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Abstract. Human perception of 2.0-um infrared laser irradiation has
become significant in such disparate fields as law enforcement, neu-
roscience, and pain research. Several recent studies have found dam-
age thresholds for single-pulse and continuous wave irradiations at
this wavelength. However, the only publication using multiple-pulse
irradiations was investigating the cornea rather than skin. Literature
has claimed that the 2.0-um light characteristic thermal diffusion time
was as long as 300-ms. Irradiating the skin with 2.0-um lasers to
produce sensation should follow published recommendations to use
pulses on the order of 10 to 100 ms, which approach the theoretical
thermal diffusion time. Therefore, investigation of the heating of skin
for a variety of laser pulse combinations was undertaken. Tempera-
tures of ex vivo pig skin were measured at the surface and at three
depths from pulse sequences of six different duty factors. Differences
were found in temperature rise per unit exposure that did not follow a
linear relation to duty factor. The differences can be explained by
significant heat conduction during the pulses. Therefore, the common
heat modeling assumption of thermal confinement during a pulse may
need to be experimentally verified if the pulse approaches the theo-

retical thermal confinement time. © 2010 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.3477324]
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1 Introduction

The irradiation of skin by laser light has been a subject of
study since shortly after the ruby laser was introduced in
1960,1 with the first publication on rabbit and human skin in
1963.% From very early in the history of lasers, skin irradiation
safety limits have been based on both pulsed (0.1 J/cm?) and
CW (1.0 W/cm?) operation.” Current safety standards from
the American National Standards Institute (ANSI) set the skin
exposure limit in the infrared (IR) at 0.56 X %%, in units of
Jcm™2, where ¢ is the exposure time between 1073 and 10 s.
(Ref. 4). The ANSI report is based on observed damage
thresholds to the cornea of the eye, quantified in radiant ex-
posure, H (J/cm?) (Ref. 5). From dermatology, skin damage
is described in units of temperature. Accurate temperature
prediction is important because the gap between skin toler-
ance and injury is as narrow as 3 to 6°C, depending on du-
ration of heating.®™

The skin temperature change due to IR laser irradiation has
been measured in many studies with temperature and time as
predictors of skin damage.® Moncrief sets the threshold for
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irreversible damage to the basal cells of the epidermis at
44°C for extended time in minutes. For brief exposures,
Moncrief gives 51°C as the limiting temperature.” Leach et
al. had reported 47°C as the critical temperature for visible
change to skin and 50 to 55°C as the threshold for permanent
damage.8

Establishing injury thresholds from laser irradiation with
very short durations often focuses on the energy and leaves
temperature to calculation rather than measurement.” The
most frequent method of skin temperature measurement dur-
ing laser irradiation has been the noncontact IR camera. This
type of instrument was used for single pulses of 2.0-um laser
by Chen et al.” Pulsed irradiation of skin with 2.94-um laser
was measured by a thermal imaging camera.'” IR pyrometers
have also been used to measure surface temperatures during
laser irradiation.'"'> Leandri et al. again demonstrated the dif-
ficulties in temperature measurement with a correlation of
temperature to laser energy, but not to pulse duration."’ Tem-
peratures deep within tissue during and following continuous
wave (CW) laser irradiation have also been measured with
thermocouples.w’14

Tissue effects comparing different laser pulse conditions
have been investigated for many purposes, including medical
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Table 1 Sampling of laser pulse sequence manipulation studies.

Variable Change Constant Result Wavelength (um) Study
Pulse width Reduced t, Equal tissue Required H 1.5 Ref. 15
damage reduced
0.532 Ref. 16
0.577 Ref. 17
Pulse width Increase t, Equal radiant No change in 2.94 Ref. 18
energy depth of
coagulation
Pulse width Increase t, Equal radiant Increased 2.94 Ref. 19
energy depth of
coagulation 2.94 Ref. 20
PRF Increase PRF Equal radiant Reduced 2.09 Ref. 21
energy temperature
PRF Reduce PRF Equal radiant Changed effect 2.94 Ref. 22
energy from ablation
to coagulation
PRF Increase PRF Equal radiant Increased 2.94 Ref. 10
energy ablation
to coagulation
Number Increase N, Equal radiant Increased 10.6 Ref. 23
of pulses energy depth of injury
uses and injury investigation. Different results have been d=[3pa(uy+p)]""?, (1)

found when one or more of the following parameters have
been varied: pulse repetition frequency (PRF), pulse width
combinations of different widths, different spacing (i.e., not a
repetitive frequency), or sequences with different power per
pulse. Pulse sequence optimization of ErYAG lasers has been
of particular interest to dermatologists to replace their CO,
lasers.

A summary of representative studies of pulse sequence ef-
fects is given in Table 1. As seen in Table 1, pulse width can
change the amount of radiant energy to produce damage in
tissue or change the extent of damage. Pulse repetition fre-
quency can change the observed temperature or type of tissue
damage. Increasing the number of pulses can affect the depth
of injury per pulse.

Many studies use ablation or coagulation depth as a metric
for pulse sequence comparison.'®*** For those modeling the
temperature from laser pulse irradiation, the energy deposition
is assumed to be an instantaneous impulse confined within the
volume of deposition.”>* The conditions required for this
assumption to be valid depend on the optical penetration in
the tissue and the rate of heat flow or thermal diffusivity of
the tissue.

