the top of the

epidermis, which was considered to be at zero depth. The
total area of the polygon was estimated by summing the
segmental areas for each 10-mm depth interval. These
segmental areas were divided by the 10-mm depth interval
to yield the estimated diameter of the lesion at each of
the depth intervals. The top, maximum depth, maximum
diameter of the lesion, and the depth of maximum diameter
were also measured using the same program. Typical lesion
shapes for various laser exposures and depths were re-
constructed from these data based on the measured lesion
diameters at each depth segment. Contour plots, as shown
in Figure 2C, illustrate the results of this process. The inner
contour in each figure shows the diameter at each depth for
which 80% of the lesions measured for that particular
exposure condition had diameters that were less than or
equal to the contour diameter at that particular depth. The
outer contour in each figure is drawn at diameters for which
90% of the lesions measured had diameters less than or
equal to the contour diameter at that particular depth.
Because the data are taken from vertical sections that are
not necessarily along the center axis of the lesion, the
median radius at each depth (50% contour) is somewhat
less than the actual lesion diameter, due to spatial
sampling. Because the 80% or 90% contours are considered
to be more representative of the actual extent of thermal
lesions for each set of conditions sampled, the 50% contours
are not shown in the figures.

Optical and Thermal Plots

Modeling of the lesions was carried out using an ab initio
formulation of the laser-tissue interaction. Propagation of
light through the tissue was calculated using a standard
Monte Carlo approach [21] to scattering and absorption.
Monte Carlo calculations were first performed using the
Henyey-Greenstein [22] scattering profile. To test the
sensitivity of the results to the specific choice of scattering
profile, calculations were also performed using two other
scattering profiles. The second profile used was a simple
Gaussian profile, which is more sharply peaked into
forward scattering than the standard Henyey-Greenstein
model. The third profile was specifically calculated to reflect
the properties of scattering from collagen fibers. Collagen is
known to self-assemble into structures with a regular
geometric cross-section, such as a triangle or hexagon. The
scattering for several of these structures was calculated
using a segmented laser beam approximation that accounts
for both refraction and diffraction without requiring a full
electromagnetic wave simulation such as that used in Mie
scattering. The scattering profile is relatively insensitive to
the assumed shape of the fibers, but depends strongly on
the index difference between the fibers and the surround-
ing medium. At high scattering angles, scattering in this
model is considerably stronger than a Henyey-Greenstein
model. Thus the second and third profiles have, respec-
tively, significantly lower and higher wide-angle scattering
than the standard Henyey-Greenstein model. In general,
photon migration was not significantly different for the
three scattering profiles, suggesting that the details of the
profile are less important than the gross features such as

TABLE 1. Optical Pulse Parameters Used for

Comparing the Effects of Pulse Energy and Focus

Depth on Damage Profile for Spatially Confined

Thermal Lesions Within the Skin

Sample group

Pulse duration

(millisecond)

Power

(mW)

Focal depth

(mm)

Group 1 12 1,000 50

12 1,000 200

12 1,000 450

12 1,000 600

Group 2 3 1,000 50

4 1,000 200

12 1,000 450

20 1,000 600
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the angular half-width scattering (yscatt) and the scattering
coefficient (ms). Some adjustment of the material constants
was allowed in modeling the lesions. In our modeling we
tested the sensitivity to variations of the scattering co-
efficient (ms) in the range 60–100/cm and the angular half-
width of the scattering (yscatt) in the range 5–15 degrees. It
was found that the model was relatively insensitive to
changes over these two ranges. As the parameters varied
over this range, the general location and shape of the
calculated lesions varied gently and were similar. The
depth and width of the different zones of the lesion varied by
about 20% and 5%, respectively, a level which is compar-
able to the variation in the experimental data. The values
used to create the plots shown in Figures 2–7 were m¼
60/cm, and yscatt¼ 5 degrees.

