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ABSTRACT
SKIN LESION THRESHOLD VALUES FOR LASER RADIATION
AS COMPARED WiTH SAFETY STANDARDS

OBJECTIVE

To compare and evaluate skin injury threshold values with guideline values suggested for safe laser
exposure leveis.

EXPERIMENTATION

The open literature was reviewed and studies containing skin injury threshold vaiues that were
considered pertinent towards establishing acceptable acute laser exposure levels for skin are briefly
summarized. Threshold lesion values for both human and animal skin are discussed and compared with
guideline values suggested for safe exposure levels.

RESULTS AND CONCLUSIONS
Variations in suggested guideline values illustrate current differences in opinion as tc what is

considered a safe level for skin exposure. In most cases, laser exposure threshold ievels should be further
examined and guidelines established for lasers operating at different wavelengths with different time modes.




SKiM L.ESION THRESHOLD VALUES FOR LASER RADIATION
AS COMPARED WITH SAFETY STANDARDS

INTRODUCTION

The large ameunt of skin surface makes this body tissue readily available to accidental and repeated
exposures of laser radiatini. Because laser radiation has to be absorbed to produce an effect, any injury
produced will depend upon various physical properties of the radiation and of the skin and upcn the size of
the area exposed. Most laser safety programs include minimal radiation levels for skin exposure, but the
values suggested are generally those considered to be non-hazardous under we-  case conditiuns and are
not based upon experimental evidence.

Because most concern regarding iaser hazards has been with ocuiar damage and ocular protection, skin
exposure data have been meager and have dealt mostly with catastrophic types of damage. Included in the
literature, however, are data, although very limited, concerning chronic eftects (1) and a few skin studies in
which acute injury threshold values are given (2-4). Only the results considered pertinent towards
establishing acceptable acute radiation levels for skin exposure are briefly summarized below. The injury
thresnoid values reported are discussed and compared with guideline values suggested for safe exposure
levels.

EXPERIMENTATION
Animal Exposure Data*

Results of a study by Kuhns, Hayes, Stein and Helwig (2) to establish threshold doses of injury from
non-Q-switched ruby laser radiation (2 millisecond pulses) are shown in Table 1. Swine of various
pigmentation (Chester Whites, Hampshires, Durocs and miniature pigs) weighing between 10 and 100 kg
{22-220 pounds) were used. The back and flanks of the animals were exposed through apertures of 3to 5
mm diameter that were placed in contact with the skin. The lesions were classified macroscopically and
tabulated in three categories:

Slight--diffuse erythema, occurring within 30 seconds to 5 minutes after exposure, drying, slight
darkening and sealing of the superficial epidermal layers and slight twisting and bending of the hair stubble.
Moderate--patlor in central target area, increased drying, darkening and scaling of the superficial epidermal
fayers, in addition to increased twisting and bending of the hair stubble and focal melting of some of the
tips. Severe--crater formation with central loss of the epidermis, elevation and disruption of the adjacent
epidermis, complete ablation of the hair ins the target area, coagulation and condensation of the underlying
dermis,

The lowest dose producing & slight lesion in the moderately pigmented pig skin was 2.2 joules/cm2,
whereas 42 jaules/cm:-’ were required to produce a slight lesion in the white pig skin. Only a few lesions in
the moderate category developed in the pigmented skin. This result may be due to the miasking of the
dermal pallor by the pigmented skir. Kubhns and his associates point out that this study suggests that highly
pigmented skin has an injury threshold 2bout 1/10 the dose of the white skin (2, 3).

Brownell, Parr, Hysell, and Dadrick (4) have produced cutaneous lesic s with COZ2 laser radiation
ranging from a minimal detectabla erythema 20 tissue coagulation (a white vurn). The dose-response
relationships for producing these different grades of cutaneous burns were determined Tor power densities
within the range of (.69 to 13.6 watts/cm* arid exposure times of 0.2 to 40 seconds. This range provides
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TABLE 1"

Macroscopic Effects of Laser (6943,&) Radiatior: {Kuhns et al)

LESIO SKIN PIG- INCIDENT NO. OF
N MENTATION DOSE RANGE | OBSERVATIONS
i./sq.em.’

No Lesion Brown 2.2-8 7
White 8-35 10

Slight Brown 2.2-43 19
White 42-190 85

Moderate Brown 57-73 3
White 250-800 33

Severe Brown 200-720 13
White 1050-1100 5

'J., Joules equivaient.

*Reprinted by permission of the journal, Laboratory Investigation.

data for assessing allowable exposure limits, and also provides an insight into what could be expected as »
result of an accidental exposure at higher energy levels.

Young Yorkshire pigs with an average weight of 37 pounds (16.8 kg) and free of visible skin
piamentation were used in these studies. The grading system and criteria for evaluating the burns were as

follows:

0-No visible change in exposed area

1-Erythema {rod burn)

1-1 Erythema disappears within 18-24 hours
1-2 Mild erythema {threshold lesions)

1-3 Moderate erythema

1-4 Severe erythema

2-Coagulation {white burn)

2-1 Spotty coagulation
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A thrrshoid lesion as defined in this study does not represent the minimal observed effect following
the expcsure. Only skin areas showing a perceptible lesion 24 hours later are considered as a positive e ‘fect.
In almost every instance, either during or immediately following exposure, the skin developed a diffuse,
transient erythema that usually extended beyond the limits of the exnnced area, but in many cases wvuuid
disappear shortly afterwards.