The optical penetration depth, d, is a measure of how deep
the energy fluence will travel before being absorbed. Optical
penetration depth depends on the absorption and scatter of the
light in the tissue and the beam width.***' For absorption-
dominated tissue, the optical penetration depth is d=1/u,.
For optically turbid material, the optical penetration depth is
defined by Ritz et al’' as
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where u,, is the absorption coefficient, and u, is the reduced
scattering coefficient [, = u(1—-g), with g being the aniso-
tropy factor]. The optical zone, where the incident energy
fluence has been reduced by 1/e, in turbid media has an ad-
ditional factor to account for backscattered reflections.*

The 2.0-um TmYAG laser has yet to have optical absorp-
tion and scatter properties conclusively established. The di-
versity of published attenuation coefficients produces a wide
range of optical penetration depths, as seen in Table 2.

The heating of tissue below the skin surface is complicated
by the flow of heat into or out of the volume of interest during
the irradiation. Therefore, models of tissue heating are simpli-
fied if they assume that the energy is deposited as an impulse
with no heat flow until the pulse has terminated. The conven-
tional criteria for neglecting heat transfer from the irradiated
tissue is for the laser pulse to be significantly smaller than the
thermal diffusion time,™ T4iff> also known as the thermal re-
laxation time, expressed by Eq. (2), where D is the thermal
diffusivity of the tissue. The thermal relaxation time, 7y, is
considered to confine the heat transferred within the optical
penetration depth:SO

d2
Taiff = (2)

Analytical thermal analysis of laser pulses assume no residual
thermal influence of prior pulses if the pulse length is much

less than the thermal relaxation time;37 however, these analy-
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Table 2 Optical penetration depth (mm), using published constants and optical zone for a beam with a

1/€?* radius of 3.28 mm.

Optical zone, d

Mo Ay Optical penetration

(cm™") (ecm™") depth, & Depth Radial Study
Absorption

21.76° 0.460 0.460 0.460 Ref. 32
28 0.357 0.357 0.357 Ref. 33
58.02° 0.172 0.172 0.172 Ref. 32
Turbid

1.75 13.25 1.127 2.209 2.017 Ref. 34
48 10 0.109 0.214 0.214 Ref. 35
82 10 0.066 0.130 0.130 Ref. 36

“Absorption coefficient for epidermis;
Pabsorption coefficient for dermis.

ses do not address the pulse repetition frequency—that is, the
time between “impulses” of energy deposited. This assump-
tion has been applied to pulse durations up to 300 ms. (Ref.
38). Some analytic functions have been reported to fit tissue
temperature changes best for short (microsecond) pulses,39’40
while others fit best for longer pulse widths (> 100 ms)."'
However, both of these solutions were evaluated for a single
laser pulse rather than for a series of pulses as a whole.*

The skin tissue is composed of three anatomical layers,
which have different optical properties. The exterior skin
layer is the stratum corneum, which ranges from
10 wm to 20 um thick, depending on anatomic site and
study. Underneath is the epidermis, ranging from
30 um to 150 wm thick. Last, the dermis has been reported
to be from 981 um to 4000 wm thick.** This places the op-
tical penetration depth of 2.0-um laser light within the dermis
if absorption is dominant in skin. If skin is a turbid medium
with scatter dominant, then the penetration depth is deeper
into or beyond the dermis. If skin is a mildly turbid medium
with both absorption and scatter, then the optical zone is close
to the border between the epidermis and dermis.

Considering pulses of 2.01 um infrared from Tm:YAG fi-
ber lasers, the range of published values of thermal constants
listed in Table 3, combined with the range of optical zones, d,
found earlier in Table 2, produce thermal diffusion times that
would indicate that virtually any pulse widths are thermally
confined. As shown in Table 4, different combinations of con-
stants can produce thermal diffusion times over a range of
four orders of magnitude. The thermal diffusivity, D, depends
on the tissue type and any vascular perfusion.

This work explores the relationship of computed and mea-
sured temperatures of 2-um laser light incident on pig skin
with varying pulse repetition frequencies and skin depths. The
objective of this work is to investigate the validity of the
common assumption of isolated, thermally confined pulses
used in analytical temperature modeling. The variable of in-
terest is the duty cycle of pulsed irradiations. Measurements
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of temperature at the surface and internal temperature at three
depths beyond the optical penetration depth were evaluated
for differences of heating between sequences of varying PRF,
while total energy is held constant. Temperatures predicted by
models that rely on the assumption of thermal confinement
within a thermal relaxation time were found to have varying
agreement depending on pulse cycle duty factor. Temperature
rise per unit exposure was found to be different between pulse
sequence duty factors at all four depths.

2 Materials and Methods
2.1 Temperature Measurements

Temperature measurements of six distinct pulse sequences
were taken at four ex vivo skin depths, nominally at the sur-
face, at 300 wm, at 400 wm, and at 650 um. The entire skin
sample and holder with thermocouple in place was centered in
the beam of a 2.0-um laser by scanning the probe through the
beam on a 2-D optical stage with a micrometer (Model TXS,
Melles-Griot, Albuquerque, New Mexico) in 500-um incre-
ments first in the N-S direction and then in the E-W direc-
tion. The measurements at central axis (CAX) of the IR beam
were repeated four times for each pulse sequence on each
sample of pig skin. The first sequence was also repeated an-
other four times in order to show that the skin conditions had
not changed during the measurements. Three different
samples of pig skin were used at each depth for a total of nine
skin samples. (Surface measurements were performed
concurrently.)