The skin is modeled as a series of uniform planar layers,
where each layer is characterized by its absorption, thermal
conductivity, and specific heat. For the wavelength range of
interest, the absorption coefficient in skin is determined by
multiplying the water content of the skin by the absorption
coefficient in water [23]. The absorption of the tissue (a) was
obtained assuming a water fraction of 70% in the tissue,
and lies in the range 10< a< 20/cm. The theoretical
calculations presented in Figures 2–7 were produced using
a¼ 13/cm. Heat transport was treated using a standard
model of diffusion [21]. The diffusion model was implemen-
ted using alternating direction implicit mathematical
methods [24] and with adiabatic boundary conditions.
While the model is fully three-dimensional, cylindrical
symmetry was assumed. The thermal conductivity of the

Fig. 2. Exposure parameters: 12 and 3 mJ, respectively, at a

focal depth of 50 mm. A: Computer simulations of these treat-

ment parameters. Contours are drawn for reaction coordinates

of the Arrhenius model (x¼ 10�2, 100, 102, and 104). Note: Only

x¼ 104 is visible for Figure 3A because the other contours have

a radius of approximately 0 for all depths. B: NBTC-stained

histologic sections of ex vivo facial skin, immediately after

exposure (6�, scale bar, 50 mm). C: Statistical contours

representing the extent of thermal damage. Note that depth

of thermal damage is reduced substantially with reduced pulse

energy. (Contours are drawn at diameters for which 80% and

90% of the lesions measured had diameters less than or equal to

the contour diameter at that particular depth.) [Figure can be

viewed in color online via www.interscience.wiley.com.]
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tissue was Kth¼ 0.005 W/cm/K, and the specific heat (C)
was taken to be C¼ 3.7 J/cm3/K [21]. Thermal denaturation
was assumed to follow an Arrhenius rate equation for the
population of un-denatured protein.

�ð1=nÞ ðdn=dtÞ ¼ R � R0 expð�T1=T þ T1=T0Þ;

where T is the absolute temperature, 273þTcelsius and n is
the mass density of the undenatured collagen. R is the rate
of the forward reaction or the relative rate of decrease of n
(i.e., dn/dt¼�nR). The Arrhenius constants were selected
so that R¼ 103/second at 658C, and about 10�7/second at
378C. Thus,T0¼ 338 K,R0¼ 103/second, andT1¼ 37,000 K.
Collagen denaturation is endothermic [25] with enthalpy
H¼ 45 J/g. The tissue-heating rate is given by

d=dtðT þ ð1 � n=n0ÞDTÞ ¼ W=C

where DT¼C/H, and W is the heating rate from the laser,
and n0 is the initial mass density of the undenatured
collagen. Finally the reaction coordinate is

x ¼
Z t

�1

Rðt0Þdt0:

The population fraction of the undenatured protein is e�x.
Heat diffusion and thermal denaturation were treated in

a split-step manner. The optical properties, including
absorption and scattering, were assumed to be independent
of the temperature and reaction coordinate. This removed
the need for a time dependent model and meant that only
one Monte Carlo calculation was needed. The output of
these calculations is a contour plot showing the loci of
constant reaction coordinate, x. Note that the volume

Fig. 3. Exposure parameters: 12 and 3 mJ, respectively, at a

focal depth of 50 mm. A: Computer simulations of these treat-

ment parameters. Contours are drawn for reaction coordinates

of the Arrhenius model (x¼ 10�2, 100, 102, and 104). Note: Only

x¼ 104 is visible for (A) because the other contours have a

radius of approximately 0 for all depths. B: NBTC-stained

histologic sections of ex vivo facial skin, immediately after

exposure (6�, scale bar, 50 mm). C: Statistical contours

representing the extent of thermal damage. Note that depth

of thermal damage is reduced substantially with reduced pulse

energy. (Contours are drawn at diameters for which 80% and

90% of the lesions measured had diameters less than or equal to

the contour diameter at that particular depth.) [Figure can be

viewed in color online via www.interscience.wiley.com.]
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enclosed in the contour x¼ x0 varies weakly with x0; its
linear dimension increases by less than 50% when x0

decreases by two orders of magnitude. This is attributed to
the strong variation of the reaction rate with temperature.
Note also that the value of x0 is not independent of the
choice of R0. So no particular significance is attached to the
value of x that best fits the data.

A large number of lesions created under various condi-
tions were modeled. In general, the quoted tissue para-
meters gave quite a realistic picture of the shape and
location of the lesions observed. Specific results of the ab
initio calculations are shown in Figures 2–7, where con-
tours for x¼ 0.01, 1, 100, and 10,000 are shown. In general,
a reasonable fit to the shape of the lesions was consistently
obtained using contours for x� 100, but the modeling
typically placed the lesions slightly deeper in the tissue
than the experiments showed. This difference is most likely

the result of underestimating the width of the angular
scattering distribution, but it could also be a result of under-
estimating the strength of the optical absorption, or of
neglecting changes in tissue optical properties during
irradiation. Minor alterations of the dimensions may also
be explained by compression of the samples during the
exposures.