Photographs taken immediatelv and 24 hours after exposure to laser radiation of 2.5 watts/cm? and
exposure times of 1.4 to 5.2 seconds are shown in Figures 1 and 2, respectively. Note the diffuse erythema
im.nediately following exposure, shown in the top row of exposed areas (Fig. 1), as compared with the
clearly defined lesions shown in the bottom row. The top row of exposures was made approximoilly 5
minutes later than the bottom row. Erythema that completely faded in 24 hours occurred in the exposed
areas shown at the upper right in Figure 2.

Fig. 1. Porcine skin (Pig No. 23) immediately following exposure to
laser radiation of 2.5 watts/cm2 and exposure times of 5.2 to 14

seconds.

Data were graphically analyzed by the probit method of Litchfield and Wilcoxon (5) to determine the
median effective exposure time (EEtgq) for each grade of burn at each irradiance level. The EEtgq is the
exposure time for a given irradiance with a 50% probability of producing a given grade of lesions. Tabie 2
shows the EEtgy for each subdivision of burn severity at each irradiance level used. A total of 2,288
porcine skin burns was evaluated. Lesions of all grades were produced by all irradiance levels except 0.69
watts/cm?. In this case, exposure times as long as 41 seconds resulted in only a severe erythematous type of
lesions (grade 1-4).




Fig. 2. Porcine skin (Pig No. 23} 24 hours after exposure to laser radiation.

TABLE 2

Median Effective Exposure Times for Different Grades of Burns

MEDIAN EFFECTIVE EXPOSURE T AES 7 DR DIFFERENY GRADES OF BURN
AT VARIOUS IRRADIANCE LEVELS.

IRRADIANCE EEtgg{sec.)
{watts/eml) 1.2 1.3 1.4 21
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A log-log plot of the median effective exposure times (Fig. 3) shows that the slope of the curve for
threshold lesions changes at high and at low irradiance levels; curve: ‘cr the more severe burns show the
same general trends. It is evident also that the curves for various grades of burns tend to converge at the
longer exposure times, indicating that for long exposure times a relatively small increase in irradiance can
mean the difference between a mild and a severe burn.
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Fig. 3. Median eftective exposure timas vs. irradiance for thermal skin
lemions.

The data plotted to demonstrate (ne median effective energy censity (radiance) as a function of
exposure times for 1.2 (mild erythema} and 2-1 (partis! white) burns are shown in Figure 4. The spparent
plateau on esch of the curves at short exposure times suggests that the median effective energy density
necessary to produce these lusions will decrease little, if any, as the exposure time is further reduced. if this
is the case, then, for exposure times shorter than those shown, the median etfective dose (EDgg) will be
spproximately 3 ioulns./t:fn2 for a miki erythema and 8 icmles/cm2 for partial white burns.
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Fig. 4. Radiant exposure as a function of exposure times to produce
thermai skin lesions.

Human Exposure Data:

The values offered by Goldman and Rockweli (6) for exposure of human skin to laser radiation are
still considered ty them to be preliminaryv even after seven years of research. Nevertheless, they provide a
basis for comparisons of data acquired from animal and human exposures.

In Goldman’s human skin studies, the surface of the flexor foresrm of Caucasian voluriteers was used.
This aree is not coverad with hair and usualiy not affected by sun exposure o ather environrmental hazards.

Ruby Laser (BWA):

{1) Normai mode. The mi..imal reactive dose (MRD) effect was the development of a smail red
papule, 3-4 mm in dismeter, which appeared approximately 2-4 hours post impact and dissppeared in 24
hours. The development of a tiny bleeding spot in the center of the papule indicates a reaction beyond the

minimal resctive dose. Using 8 puise length spproximately consiant at 0.2 milliseconds, focused (f = 38
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mm) to a target area which varied from 2.4 x 1031034 x 10‘3 cm? {0.56 to 0.6 mm diameter), minimal
reactions began at a dose of 15-20 joules/cmz.

(2) Q-switched mode. An unfocused 10 nanosecond pulse delivering a total of 0.35-0.45 joules in an
area approximately 1 cm7, produced no noticeable effects. When the beam was focused, energy densities in
arange from 0.5-1.5 ioules/crn2 produced minimal epidermal changes.

Continuous Wave {cw) Lasers:

(1) Helium - Neon Laser (6328A)-in testing for transillumination, continugus exposure t 75
milliwatts produced no noticeable erythema.

(2) Carbon Dioxide (COg) Laser (100.60041-One watt/cm? delivered in 4-6 seconds produced a
minimal reaction.