Temperatures were measured with two instrument systems:
an infrared camera with microbolometer array for skin surface
measurements and with a type T (Copper-Constantan) micro-
thermocouple for below-surface depths. The model S65SHSV
thermal imaging camera (FLIR Systems, Weisbaden, Ger-
many) detector was composed of a 320X 240 array of un-
cooled microbolometer detectors. The sensitivity is calibrated
at 0.05°C with an accuracy specification of +2°C. Image
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Table 3 Thermal constants of human and pig skin.

Tissue Conductivity x Diffusivity D Density p Specific heat C

(depth or specifier) Wm-!°C! m?s7! gem™3 Jkg™!°C! Year

Human

Stratum corneum 0.235 1.5 3600 2008 (Ref. 43)
Epidermis 0.21 3600 2000 (Ref. 44)
Epidermis 0.2 2244 2006 (Ref. 32)
Epidermis 0.23 1.2 3590 2004 (Ref. 45)
Epidermis 0.235 1.190 3600 2008 (Ref. 45)
Epidermis (forearm) 0.569 1977 (Ref. 46)
Epidermis (in vitro) 0.209 1977 (Ref. 47)
Dermis 0.53 3800 2000 (Ref. 44)
Dermis 0.49 3663 2006 (Ref. 32)
Dermis 0.45 1.2 3300 2004 (Ref. 45)
Dermis 0.445 1.116 3680 2008 (Ref. 43)
Dermis (forearm) 0.837 1977 (Ref. 46)
Dermis (in vitro) 0.293 1977 (Ref. 47)
Skin 0.23-0.414 1975 (Ref. 48)
Skin 0.45 1.10x 1077 1998 (Ref. 49)
Skin 0.5 4200 2002 (Ref. 50)
Skin 0.39 1.116 3200 2003 (Ref. 51)
Skin 1.30x 1077 1983 (Ref. 52)
Skin 0.37 1 4180 2000 (Ref. 53)
Skin 0.53 2001 (Ref. 54)
Skin (0.26 mm) 0.4x107 1975 (Ref. 48)
Skin (0.45 mm) 0.6x107 1975 (Ref. 48)
Skin (0.90 mm) 0.85%x107-1.20x1077 1975 (Ref. 48)
Skin (0-2 mm) 0.376 1975 (Ref. 48)
Skin 0.56 1.07 3400 2006 (Ref. 55)
Skin (in vitro) 0.82x107-1.2x1077 2000 (Ref. 56)
Skin (in vitro) 0.21-0.41 0.82x107-1.2x1077 1985 (Ref. 57)
Skin (in vitro) 0.293 1.2 3389 1954 (Ref. 58)
Skin (in vivo) 0.5-2.8 0.4x107-1.6x107 1987 (Ref. 59)
Tissue 1.20x 1077 1985 (Ref. 60)
Tissue 0.44 1.070 3500 1986 (Ref. 61)
Animal

pig epidermis (in vitro) 0.209 1977 (Ref. 47)
pig skin (opaque) 0.414 0.82%x107-0.86x 1077 1975 (Ref. 48)
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Table 4 Thermal relaxation times, 747 for 2.0 um light in both depth and radial direction using pub-

lished constants (s).

Slow thermal diffusivity®

Fast thermal diffusivity®

Ma

(cm™") (cm‘]s) Depth Radial Depth Radial Study
Absorption

21.76P 5.28 5.28 1.32 1.32 Ref. 33
28 3.19 3.19 0.80 0.80 Ref. 30
58.02¢ 0.74 0.74 0.19 0.19 Ref. 33
Turbid

1.75 13.25 121.90 101.70 30.5 254 Ref. 32
48 10 1.10 1.15 0.29 0.29 Ref. 40
82 10 0.42 0.42 0.11 0.11 Ref. 39
%Fast D=4x 10"4 cm?2 s~ from Bowman (Ref. 48) slow D=1.6x 1073 cm?s™! from Chato (Ref. 57);

bepidermis,‘

“dermis.

sequences were collected and sent to a PC (XPS, Dell, Round
Rock, Texas) at a rate of 60 Hz, giving a temporal resolution
of 17 ms per data point. The images were read and analyzed
using Reasercher Pro version 2.8 (FLIR Systems, Weisbaden,
Germany), which offers region of interest and line profile ex-
traction. The camera is sensitive in the spectral range of
7.5 to 13 um. The lens has a minimum focusing distance of
0.3 m, with a quoted spatial resolution of 1.1 mrad of diver-
gence. The thermal camera was positioned in the same loca-
tion for all exposures at one meter from the skin surface,
approximately 30 deg from normal to the skin in the E-W
direction in order to not interfere with the beam delivery arm.
The camera was calibrated by the manufacturer using NIST
traceable blackbody sources.

