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Threshold Damage of In Vivo Porcine Skin
at 2000 nm Laser Irradiation
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A series of experiments were conducted in vivo on female Yucatan mini-pigs to determine the EDs, damage thresholds
for 2000 nm continuous wave laser irradiation. These results provide new information for refinement of Maximum
Permissible Exposure (MPE). The study employed Gaussian laser beam exposures with spot diameters (1/¢?) of 4.83
mm, 9.65 mm and 14.65 mm and exposure durations of 0.25 s, 0.5 s, 1.0 s and 2.5 seconds as a function of laser power.
The effect of each irradiation was evaluated within one minute after irradiation and the final determination was made at
48 hours post exposure. Probit analysis was conducted to estimate the dose for 50% probability of laser-induced damage
(EDsq) defined as persistent redness at the site of irradiation for the mini-pig skin after 48 hours. Histopathologic
procedures were used to determine the mechanisms of the laser effects in the skin and map the extent and seventy of the
lesions. The thresholds study shows that consideration for lowering the current Maximum Permissible Exposure (MPE)
limits should be explored as the laser beam diameter becomes larger than 3.5 mm. Based on the limited expenimental
data, the duration and size dependences of the EDs, damage thresholds could be described by an empirical equation:
Irradiance at the threshold[J/em’] = (5.669 — 1.81 X spot diameter{cm]) X exposure duration[s] *™**.

Key words: Gaussian laser irradiation; laser injury; laser safety; Maximum Permissible Exposure (MPE); skin damage;

visible lesion; Yucatan mini-pig

1 INTRODUCTION
Laser systems operating in the wavelength around 2000 nm are in widespread use in military, medical, and industrial
applications. Being relatively new to the medical fields, the Q switch and long pulse Ho:YAG lasers (A=2.1 um) are
principally used to precisely ablate bone and cartilage, with many applications in orthopedics for arthroscopy [1-3],
urology for lithotripsy (removal of kidney stones) [4-6], otolaryngology for endoscopic sinus surgery [7-9], and spine
surgery for endoscopic disc removal [10]. With the recent development of continuous-wave systems at 2000 nm, it may
be necessary to evaluate the need to refine the existing laser safety limiting exposure limits for these systems.
Maximum Permissible Exposure (MPE) is the level of radiation to which a person may be exposed without hazardous
effect or adverse biological changes in the eyes and skin [11]. The MPEs for various wavelengths and pulse widths are
defined by the American National Standards Institute (ANSI). This determination is done by the experts on the
bioeffects subcommittee upon evaluation of minimum visible lesion threshold data, modeling and understanding of the
mechanisms for damage. The ANSI Z136.1-2000, American National Standard for Safe Use of Lasers [11] for skin at
wavelengths between 1.8 pm and 2.6 um and laser exposures from 1.0 ms to 10.0 s (see Table 1) is based on very little
experimental data [12,13]. In this wavelength regime, the limited expeniments have investigated cornea epithelial
damage thresholds for exposure duration less than 0.25 s and laser spot size smaller than 1.8 mm.
TABLE 1. Maximum Permissible Exposure (MPE) for Skin Exposure to a Laser Beam (From ANSI Z136.1-
2000)[11]
Wavelength(um) Exposure Duration, 7 (s) MPE (J cm™) Limit Aperture Diameter (mm)
1.800 to 2.600 10~ to 10 0.56 £ 3.5
t is the laser exposure duration.

Studies on laser safety evaluate the MPE of the eye and the skin to laser irradiations. It is typically a factor of ten below
the EDso damage threshold [14]. Exposure to levels at the published MPE values for the eye and skin may be
“uncomfortable” [11]. Thus, it is good practice to maintain exposure levels sufficiently below the MPE to avoid
discomfort [11]. In an effort to provide additional data for 2000 nm laser safety standards, a series of experiments and
tests were conducted on Yucatan mini-pigs to determine various parameters that inflict threshold damage on skin at
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2000 nm for large spot sizes (5 mm ~ 15 mm). Thresholds were determined in terms of the minimum visible lesion for
exposure durations from 0.25 second to 2.5 seconds.