RESULTS

Gross Appearance

Grossly, there was no apparent effect from any of the
laser exposures. However, on 10� magnified examination,
a precise array of small whitish dots could be seen which
corresponded to the presence of photothermal lesions seen
microscopically. With deeper focus and higher pulse energy
exposures, dermatoglyph skin lines were distorted in a

Fig. 4. Exposure parameters: 12 and 4 mJ, respectively, at a

focal depth of 200 mm. A: Computer simulations of these

parameters. B: NBTC-stained histologic sections of ex vivo

facial skin, immediately after exposure (6�, scale bar, 50 mm).

C: Statistical contours. Note that epidermal damage can be

avoided by reducing the pulse energy. (Contours are drawn at

diameters for which 80% and 90% of the lesions measured had

diameters less than or equal to the contour diameter at that

particular depth.) [Figure can be viewed in color online via

www.interscience.wiley.com.]
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radial pattern around each of the small dots, consistent
with very local skin shrinkage at each lesion.

Focusing at 50-mm Depth

With the laser beam focused to a depth of 50 mm within
the skin and pulse energy of 12 mJ (pulse duration of
12 milliseconds), the thermal damage lesions almost always
involved the epidermis, with partial extension into the
dermis (Fig. 2). Maximum depth of the damage from 12-mJ
pulses was approximately 300 mm, and the maximum lesion
diameter was about 200 mm, at the 90% contour. When
pulse energy was reduced to 3 mJ (pulse duration of
3 milliseconds), the maximum depth of thermal damage
was 100 mm and the maximum diameter was 100 mm for the
90% contour (Fig. 3). Shape of the damage pattern also
changed, confining injury mainly to the epidermis.

Focusing at 200-mm Depth

With the laser beam focused 200 mm into the skin (i.e.,
within the papillary dermis) and pulse energy of 12 mJ
(pulse duration 12 milliseconds), the maximum depth of
damage was approximately 500 mm, with a 200 mm maxi-
mum diameter for the 90% contour (Fig. 4). Compared with
the same pulse energy focused at 50-mm depth, these lesions
clearly extended deeper into the dermis, yet had about the
same width.

With a smaller pulse energy of 4 mJ focused at 200-mm
depth (pulse duration 4 milliseconds, group 2 exposure of
Table 1), the maximum depth of damage was limited to
approximately 300 mm, and the uppermost 50 mm of tissue
was spared (Fig. 5). Maximum lesion diameter again
remained unchanged at a value of about 200 mm for the

Fig. 5. Exposure parameters: 12 and 4 mJ, respectively, at

a focal depth of 200 mm. A: Computer simulations of these

parameters. B: NBTC-stained histologic sections of ex vivo

facial skin, immediately after exposure (6�, scale bar, 50 mm).

C: Statistical contours. Note that epidermal damage can be

avoided by reducing the pulse energy. (Contours are drawn at

diameters for which 80% and 90% of the lesions measured had

diameters less than or equal to the contour diameter at that

particular depth.) [Figure can be viewed in color online via

www.interscience.wiley.com.]
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90% contour. Compared with 12-mJ pulse energy, the
shape of lesions caused by 4-mJ pulses changed toward a
spherical region of dermal damage, with sparing of the
overlying epidermis.

Focusing at 450 mm Depth

With the laser beam focused at a depth of 450 mm in the
skin and pulse energy of 12 mJ (pulse duration 12 milli-
seconds), a deeper elliptical lesion pattern with partial
sparing of the epidermis was produced (Fig. 6). The maxi-
mum depth of thermal damage was 450 mm and the top 25–
30 mm of the epidermis was spared for the 90% contour. The
widest diameter was approximately 300 mm.

Focusing at 600 mm Depth

With the laser focused at a depth of 600 mm and pulse
energy of 12 mJ (pulse duration 12 milliseconds), there was

no observed change in the tissue. No lesions were detected
in any skin sample exposed to these parameters. However,
when pulse energy was increased to 20 mJ (pulse duration
20 milliseconds), well-defined intradermal lesions were
created (Fig. 7). The maximum depth of damage was ap-
proximately 550 mm with a maximum width of approxi-
mately 250 mm for the 90% contour. The upper 25–30 mm of
epidermis was spared for the 90% contour Additionally,
dermal collagen denaturation can be seen clearly (Fig. 7D)
by loss of collagen birefringence when viewed under cross-
polarized light microscopy.