The model HYP-O thermocouple (Omega Engineering,
Inc., Stamford, Connecticut) consisted of the thermocouple
junction imbedded in the tip of a stainless steel 33-gauge
hypodermic needle. The outer diameter of the needle was
200 pm. The thermocouple response was recorded using iNet
software (Omega Engineering, Inc.). The iNET settings were
150 readings per second, with the noise filter set to exclude
signals over 200 Hz, signal integration time set to 0.001 s,
with 4000 readings collected for 26 s of monitoring. The iNet
system recording was initiated by the same pulse triggering
the laser via connection to the output of the HP model
33120A wave form generator (Hewlett Packard, Palo Alto,
California) with a coaxial T connector. The IPG model TLR-
50-2010 Tm:YAG laser (IPG Photonics, Oxford, Massachu-
setts) fired as the transistor-transistor Logic (TTL) signal
reached its maximum of 5 V, while the iNet was set to begin
collecting data at a TTL signal of 0.5 V in order to measure
the initial temperature of the tissue prior to the laser pulse.
Prior to each exposure session, the thermocouple—iNet system
was self-tested for connectivity, with results stored to disk.
The thermocouple relative accuracy and constancy was veri-
fied three times during the study by immersion into a water
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bath at four different temperatures, ranging from boiling to ice
water. The water temperature was determined by the average
reading of four Barnstead Ever-Safe N16B organic liquid
filled thermometers (Thermo Scientific, Waltham, Massachu-
setts). The thermocouple probe was inserted in the pig skin in
the N-S direction.

Direct heating of the thermocouple probe by the 2.0-um
beam rather than the surrounding tissue, considered a signifi-
cant impact in several laser studies,”* was judged to be
negligible in this experiment for three reasons. First, the ther-
mocouple used was considerably smaller than the one used in
the Manns study. The 33-gauge needle presents a 0.21-mm
diameter as opposed to their 23-gauge needle’s 0.61 mm to
intercept the direct beam fluence. Second, the 2.01-um wave-
length IR of the Tm:YAG laser does not penetrate to the depth
of the needle, as did the 1.06- um beam of Manns’s Nd:YAG
laser.”> For example, consider the difference 1 wm of wave-
length makes in the two beams’ attenuation coefficient in wa-
ter. From Hale and Querry, the coefficients are 69.12 cm™! at
2000 nm but only 0.12 cm™! at 1060-nm wavelength.® Us-
ing these attenuation coefficients, weighted by the water con-
tent of skin,**** the 2.0-m beam is reduced to 19% of origi-
nal intensity by Beer’s law at the 0.3-mm depth of the probe.
In contrast, the Nd:YAG beam in the Manns study would still
be at 95% at the 5-mm distance to their closest thermocouple.
Last, the graphs of skin temperature rise during the laser pulse
recorded with this thermocouple did not exhibit the instanta-
neous temperature jump that has been claimed to be the indi-
cation of direct thermocouple absorption of laser beam
energy.”%

2.2 Skin Samples

Pig skin (Sus Scrofa Domestica) was obtained via an agree-
ment with the professional veterinary program at Colorado
State University. Approval to utilize tissue samples from these
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@ (b)

Fig. 1 Needle insertion into pig skin: (a) successful placement of
probe; (b) needle has resurfaced.

pigs was obtained from the University Institutional Animal
Care and Use Committee. Tissue sample disposal procedures
were approved by the Institutional Biosafety Committee
(IBC) of the Research Integrity and Compliance Office.

Skin samples were excised from the rear flank of pigs
within 24 h of animal euthanasia. Skin excision was per-
formed in the Veterinary Medicine Anatomy Lab. After iden-
tifying a suitable area of skin free of injury or scars, with
uniform pigmentation, the hair was removed with electric
clippers set to the closest setting that would not scratch the
skin. This left hair of approximately 1.5-mm length on the
skin. Skin samples of approximately 100 cm? were taken with
approximately 0.5 cm of fatty tissue thickness. The samples
were maintained at 5°C in airtight containers with 1 ml sa-
line solution to maintain moisture. Skin samples were handled
from the sides and edges to avoid any abrasion or tearing of
the surfaces to be irradiated.

Under optical magnification, a 25-gauge, 5/8-in, hypoder-
mic needle (Becton Dickenson, Franklin Lakes, New Jersey)
was used to pierce the surface of the skin and was directed
parallel to the skin surface. The HYP-0 thermocouple needle
was immediately inserted through the 25-g needle until it ex-
tended 10 mm past the tip. This method proved to be the most
reliable to insert the probe, as the 33-g needle construction of
the thermocouple was too fragile to penetrate the skin by it-
self. The thermocouple insertion is shown in Fig. 1.

Insertion attempts were balanced between the goal of po-
sitioning the probe at shallow depth and the tendency to pen-
etrate the delicate epidermal tissue from the inside [see Fig.
1(b)]. When this occurred, the needle was withdrawn from the
hole and the process begun again 5 mm lateral to the ruptured
hole site. The sample with the thermocouple inserted was then
mounted on the optical translation stage using screws and
rubber washers to clamp down a Petri dish containing the skin
sample.

2.3 lLaser and Optics

The pig skin was irradiated with a commercial 50-W
Tm:YAG fiber laser (IPG Photonics, Oxford, Massachusetts),
producing a 2.01-um wavelength beam. The laser pulse se-
quences were created by two model 33120A 15-MHz digital
wave form generators (Hewlett Packard, Englewood, Colo-
rado) connected in series to control the duration and number
of laser pulses, respectively. A single 10-ms laser pulse was
created by setting the first wave form generator to deliver a
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—1

0 50 100 150 200 250
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Fig. 2 TTL signal laser pulse sequences, with duty factors (DFs) and
pulse repetition frequencies (PRFs) listed.

single 50-Hz square-wave pulse, and offsetting the voltage by
half the amplitude, thereby generating a TTL signal that
served as a trigger for the laser control. The six pulse se-
quences were repetitions of the 10- ms single pulses as trig-
gered by the second wave form generator, which was set to
the desired PRF (see Fig. 2 for illustration of the multipulse
sequence timing). In all sequences, individual 10-ms pulses
were fired within a 250-ms period. The 50-W laser was ad-
justed in power to produce approximately equal total radiant
exposures for each sequence.