The formation of thermally induced lesions in skin is a temperature-time rate process that is associated with the thermal
denaturation of proteins [15]. The process begins with the local absorption of laser light in skin that is converted to heat.
The localized heat source S [W/cm®] at position r(X,y,z) and time ¢ is a function of the local wavelength dependent
absorption coefficient z,[1/cm] of the laser light

S(r,0) = p,(r)g(r,1), (1)

where @(7,?) [W/cm?] is the fluence rate at position r(x,y,z) and time ¢ The primary absorbers, chromophores, for

visible light and near IR radiation in skin are blood and melanin in the pigment epithelium. At 2000 nm, water becomes
the primary chromophore. Temperature T{r,) resulting from the absorbed laser light is governed by heat generation,
storage, diffusion and perhaps blood perfusion for long laser exposures. The actual pattern of light absorption is
governed by light scattering at visible and near IR wavelengths; However at wavelength above 1.4 um where scattering

is insignificant, light propagation can be described by Beer’s law. When 2, (r) = 4,

S(r,l)=ya(l—r;)E(x,y,l)e'”'z, (2
where E(x, y,t) [W/cm?] is the irradiance and 7, is the specular reflectance from the skin surface[16].
by

The animal model that best represents black human skin is the Yucatan mini-pig. [t is anatomically similar to all human
skin than the commonly used Yorkshire model [17]. The skin of the Yucatan mini-pig has less hair and increased
density of melanin granules relative to the Yorkshire pig. The Yucatan mini-pig has dark skin color and statistically, the
flank skin thickness is approximately close to that of human face, arm, and neck skin, which have high probability of
accidental exposure. By using this model, the properties of the human skin can be more closely approximated to gain a
better understanding of human laser-tissue interaction for the wavelength of interest.

2 MATERIAL AND METHODS
Animal Preparation
The animal use protocol was approved by the Institutional Animal Care and Use Committee at the University of Texas
at Austin. Six female Yucatan mini-pigs, weighing between 24.3 to 34.8 kg, were used in this study. Before beginning
each of the experiments, the mini-pig was anesthetized initially with IM Telazol-Ketamine-Xylazine(TKX) and
intubated. Isoflurane (1~3%) was administered for anesthesia maintenance throughout the procedure by a certified
registered laboratory animal technologist. Heart rate, SpO, and respiration were monitored throughout the experiment.
In addition, Rimadyl (Carprofen) was given at the end of procedure to alleviate possible post surgical pain. After the
mini-pig was anesthetized, its hair was removed using Nair® depilatory. Nair® was removed five minutes after
application and the mini-pig skin was bathed with Betadine and then water. The mini-pig was marked with a metallic-
silver permanent marker to make grids for identification and location of the numerous irradiation sites. The dimensions
of the grids depended upon the laser spot size.
Experimental Setup
A rack mountable fiber optic CW laser (IPG Photonics Corporation) with a maximum 20 W output at a wavelength
2000 nm was used to create an array of irradiations. The output power was adjusted by changing the current on the front
panel display. A power meter EPM2000 (Molectron Detector Inc., Portland, OR) with air-cooled power meter probes
PM30 or PM150 (Molectron Detector Inc., Portland,
Optical fiber OR) was used to measure the output power
corresponding to each current setting. Telescopes were
2um laser employed to generate a collimated laser beam with
desired spot diameters. A pulse generator (DGS35,

. Tistescons Stanford Research Systems) was used to trigger laser

W output and control the exposure durations. The pulse

i generator also triggered a function generator (HP

s 8 k IR mirror 33120A, Hewlett-Packard Company), which controlled

8 i the imaging rate of an IR array detector thermal camera
Emg Pig skin (Phoenix™ DAS camera system, Indigo, CA). The IR