DISCUSSION

This ex vivo study shows that arrays of very small
photothermal lesions can be created within human skin
using a low power infrared laser device focused at high NA,
at a wavelength absorbed primarily by tissue water. Epi-

Fig. 6. Exposure parameters: 12 mJ at a focal depth of 450 mm.

A: Computer simulation of the exposure parameters. B: NBTC

stained histologic section of ex vivo facial skin, immediately

after exposure (6�, scale bar, 50 mm). C: Statistical contours.

Note that well-defined foci of thermal damage can be created in

the papillary and upper reticular dermis with 12 mJ. (Contours

are drawn at diameters for which 80% and 90% of the lesions

measured had diameters less than or equal to the contour

diameter at that particular depth.) [Figure can be viewed in

color online via www.interscience.wiley.com.]

8 KHAN ET AL.



dermis, papillary dermis, and/or reticular dermis can be
arbitrarily chosen as primary sites for the photothermal
lesions by adjusting focal depth and pulse energy. Localized
thermal effects on cells and extracellular matrix were
created, as evidenced by loss of LDH activity and collagen
birefringence, respectively. Although laser microbeams
have been used in experimental biology for decades [26],
there are no therapeutic devices in dermatology using this
conceptual approach. Recent advances with small semi-
conductor infrared lasers, miniature optics, and computer-
driven beam controllers may soon allow this to change. It
should be practical to create thousands or millions of
microscopic foci of photothermal injury with controlled size,
depth, and spacing, as a therapeutic stimulus in skin.

The size and location of cutaneous photothermal foci
depend on a combination of optical parameters (e.g.,

wavelength, focusing optics, energy, pulse duration, tissue
optical properties), and thermal parameters (e.g., skin
temperature profile, skin cooling). As it penetrates skin, a
focused laser beam is degraded by scattering, which in the
infrared is mainly forward-directed, creating a blurred
focal region. Therefore, the smallest focal spot that can be
achieved necessarily enlarges with depth within the tissue.
This is also the case when focused infrared beams are used
for diagnostic imaging in skin, for example, for confocal
laser scanning microscopy or optical coherence tomogra-
phy. The quality of an optical focus within skin is difficult to
model precisely; however, the maximum depth for which a
useful ‘‘focal spot’’ can be achieved in unaltered skin, is
probably about 1 mm. If optical scattering were decreased,
for example, by pressurizing the skin or by injection of an
optical clarifying agent such as glycerol [27], this depth

Fig. 7. Exposure parameters: 20 mJ, at a focal depth of 600 mm.

A: Computer simulation model of these parameters. B: NBTC

stained histologic section of ex vivo facial skin after exposure

(6�, scale bar, 50 mm). C: Statistical contours of the thermal

damage. (Contours are drawn at diameters for which 80% and

90% of the lesions measured had diameters less than or equal to

the contour diameter at that particular depth.) D: Cross-

polarized microscopy of the same section, showing loss of

collagen birefringence in the focal areas of thermal damage.

[Figure can be viewed in color online via www.interscience.

wiley.com.]
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might be substantially increased. In this study, we have not
investigated the effects of these factors. However, photo-
thermal lesion width as measured by loss of LDH activity
was maintained at about 200 mm even when the lesion
extended deeply into the dermis. This width is about the
same as the thermal damage zone produced around hair
follicles or adult port wine stain vessels by SP with lasers or
flashlamps.

Theoretically, the minimum photothermal damage size
is on the same order of magnitude as a diffraction-limited
focal spot within the tissue (i.e., several mm for the infrared
optical region of the spectrum). As with SP, the concept of
a ‘‘thermal relaxation time’’ for confinement of thermal
injury is useful. To a first approximation, the region of high
power density near the optical focus can be viewed as a
cylinder oriented along the optical axis, with a minimum
diameter equal to the focal spot size. In general, thermal
relaxation time is given by t¼�d2/gk, where t is thermal
relaxation time, d is diameter, g is a geometric constant,
andk is the thermal diffusivity of the medium [14]. Thermal
relaxation time in tissue for the nominally 20-mm diameter
focal spot we used in this study, is about 0.5 milliseconds.
With a laser power of only 1 W, we used exposure times from
3–20 milliseconds to achieve focal lesions about 200 mm in
diameter, even at depths over 500-mm deep. Thermal
conduction occurring during these pulses accounts in part
for the photothermal lesions being much larger than the
�20-mm optical focus diameter. This was most apparent
when the focus was placed only 50-mm deep, which would
not be expected to cause significant broadening of the focal
spot due to optical scattering. The smallest lesion width of
about 100 mm in this study was achieved with the shortest
pulse duration of 3 milliseconds (3-mJ pulse energy) and
superficial focusing (50-mm focus depth). Extension of
thermal damage due to exposures somewhat longer than
the thermal relaxation time has been previously described
in detail [28].