The IR laser pulses were aligned to be colinear with a
commercial HeNe laser (Model 05-LLR-811, Melles-Griot,
Carlsbad, California) using a dual-axis adjustable gold mirror
(Model PF20-03-MO1, ThorLabs, Newton, New Jersey) with
average reflectivity greater than 98% from 1 um to 5 um.
This HeNe was selected in part for the low divergence of its
beam at 1.7 mrad in the far field. The HeNe beam was essen-
tial to the laser operator for aiming the beam. The colinear
beams were then directed into a custom optical articulating
arm assembly (Oxid Corp., Farmington Hills, Michigan). This
arm used seven articulating joints with gold mirrors to allow
both the visible and IR beams to be directed to the measure-
ment site safely. The laser and optics are diagrammed
in Fig. 3.

The 2% of the IR beam reflected by the HeNe alignment
mirror was measured and recorded for each exposure of the
pig skin. The IR laser output from the articulating arm was
calibrated to the split beam sample prior to each exposure
session. A total of 21 exposures were simultaneously mea-
sured by both the sampling probe and another probe placed on
the optical stage in place of the skin sample. The beam probes
were PM10 air-cooled thermopile sensors (Coherent, Santa
Clara, California) calibrated by the manufacturer with an un-
certainty of *=1%. The sensors were read by an EPM2000
model meter (Coherent). The meter was also calibrated by the
manufacturer with a stated resolution of £0.03% of full-scale
reading. The beam output and sampling data points covered
laser settings from 30% to 100% power output and were fit to
a straight line with correlation coefficient greater than 0.98
without forcing the intercept to zero. This provided a high

July/August 2010 « Vol. 15(4)



Schaaf and Johnson: Relationships of skin depths and temperatures when varying pulse repetition frequencies...

THYAG EPM2000
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Camera
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Mirror
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Yy
e _’y Sample

Fig. 3 Optics path: IR beam is dashed, red positioning beam is gray.

confidence in the calculated beam energy for each exposure.

The IR beam incident on the pig skin had a Gaussian shape
with a 3.28 mm 1/¢? radius using a pinhole technique® in
both directions. Beam diameter was measured in both direc-
tions on five occasions throughout the study, with a standard
deviation of 0.33 mm between all results. Beam shape was
confirmed to be uniform, circular in the lowest order mode,
and aligned with the HeNe beam using Zap-It thermal paper
(Kentek, Pittsfield, New Hampshire) prior to each measure-
ment session. Exposures were made on the thermal paper
prior to the beam entering the armature and after the beam
exiting the arm at the level of the skin sample. The thermal
paper impressions were then visually compared to previous
sessions’ marks to identify any changes. The thermal paper
exposures were performed using a four-pulse sequence with
the laser set to 50% power to produce reasonable beam pat-
terns both entering and exiting the articulating arm with the
same laser settings.

2.4 Histology

After the laser exposures were completed, the surface of the
pig skin was marked with black ink parallel to the needle
from the insertion point to the end of the probe. The HYP-O
probe was then withdrawn from the sample and from the 25-g
needle. Before the 25-g needle was withdrawn, a 3-cc syringe
containing yellow tissue marking dye (Cancer Diagnostics,
Inc., Birmingham, Michigan) was connected to the Leur-lock
of the needle. As the 25-g needle was withdrawn from the
skin, gentle pressure on the syringe injected the dye into the
cavity evacuated by the needle. This prevented the cavity
from collapsing on itself and rendered it clearly distinguish-
able under a microscope. The pressure on the syringe plunger
was minimal, to prevent the dye from being forced into the
surrounding tissue and expanding or rupturing the cavity. The
sample was then cut down with 2-mm margins around the ink
marks and submerged in the freezing solution, Tissue-Tek
OCT (Sakura Fintek, Torrance, California), as shown
in Fig. 4.

In order to freeze the sample in a known orientation, the
skin was held in place with cotton thread sutured to the edges
deep in the muscle layer of the sample. This was necessary to
prevent sectioning geometry uncertainty. The sample con-
tainer was marked with the needle direction and sample num-
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Fig. 4 Pig skin after exposure during preparation for freezing: (a)
needle insertion marked with ink on left and sample cut out on right;
(b) inked and cut sample in OCT solution in labeled freezing cup on
right, and OCT for unexposed skin on left.

ber. It was then frozen for 24 h at —80°C. The frozen sample
was affixed to a ball joint holder with (OCT) solution and
mounted in the microtome (Bright Instruments, Huntington
UK), as shown in Fig. 5. The sample was aligned perpendicu-
lar to the knife edge and trimmed down until the black ink
markings on the surface, indicating the needle insertion, were
visible. As soon as the black ink was identified, sections of
15-um thickness were cut and mounted on slides. Digital
images were taken of the slides at 4 X magnification on a BH2
microscope (Olympus, Center Valley, Pennsylvania), as
shown in Fig. 6. Depths were measured on the images to the
center of the dye-stained hole using Spot software version
4.09 (Digital Instruments, Inc., Sterling Heights, Michigan).
Measurements from the four distal images showing the probe
cavity were averaged with a maximum standard deviation of a
sample being 0.065 mm at the 0.650-mm depth. The distance
measurement function of the Spot software was calibrated for
the 4X lens with a digital test pattern, Model USAF1951
(Edmund Optics, Barrington, New Jersey).