. o g camera began capturing infrared images 0.1 second
Fig. 1. Laser irradiation system with an IR camera. before the laser irradiation on the mini-pig skin, and
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continued recording for 4 ~ 9 seconds after the laser was
turned off. The IR camera imaging rate was set at 100 frames
per second. The measurement system was arranged as
depicted in Figure 1. Temperature calibration for the IR
camera was done by using a blackbody heat source after laser
irradiations on pig skin. The telescope and IR mirror were
both mounted on the IR camera to ensure all burn sites were
located at a fixed distance from the laser for the same spot
size.
Three different laser spot sizes were produced by various
telescopes. The laser beam profiles were measured using the
knife-edge method [18] before conducting the mini-pig
experiment, and were confirmed by spatial IR imaging on
1420 0.00 (mm) skin for a 30 ms laser irradiation. The light 1/e penetration
X Axis T 1894 depth of skin at 2000 nm was approximately 200 pum and the
(mm) associated characteristic thermal diffusion time for a large
Fig. 2 Skin surface temperature distribution spot diameter was about 300 ms. Compared to the
atier 30 fits Bepe irre B ton, characteristic diffusion time of skin, heat conduction within
the 30 ms pulse duration was quite small and insignificant.

Surface Temperature Distribution

Temperature(C)

19.88
13.26

T R < 3 Y Axis

i T 7ememme |  The temperature rise was directly proportional to the
g E Minor Axis f‘\ - cwssanFt | jrradiance [W/cm?) for the case of no heat transfer during the
i laser pulse. Therefore, the measured surface temperature
£ it distribution (Fig. 2) obtained from a thermal camera

R AT e o i e g represented the spatial intensity profile of the nominally
- Gaussian shape laser beam with 1/e? diameters of about 5
e s | om The spatial profile was elliptic rather than circular,

| —— Gaussian Fit
deviating in radius by about 10% along the major and minor
axes. The radial profiles along the two axes of the elliptic
2 5 1 4 6 8 to% w6 w o 2 laser beam (see Fig.3) were essentially Gaussian in shape
Fig. 3 Surface tex;;f)neb;'gﬁnl)re Setibation with 1/e* diameter 5.1'(‘) mm and 4.66 mm. The arithmetic
along major and minor axes after 30 ms average of the two radii was 4.88 mm which was very clqse
. to the knife-edge measurement value 4.83 mm. The spatial
profiles of two larger laser beam sizes created with various
telescopes were measured by using spatial IR imaging as
well as knife-edge method. The diameters values of 9.65 mm and 14.65 mm measured by knife-edge method were close
to measurement values 10.08 mm and 13.84 mm derived from IR imaging respectively deviating by about 5%. The
differences of these two methods were due to the elliptic rather than circular spatial profile assumed by the knife-edge
measurement and by slight curvature of the mini-pig skin surface.
Experimental Procedures
Radiant exposures were made at specified exposure durations of 0.25 sec, 0.5 sec, 1 sec, and 2.5 seconds for spot
diameters of 4.83 mm, 9.65 mm, and 14.65 mm. The number of irradiations for each of the 12 spot size-exposure
conditions was 19 ~ 37 with an average of 27 per condition. The variation in laser power provided sufficient data points
for probit analysis of damage/no damage response as a function of power. Forty-eight hours after laser irradiation, the
size and type of lesions were observed and photographed by a digital camera (C-3040, Olympus Optical Co., Ltd.,
Japan) in order to find the EDs, damage threshold for the spot size-exposure conditions.
Tissue Specimens Preparation
Forty-eight hours after irradiation, mini-pigs were euthanized. Tissue specimens of each lesion were taken and fixed in
10% neutral buffered formalin, embedded with paraffin, sectioned and stained with hematoxylin and eosin (H&E).
Serial consecutive sections were cut through the sample blocks to locate the center of the thermal lesion at the
microscopic level and determine the maximum diameter of the lesion in skin.