Focusing infrared lasers into skin as a means of therapy
is not new. Muccini et al. reported local thermal damage
to dermis followed by dermal remodeling, after focusing a
980-nm diode laser into dermis with a spherical focusing
handpiece [29]. At 980 nm, however, hemoglobin and
melanin are the dominant absorbing molecules in skin.
Dermal injury at this wavelength therefore varies con-
siderably with pigmentation and vascularity. This is not
the case for infrared wavelengths longer than about
1,200 nm, for which water or lipids are the primary dermal
chromophores. Manstein et al. reported foci of selective
dermal damage with sparing of the epidermis with a
focused infrared fiber laser operating at 1.06 and 1.2 mm, in
combination with surface cooling and pulse durations of
approximately 1 second. Such long exposure times limit the
ability of these parameters to be used in commercial devices
for the treatment of large areas [17].

This work was initiated with the intent of potentially
providing a better-tolerated alternative to laser resurfacing
for conditions such as scars, acne, and photoaged skin.
Ablative methods using CO2 and Er:YAG lasers have
proven to be effective for the improvement of the skin

surface and for the treatment of the above mentioned
unwanted skin conditions. The major disadvantages of
these ablative methods are pronounced side effects like
oozing and erythema due to the complete removal of the
epidermis. Nonablative collagen remodeling techniques
have emerged in order to avoid these side effects. There is
some evidence that the basic underlying mechanism of
action is the induction of new collagen growth due to
thermal damage of the dermis. It may not be necessary to
cause gross damage of the epidermis in order to improve the
surface. This study has shown that basically any three
dimensional pattern of thermal damage can be achieved
within a reasonable time. The thermal damage pattern may
or may not include epidermal damage. The amount of
epidermal damage can be varied by choice of the exposure
parameters.

Clinical response to treatments with an array of micro-
scopic thermal lesions remains unknown. Also, nothing
is known about how to use this new approach in practice,
for example, optimal lesion size, spacing, depth, shape, or
degree of photothermal damage. It is also unknown
whether epidermal injury should be included or excluded.
However, the similarity of these thermal lesions to those
created by SP strongly suggests that these thermal lesions
will be very well tolerated when each individual lesion is
fully surrounded by viable skin tissue that can initiate a
rapid repair response. Moreover, the ability shown in this
study to arbitrarily adjust size, depth, and density of photo-
thermal lesions suggests that clinical responses can also be
adjusted for a particular target, such as blood vessels and
sebaceous glands. Since the dermal zones treated by this
technique are completely denatured by the high local
fluences that are used, it may be possible to kill blood
vessels or sebaceous glands without damaging the epider-
mis. Further work needs to be done to investigate this. In
essence, an array of lesions is equivalent to a precisely
adjustable three-dimensional thermal burn. On one ex-
treme, it is certain that a single microscopic thermal lesion
will have essentially no therapeutic effect due to the small
size of the lesion. On the other extreme, tightly packed
lesions would create a two-dimensional burn, equivalent in
many ways to laser resurfacing. Between these extremes,
there may be a therapeutic range that avoids many of
the side effects observed with full laser resurfacing, but
achieves many of the same endpoints as resurfacing.

A similar comparison can be made for nonablative
treatments. If the epidermis is spared, as proposed in this
work, the resulting treatment would be similar to other
nonablative treatment modalities, but without the need for
cooling. It has been shown that nonablative treatments can
be effective when sufficient pulse energies are used. How-
ever, it has also been shown that when pulse energies and
numbers are increased to the point where a significant
fraction of the treatment area is coagulated beneath the
surface, scarring can result [30]. The proposed treatment
methodology introduces a way to reproducibly control the
fractional area of the tissue that is coagulated and thus may
allow physicians to more reproducibly achieve therapeutic
results with a lower risk of scarring.
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Size, depth, maximum temperature, pattern, and density
of small thermal lesions can potentially be used to control
response, and should be clinically studied. The results of
this in vitro study are instructive for how to choose ex-
posure parameters for a specific thermal damage pattern.
The optimum thermal damage pattern, however, remains
subject to further investigation.
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