Fig. 5 Pig skin sample frozen in OCT mounted in the microtome.
Notice the black ink marks visible on the surface (horizontal arrows)
and the large yellow dye spot (vertical arrow) from excessive pressure
on the syringe during needle withdrawal. (Yellow dye from successful
injection yields inadequate contrast to identify in photographs.)
(Color online only.)
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0.500 mm

Fig. 6 Histology image of pigskin showing the dye-marked thermo-
couple probe hole (arrow) and the ink marked surface. (Ink appears
brown in the two valleys on either side of the hole.) (Color online
only.)

2.5 Data Analysis

Temperature for each exposure was measured simultaneously
both at depth and on the surface. The relative temperature rise
per exposure in °C mJ~! mm? was calculated. In the case of
the thermocouple temperature, baseline was taken as the first
data point. The thermal camera was set to take 20 data points
prior to the exposure for background subtraction.

The maximum temperature rise per exposure
(A°C mJ~! mm?) for each pulse sequence was examined with
an analysis of variance (ANOVA) to determine whether any
differences existed between the pulse sequences. The data
were then compared with Fisher’s least significant difference
(LSD) procedure to find which sequences produced a different
temperature rise at the 95% confidence level.

The measured temperatures were then compared to ex-
pected temperatures calculated with an adaptation of the
Green’s function solution to the tissue bioheat differential
equation from Vyas and Rustgi [Eq. (3)].*° As there was no
blood flow in the pigskin samples, the first exponential term
from the published solution is one and is dropped. The second
exponential term from Vyas and Rustgi is also one for these
central axis (r=0) temperatures, and is therefore omitted. For
the multiple-pulse exposures, the calculated temperatures
from the individual pulses were summed at the end of the
pulse sequence. The Vyas solution was chosen over the Gross-
weiner et al.*’ or the Roider et al.? solutions, as it describes
the temperature in both the depth and radial directions with

time:
HE, 1
T(z,t) = —
@ [pr (a2+8Dt)]

X[exp(— w2z + ,uiDt)]erfc( ZD'TL—LDZZ> . 3)
In Eq. (3), m, is the optical absorption coefficient for the
tissue, E, is the energy deposited, p is the tissue density, C is
the specific heat capacity, a is the laser beam 1/e? radius, D is
the tissue thermal diffusivity, z is the depth in tissue, and 7 is
the time. The literature provides a wide range of values for the
thermal constants for skin tissue, as listed in Table 2. The

constants used in this study were as follows: u,
=2.176 mm~! (Ref. 32); p=0.00107 g mm™> (Refs. 55 and
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Fig. 7 Graph of measured temperature rise per exposure at four
depths in pig skin versus duty factor of the pulse sequence.

61); C=3.4J g '°C™! (Ref. 55); D=0.12 mm?s~! (Refs. 40
and 60); and the beam radius a=3.2 mm. These values were
chosen because they fall near the middle of the range of pub-
lished values and the diffusivity value was also used by Vyas
and Rustgi.

3 Results

The temperature of pig skin was measured simultaneously on
the surface and at depth during six different pulsing sequences
of 2.0-um laser exposure. Four measurements of each se-
quence on three different skin samples produced at least 12
data points for each sequence at depths of 300 um, 400 um,
and 650 um. The IR camera provided surface temperature
readings during each irradiation. The measurements produced
repeatable temperature increases per incident exposure with
the maximum  variance of a data group at
0.013 °CmJ~! mm? for the single-pulse (duty factor 0.04)

8]
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@
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&
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Fig. 8 Difference between calculated and measured temperature rise
for exposures used in study. Calculation maximum temperature and
calculated zero depth temperatures are compared to IR camera mea-
surements, while temperatures at depth relate to thermocouple mea-
surements. The depths of the calculated maximum temperatures are
given in Fig. 9.
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Table 5 ANOVA results.

Depth p-value s2

Surface 1.47 %1072 0.00874
300 um 0.000914 0.00875
400 um 0.000852 0.00290
650 um 8.07x 10710 0.00073

surface data. The depth of measurement was determined by
histological examination of the irradiated skin with a maxi-
mum variance of 0.004 mm, attributed to the irregular surface
of skin within a sample. The measurements were compared to
expected temperatures calculated with an analytical expres-
sion.

3.1 Temperature Rise per Exposure—Measured

The temperature rise per H in °C mJ~! mm? was measured at

four depths in pig skin using six different laser pulse patterns.
The measured results, shown in Fig. 7, reveal a different pat-
tern on the surface at low duty factor compared to the mea-
surements below the optical penetration depth. As the duty
factor increases, the temperature rise per exposure levels off.