Temp. Rise ('C)

losnwanave -

3 RESULTS

EDs; Damage Threshold Determination
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To determine different degrees of damage and to choose a reliable and reproducible threshold of minimal visual laser-
induced damage, a pilot study was conducted on a Yucatan mini-pig to generate damages from no visible lesion to
tissue ablation and charring. Based on the 48-hours post exposure reading, we defined the threshold thermal damage as
grossly apparent persistent redness of the skin at the irradiation site at 48 hours. This kind of lesion was characterized as
second-degree burn. Lesions around persistent redness threshold initially appeared as red, flat spots on the skin at the
site of irradiation. Most of the lesions appeared instantly within 1 min of the onset of laser irradiation on the skin. At
some specific power level near the estimated persistent redness threshold, redness developed on the skin several
minutes after the laser irradiation took place and persisted in the 48-hours post reading. Moreover, several instant red
spots recorded immediately after irradiations were not observed at the 48-hours post reading,

More severe damage included epidermal roughening, blistering and whitening coagulation of the underlying dermis.
Based on visible skin damage/no damage (i.e. persistent redness), probit analysis was used to determine the EDs;
damage threshold. Probit analysis [19, 20] provided a statistically-estimated dose for 50% probability of minimal visual
laser-induced damage (EDs) for the mini-pig skin. Data points (damage/no damage for each condition) were entered
into the probit statistical analysis package (Lund, B., Probit Fit Dose-Response Data Analysis Program, Version 1.02,
U.S. Army Medical Research and Material Command, Hazards Research Branch) and the EDs, was calculated along
with fiducial limits at the 95% confidence level.

In order to truly evaluate laser damage thresholds, average irradiance [W/cm?] or radiant exposure [J/cm?] reported in
this paper was calculated as the applied laser power or energy divided by the 1/e* spot area rather than 1/e spot area
which is used in the laser safety classification. In fact, the peak irradiance or radiant exposure for our near Gaussian
profile was twice the average value. Peak values were not reported.

Probit analyses [19,20] were conducted to estimate EDs; thresholds according to two different end points of thermal
lesions, 1) instant redness observed on skin within 1 min after laser irradiation and 2) persistent redness at the site 48 hrs
after irradiation.

The laser power for EDs, thresholds at 1 min and 48-hours post exposure readings are compared in Table 2. Standard
deviation { 0 ) was derived from the probit fit curve by the definition:

0 = (EDgq- EDy¢)/2, 3)
where EDjgq represented the dose for 84% probability of laser-induced damage, and similarly for EDy. At some
irradiation conditions, direct estimations were made without using probit analysis, because the data was quite consistent
and there was insufficient scatter for the probit program. In other words, there was consistently damage or no damage
above or below a specific exposure level (Py, and Py, respectively). In these limited cases, the EDso value was estimated
as the middle point between the lowest value consistent damage (P;) and largest value of no damage (P,,). The
standard deviation of EDsq value was equal to 32% of the border width (Py,- Py,).

Even though the Yucatan mini-pig skin best represents human skin, the dark pigmentation of the skin hindered the
visual determination of threshold damage, and therefore could have contributed to inflation in the EDsp value due to
observational threshold differences. Other experimental uncertainties are mainly from the power measurements. The air-
cooled power meter probes PM30 and PM150 have 3% uncertainties, and the power meter EPM2000 has 1% read-out
error. However, these instrumental errors are relatively small to the uncertainty from visual damage determination.
TABLE 2. The EDs, Power and Standard Deviation at Damage Thresholds Defined as Instant Redness within
One Minute or Persistent Redness after 48 hours.

i 483 9.65 14.65
(mm)
, It (W) | RensBinb(W) | oo | Dectetem i) | HuctowW) | Bessismnec
Duration(s