3.2 Temperature Rise per Exposure—Calculated

The difference between the temperatures calculated using the
Vyas equation for the pulse sequences under consideration
and the corresponding measured temperatures are shown in
Fig. 8. Here, the surface temperature calculated was dramati-
cally less than the measured temperature for all but the single-
pulse sequence. Below the surface, the temperatures calcu-
lated from the model were higher than the measured results.
The calculated temperatures at 0.4-mm depth were
5 to 10 degrees higher than measured. This corresponds to
the measurements at 0.4 mm, being equivalent to the tem-
peratures at 0.65 mm seen in Fig. 7. Calculated temperatures
at 0.65-mm depth matched the measured temperatures rea-
sonably well for all duty factors. The model results gave
maximum temperatures at depths between 90 um and
170 um, as shown in Fig. 9.

180 4
160 4
140 4
120 4
100 4
80 1
60 1

Depthof max T [pm]

40 A
20 A

0

0 01 02 03 04 05 06 07 08 09 1
Duty Factor

Fig. 9 Calculated skin depth of maximum temperature from exposure
to TmYAG laser.

3.3 Statistical Analysis

Comparing the measured temperatures per exposure between
the different pulse sequences, the ANOVA showed that there
were significant differences between pulse sequences at each
depth at the 95% confidence level. A summary of the p-values
and variance within each group are given in Table 5.

The LSD procedure performed for each depth showed that
the differences were between the low duty factor sequences
and the high duty factor sequences. The relations between
sequences are given in Tables 6-9 for depths from surface to
650 um. Within each depth’s table, the italicized results indi-
cate that the two sequences produced insignificantly different
temperature rise per unit exposure to 2.0-um laser irradiation.
The bold values were found to be statistically different from
each other.

The different pulse sequences were found to produce sta-
tistically different temperature rise per total exposure at all
four depths, with p-values less than 0.001 from ANOVA re-
sults. At all depths, the two-pulse, three-pulse, and four-pulse
sequences were equivalent. The 300-um and 400-um depths
produced temperatures that were not significantly different
from the temperature rise produced between adjoining
sequences.

4 Discussion

The temperature rise per exposure on the surface was found to
follow a different trend at low duty factor (single pulse) than

Table 6 Significant difference in temperature per exposure at surface (significant differences in bold;
differences less than Fisher’s LSD, 0.031, in italics).

Pulse sequence 1 pulse 2 pulse 3 pulse 4 pulse 9 pulse 25 (CW)
1 pulse — -0.16 -0.14 -0.13 -0.07 0.04

2 pulse 0.16 — 0.02 0.02 0.09 0.19

3 pulse 0.14 -0.02 — 0.01 0.07 0.18

4 pulse 0.13 -0.02 -0.01 — 0.07 0.17

9 pulse 0.07 -0.09 -0.07 -0.07 — 0.10

25 (CW) -0.04 -0.19 -0.18 -0.17 -0.10 —
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Table 7 Significant difference in temperature per exposure at 0.30 mm (significant differences in bold;
differences less than Fisher’s LSD, 0.054, in italics).

Pulse sequence 1 pulse 2 pulse 3 pulse 4 pulse 9 pulse 25 (CW)
1 pulse — 0.03 0.06 0.07 0.12 0.15

2 pulse -0.03 — 0.03 0.05 0.09 0.12
3 pulse -0.06 -0.03 — 0.01 0.06 0.09
4 pulse -0.07 -0.05 -0.01 — 0.05 0.08
9 pulse -0.12 -0.09 -0.06 -0.05 — 0.03
25 (CW) -0.15 -0.12 -0.09 -0.08 -0.03 —

the temperatures measured at depths below the surface. The
measurements below the surface represent direct heating as
well as heat flow from tissue above. The increase in tempera-
ture appears to rise as the duty factor increases for depths
below the surface. In contrast, from the IR camera measure-
ments, this trend does not hold for the single-pulse (low duty
factor) sequence on the surface.

However, as seen in Fig. 8, the calculated temperatures
using the Vyas model demonstrate that the model was very
good at predicting temperature for 650-um depth for all duty
factors from one pulse up to CW. The model’s predicted tem-
peratures were 5° to 10°C high for the 400-um depth for all
duty factors, with the largest difference at the medium duty
factor of 0.16. The linear superposition of multiple pulses
exaggerated the model’s difference from measured tempera-
ture. At a 300-um depth in skin, the calculations were within
1° for duty factors of 0.16 and higher, but increasingly di-
verged to 7°C from measurements at lower duty factors. This
was unexpected from this model, which was originally vali-
dated with microsecond pulse widths.

The Vyas model did not predict surface temperatures well.
At shallow depths, either exact skin surface (z=0 um) or at
the depths of calculated maximum temperatures, the model
underestimated temperature rise. The Vyas model was best at
predicting temperatures for the smallest duty factor (0.04).
The predicted temperatures fell significantly below measured
temperatures by approximately 5 to 7°C for the middle duty

factors (0.08 to 0.16). As the duty factor increased to 0.36 and
above, the model underestimated the temperatures by 10°C.
At the calculated air-skin interface (z=0 um), the predicted
temperatures were 6 °C lower, while following the same pat-
tern with duty factor. The agreement of measurements to cal-
culated temperatures near, but not at, the air—skin interface
indicated that the IR camera’s microbolometer is responding
to IR emitted by a region below the skin surface. The Vyas
model produced maximum temperatures at increasing depths
between 90 um and 170 um, as seen in Fig. 9. The disagree-
ment between the model and the measurements becomes
larger as the maximum temperature occurs deeper in the skin.
This discrepancy is most significant because it occurs in the
region of the basal layer of the epidermis in human skin.
The analysis of measured temperature rise per exposure
between pulse sequences of different duty factors showed a
significant difference between some of the sequences, but not
the same ones at different depths. For the surface and
650-um depths of Tables 4 and 7, the measured rise per ex-
posure was found to be statistically different between any
combination two sequences, including one with a duty factor
of 0.04 or above 0.36. The single-pulse, the nine-pulse, and
the CW irradiations were different from any other sequence.
At 300-um and 400-um depths in Tables 5 and 6, the single-
pulse sequence was equivalent to the double-pulse sequence,
but different from all higher duty factors. The 300-um and

Table 8 Significant difference in temperature per exposure at 0.40 mm (significant differences in bold;
differences less than Fisher’s LSD, 0.031, in italics).