0.25 2121092 | 2621028 | 7.73%0.62 | 846X 1.04 | 11.79F1.55 | 16.09L0.43
0.5 1.72%038 | 1.49%0.48 | 2.93£2.18 | 494027 | 7.51%0.42 | 8.46%0.80

1.0 0.71£0.23 | 093£0.29* | 2.11£0.02 | 2.88%£0.35* | 3.98%£0.90 | 5.02%1.06

25 0231008 | 041012 | 1322009 | 1.41F0.11* | 208%033 | 2.46%030

* . Thresholds of instant redness by observation within 1 min.

** : Thresholds of apparent persistent redness of the skin visible at 48 hours after irrdiation.

Estimated without using probit fit.
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Microscopic Observations of Skin
al

Fig. 5 The gross pictures of mini-pig skin surface 48 hours a ir corresponding microscopic
biopsies (H&E stain. Mag. 20X). al,2: no irradiation. bl,2: exposure power around instant redness threshold. cl1,2:
exposure power at persistent redness threshold. In b2 note: Focal hyperkeratosis (1). In c2 note: Vascular dilation and
thrombosis in dermal blood vessels (2), Regenerated epidermis cells (3), transmural necrosis of epidermis (4), and
perivascular inflammation (5).

A gross image of persistent redness is showed in Fig.5:c]l. Thermal lesion formed flat red papules concomitantly with
the shrinking of the epidermis at the center of irradiation sites. The microscopic image of injury is illustrated in
Fig.5:c2. There was coagulative necrosis of varying depth at the burn site with loss of epidermis covering some of the
more severe burns. The pattern of necrosis was roughly the shape of a flattened cone. Epidermis cells had pyknotic or
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shrunken dense nuclei or occasionally fragmented nuclei. Regenerated epidermis cells formed underneath the dead
epidermis cells at the lesion boundary. In dermis, some cellular elements were more sensitive to injury than others.
They were necrotic at a greater depth than resistant tissues. Thus there was no sharp edge to the bumn lesion. The blood
vessel endothelium and supporting tissue were more sensitive than other tissues. The vascular dilatation and thrombosis
in dermal blood vessels was observed while perivascular inflammation happened in deeper blood vessels.

4 DISCUSSION
The laser powers for EDs, thresholds for instant and persistent redness at the sites of irradiation are compared in Table
2. Overall the laser powers for instant redness thresholds were lower than persistent redness thresholds. The gross
observation also found that: At some sites irradiated with powers around the instant redness thresholds, redness
developed on the skin right after the irradiation but gradually disappeared after several hours.
Histologically, the instant and persistent redness observed on the skin suggests different damage mechanisms. The laser
induced temperature rise in the skin results in the dilation of the blood vessel and increasing numbers of open vessels in
the dermis. Increased blood perfusion transfers more heat out of the high temperature region to cool the skin to normal
temperature.
Instant redness due to hyperhemia was a reversible injury, and the skin with instant redness reverted to its normal state
after a few hours without any persistent damage. The H&E stained biopsies of skins where redness appeared right after
irradiation with no redness after 48 hours did not present any evidence of persistent injury (Fig.5:bl and b2). At some
higher input power, temperature increased to some critical point where the irreversible redness damage was generated.
In other words, persistent redness observed 48 hours after irradiation represented more serious thermal injury to the
skin. At persistent redness thresholds, 2000 nm wavelength laser irradiation produced death and necrosis of the
epidermis cells and thermal damage to blood vessels leading to a complex series of physiological vascular responses to
heating including 1) hemostasis (blood flow stasis), 2) thrombosis and 3) vascular dilatation (Fig.5:cl and c2). Cells in
the upper dermis shrunk and some inflammatory cells were necrotized. The collagen bundles below the epidermis were
swollen but there was no change in birefringence image intensity, a sign of heat induced collagen protein denaturation.
[21]
It is usually assumed that infrared radiations at wavelengths above 1.4 um are absorbed in a thin surface layer of the
skin, thereby heating the tissue, and inducing an injury as the temperature increases. The conversion of radiant energy to
thermal energy can produce damage which can be predicted using the standard rate process model:

B e
(= jAe RTGW) gy )
0

where Q) is a dimensionless damage parameter, 7 is the exposure time, 4 is the pre-exponential frequency factor, E
is an energy barrier molecules surmount in changing from native state to denatured, R is the gas constant and T is the

temperature [15]. The damage parameter € indicates the serious level of thermal injury on the skin, and, in this
experiment, is set to be 1 for a second degree bumn indicated by a persistent red papule at 48 hours.

The ANSI standard of MPE for skin exposure to 2000 nm laser and the experimental results of average energy fluence
at EDs; damage threshold at various durations and beam sizes are compared in Table 3. Since the MPE level is
established for a limiting aperture of 3.5 mm at this wavelength and these exposure durations, the larger spot sizes of
our experiment provided additional data for the specification of safety standards for large spots. Table 3 displays the
threshold energy divided by the laser spot area. The EDjs, values for the four exposure times are slightly less than 10
times the corresponding MPEs but not inconsistent considering the inversely proportional size-dependence of EDsg
values. Based on the experimental data, we can predict that the average energy fluence at EDs, damage thresholds for
3.5 mm diameter laser is about ten times larger than MPE standard. Secondly, over the range of exposures, the MPE is
larger than one tenth of the damage threshold. It means this MPE standard must be considered carefully and could be
decreased as the beam diameter becomes larger than 3.5 mm. In conclusion, this experiment supports the need to reduce
the MPE standard for NIR laser beams with 5 mm ~ 15 mm diameter.
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TABLE 3. The Average Radiant Exposure [J/cm?] at ED<, Damage Thresholds

lameter 35
(mm) 4.83 9.65 14.65 (MPE from
Duration(s ey
0.25 3572038 Jem? | 2.89%036Vem? | 2.39£0.06 J/em? | 0.396 Jem?
0.5 407E131 Vem?® | 3.38%0.18 Vem? | 2.51%0.24 Jyem® | 0471 Jem®
1.0 5.08% 1.58 J/em? | 3.94%048 Jem? | 2.98%0.63 J/em® | 0.560 J/em®
2.5 5.59%1.64 J/em? | 4.82%038 Jem® | 3.65%0.44 J/em? | 0.704 Jem®

One thing to be noted is that the laser beam diameter for non uniform beam profile are typically quoted at 1/e rather
than /e’ to give more conservative radiant exposures to compare to published MPE values in the laser safety
classification. The radiant exposure based on 1/e diameter is just twice as large as the 1/e?diameter radiant exposure,
and indicates the peak radiant exposure for Gaussian shape laser beam. Although l/e diameter is a conservative
estimation of the laser hazard classification, 1/e? diameter must be used to truly evaluate laser damage thresholds which
require average irradiance. .

The average irradiance and exposure duration at EDs; damage threshold was investigated based on the power law
relation postulated by Stoll and Greene in 1959 [22]. They investigated the relationship between pain and tissue damage
due to white light irradiation using three human subjects. Based on the data they acquired a simple irradiance-time
power law:

BEAT T, %)
was found, where A and B are positive constants, E is the irradiance at the threshold and r is the exposure duration.
Figure 6 clearly shows that the irradiance-time power law can precisely describe our experimental results of irradiance
at EDsy damage thresholds. Although coefficient A varies with respect to beam size, the power coefficient B is constant
around 0.8, which is close to the Stoll’s finding-----B=0.74 for thresholds of pain with buming. For a spot diameter
around 15 mm, which is used in Stoll’s experiment as well, the power law for laser induced lesion is given by E = (3.07
W/em?)r ©#. This is close to Stoll’s finding when the skin tissue was irradiated by a white light projection lamp
yielding an irradiance-time power law of E = (2.82 W/cm?) 1074, Power law coefficient A for various spot diameters are
examined in Figure 7. A least square linear fit indicates there is a simple relationship between coefficient 4 and spot
diameter d(cm) ------ A =5.669 -1.81d (Fig. 7). In conclusion, the irradiation at the EDs, damage threshold could be
predicted by this empirical equation E = (5.669 — 1.81d)r ** (W/cm?). Recalling the MPE standard and that the
standard is a factor of ten lower than threshold, the MPE radiant exposure is H = 0.56/* (J/cm®). For spot diameter
equals 0.35 cm, the empirical power law gives a close estimation H = 0.50/>* (J/cm?) (define the MPE radiant
exposure as one tenth of the radiant exposure at the EDso damage threshold.). For a¢=1.465 c¢m, the MPE radiant
exposure from our estimation should be 0.302/°?% (J/cm?). Although the empirical equation E = (5.669 — 1.81d)t *™
(W/cm?) fits our threshold results quite well, it is obviously not suitable for much smaller or larger spot sizes. For spot
diameters much larger than 15 mm, the irradiance at threshold should be independent of the spot size. On the other
hand, for smaller spot diameters much less than 5 mm, the threshold irradiance will increase faster than this linear
prediction [23,24]. For instance, McCally ef al. [13] measured the comea epithelial damage thresholds for 0.235 s

exposure and
133 mm 1/’

Beam Dameter 5.0 .
4 83(mm) i 9.85(mm)  14.85(mm) o spot diameter at
- A a7 3987 3.004 81
. §\ 8 a7 0778 0808 464 wavelength 2.02
) N 44] * cosfficient A um. The
?E, AN NS 3 421 Heac e measured
AN £ a0] ;
8 R T € 33] 3 threshold radiant
g Beam Danete AN 8 261 exposure  was
.83m ™ g™ o
E | 0 s.65mm T E o 344 8.46 J/em?
A 1485 ~ 2] : e
R o :Z 3 which is higher
. 28 . . ] . . g than the
o1 ' 04 06 08 10 12 14 18 predicted value

’ Exposure Time (s) " . . Beam Diameter (cm) |
Fig. 6. The least square fit line of exposure time Fig. 7. Coefficient A for various diameters

and irradiance, E;=A ¢ (d(cm)). Linear fit shows A = 5.669 — 1.81d

403 J/cm?® from
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our linear empirical equation.

5 CONCLUSION

We have measured the minimum visible lesion thresholds in Yucatan mini-pig skin for three different laser spot sizes at
four various pulse durations. For a CW 2000 nm wavelength laser, the irradiance exposure-time power-law has been
evaluated based on the experimental results of the average irradiance values at the thresholds. It shows that the average
irradiance at the EDs, damage threshold has a simple power law relation to exposure time E = (5.669 —1.81d)r "™
(W/cm®). This simple empirical equation reveals the duration and size dependences of the EDs, damage thresholds. For
Gaussian shape laser irradiation, which is common in many laser medical applications, lower energy is needed to
generate a lesion on skin for smaller spot sizes and shorter exposure durations. On the other hand, the average radiant
exposure at threshold is inversely proportional to spot size. These effects occur due to the Gaussian shape of the laser
beam and the heat transfer during irradiation.

We calculate the MPE from ANSI standards for 2000 nm wavelength at the exposure duration used in the experiments
and conclude that the MPE standard is reasonable for the original 3.5mm spot diameter, but larger than necessary for
4.83 mm, 9.65 mm and 14.65 mm spot sizes and exposure durations of 0.25 second and longer. For our criterion of
damage, the MPEs are bigger than one tenth of EDsy damage thresholds, therefore the MPE standard should be
considered carefully and could be decreased as the laser beam diameter becomes larger than 3.5 mm.
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