Pulse squence 1 pulse 2 pulse 3 pulse 4 pulse 9 pulse 25 (CW)
1 pulse — 0.01 0.03 0.04 0.05 0.09

2 pulse -0.01 — 0.02 0.03 0.05 0.08

3 pulse -0.03 -0.02 — 0.01 0.02 0.06

4 pulse -0.04 -0.03 -0.01 — 0.02 0.05

9 pulse -0.05 -0.05 -0.02 -0.02 — 0.03

25 (CW) -0.09 -0.08 -0.06 -0.05 -0.03 —
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Table 9 Significant difference in temperature per exposure at 0.65 mm (significant differences in bold;

differences less than Fisher’s LSD, 0.015, in italics).

Pulse sequence Tpuse  2pulse  3pulse  4pulse  9pulse 25 (CW)
1 pulse — 0.03 0.04 0.04 0.06 0.09
2 pulse -0.03 - 0.00 0.01 0.03 0.05
3 pulse -0.04 0.00 — 0.00 0.03 0.05
4 pulse -0.04 -0.01 0.00 — 0.02 0.04
9 pulse -0.06 -0.03 -0.03 -0.02 — 0.02
25 (CW) -0.09 -0.05 -0.05 -0.04 -0.02 —

400-um depths were unique in the temperature rise per ex-
posure relations between sequences of higher duty factor. At
300-pum depth, a sequence with duty factor of 0.36 was
equivalent to both a CW irradiation and a pulse sequence with
duty factor of 0.16. At 400-um depth, a sequence with duty
factor of 0.36 was different from the CW irradiation but
equivalent to both a 0.16 and 0.12 duty factor sequence.
Therefore, while there were several combinations of pulse
sequence, duty factors producing equivalent temperature rise
per radiant energy, only the nine-pulse sequence with duty
factor 0.36 heated the tissue the same as a CW beam at
300 wm. At all depths then, the pulsed beams produced lower
temperatures per radiant exposure than did the CW beam for
equivalent energy input.

The maximum temperatures measured at the 400-um and
650-um depths were virtually the same for all duty factors,
all within one standard deviation. By a simple Beer’s law
calculation, there is at least an order of magnitude difference
in incident beam energy at these two depths. Chen’s attenua-
tion coefficient of 21.76 cm™! gives the closest beam intensi-
ties at depths of 400 wm and 650 wm from among the vari-
ous attenuation coefficient values from Table 1. This
attenuation coefficient used in Vyas’s model also predicted
temperatures closest to the measurements. Therefore, there
appears to be rapid heat transfer in the axial direction to bring
the deeper measurements to the same maximum temperature.
However, the significant differences between pulse sequences
of 0.36 duty factor at 650 um that are not found at 400 um
indicate that the heat flows fast enough to distinguish each
separate pulse at duty factors between 0.04 and 0.36. The
differences in temperature normalized to radiant energy indi-
cate that the assumption of linear superposition of successive
pulses does not represent the thermal dynamics of pulsed ir-
radiation of skin for pulse sequences with duty factors be-
tween 0.04 and 0.36 at depths from the surface to 650 um,
roughly the middle of the dermis. The ANSI Z136.1 limit of
radiant exposure for 250-ms pulse sequences of 2.0-um IR is
MPE=0.56 X 0.250°2°=0.396 J cm~2, which is roughly 10
times less than the maximum exposure of 3.17 J cm™2 deliv-
ered in this study. It is worth noting that while the exposures
delivered in this study were very close to the EDs, levels of
Chen et al.’ for in vivo pig skin (3.6 Jcm™2 and 2.9 J cm™
for beams of radii of 2.4 mm and 4.8 mm, respectively), no
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reddening of the ex vivo skin was observed. Furthermore, the
maximum absolute temperature increase recorded was
36.2°C from the IR camera surface measurement of an expo-
sure sequence with 0.16 duty factor. The maximum tempera-
ture increase for any one exposure beneath the surface was
20.7°C above background for a 0.16 duty factor sequence at
300-um depth. This increase is over twice Moncrief’s “brief”
temperature tolerated by skin, yet even with no vascular heat
removal, no damage was observed visually or on the histology
slides. Therefore, the ANSI Z136.1 limitations for skin expo-
sure are shown to be inherently conservative, as they do not
apply the Rule 3 correction factor based on number of pulses
to skin. However, a correction factor based on pulse sequence
duty factor may be appropriate in this region of the far infra-
red.

The differences in temperature rise per unit exposure be-
tween the pulse sequences can be explained by significant
heat conduction during the pulses. Therefore, the common
assumption of thermal confinement may need to be experi-
mentally verified.
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