(3) Argon Laser (4880A) Table 3 shows the experimental conditions and the results obiained from
exposure to argon laser radiation. Powers of 0.5 watts and 0.2 watts combined with exposure times trom 2

seconds to 10 seconds gave energy Jensities over an area of 9 5 x 102 cm? ranging from 4.2 joules/cm2 to
52.6 jcules/cm2. The MRD occurs somewhere between 13 and 17 joules/cm2.

TABLE 3

Argon Laser

Reactive dose Cavcasian male; Flexor forearm;

Wavelength-488 mm. Beam areo: 9.5x107cm .

Argon Exposure
Dou(jouln/’:m’) Power Dvration Reaction

52.6 o.5w 10 sec. Immediate Erythema
421 0.5wW 8 sec. immediate Erythems
31.6 0.5w 6 tec. Deloyed Erythema
211 0.5wW 4 sec. Erythemo, one hour
21 0.2wW 10 sec. Erythemo, one hour
16.8 0.2W 8 sec. Erythema .= .one hour
12.6 0.2w 6 sec. No vitible Erythemc
10.§ 0.5wW 2 sec. No visible Erythema

Conclusion: Recctive dose for Argon Loser
lies batween 13 and 17 j/cm‘.

Goldman et al




DISCUSSION AND CONCLUSION

Comparison of Human and Animal Data:

To simply for comparison purposes, the reported threshold values for skin injury by different types of
laser radiation for both hu.nans and animals are listed in Table 4.

TABLE 4

Injury Threshold Values for Skin from Laser Energy

LASER Goldman et al Kuhn et al Brownell ot al
{Ruman) (Pig) {Pig)
1. Ruby
A. NORMAL MCDE
Non-pigmented lS--20]/<W:z 42—“?0,-/(1'“z —_—
Pigmented et Z.2-43j/:mz mrcr——
B. Q-SW!YCHEQ 0.5—|.5j/':m2 —— —
2. Argon i3—l7j/tm2 (6 sec) — ev———
3. CCz 4—6j/¢mz (4~6& s9¢) ————— Jj/zmz

A comparison of values for normal mode ruby laser irradiation shows that the upoer limit of the
threshold exposure value reported for Caucasian skin (15-20 jcules/cmz) is about one-half of the fower
.- (42-190 joules/cm2) reported for non-pigmented pig skin. This difference might be attributed to the
size of the lased areas, and to such biological factors as variations in pigmentation, thickness in epidermis

and a possible variable vascular response. The optical and thermal properties of pig and human skin are
similar (7, 8).

Although data isn't available vor the exposure of highly pigmented human skin to ruby laser -adiation,
Goldman, during a laser satety ~onference discussion (9), estimated that such pigmented skin had an injury
threshold approximately cne-fifth to one-tenth that of Caucasian skin. This relationship agrees favorably
with the values reported by Kuhns et al (2, 3) from their pig studies. On the basis of this pigmented to
non-pigmented skin relationship, the injury threshold value for heavily pigmented human skin might be
considered to be one-tenth of the lowe! limit of the value for non-pigmented skin, or 1.6 joules/cmz. This
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value is reesonably consistent with the experimental value of 2.2 joules/c:m2 reported for pigmented
porcine skin (2).

The values shown for human and swine exposure to COq laser radistion are quite similar
{approximately 1 watt/cm2). The differences that exist could well be attributed to the criteria established
to determine a threshold iesion. In the studies by Brownell et al (4), threshold vaiues were given for four
different levels of erythema, of which only the most severe type might be considered a serious injury.

Guideline and Threshold Values:

Guideline values suggested for .afe exposure levels by several agencies are shown in Table 5. The
variations in these suggested values illustrate current differences in opinion as to what is considered a safe
leve!l for skin exposure.

TABLE B

Suggested Laser Guidelines for Skin Protection

Laser
Radiation A B C D E F
p——
Q-Switchad
Ruby (6943A ) 042 .001 .005

{jovies/em?)

Normal Pulsed
Ruby {69434 ) 5 .01 05
{iou!ss,/em?)

Continvous Lase:
(U-V Excepted) 1.5 R 1. 1. *5
(wotts/cml)

Total Incidant
Energy Per Second
{ioules/em?)

1A

Puised Lasers
{jovies/em?)

A - Code of Practice, British Ministry 1965

8 - USA Environmental Haolth Agency - 1966

C - Am Industrial Hygisne Association Meeting - 1967

D - AEC Nevada Test Site - 1948

E - Laser Satety Conference, Cincinnati,Ohio - 1968

F - Am Conference, Governmental Industrial Hygienists - 1968

white light wavelengths




Calculations based on experimental evidence for minimal acute injury (Table 4), including a factor of
ten for safety, indicate that 0.15 jou:es/cmz, for normal mode ruby laser radiation, could be an acceptable
level for allowable exposures of pigmented skin (a worst case condition). Similarly, an allowable level for
Q-switched exposures wot!d be 0.015 ioules/cmz. Iin both of these cases, the levels are considerably higher
than those generally suggested in laser guideline recommendations. The levels, however, for Q-switching
should be further studied and established through experimentation.

Guidelines, as seen in Table 5 for cw laser radiation, cover a range from 5 to 0.1 in power density.
These maximum allowable exposure levels, in most cases. include all cw lasers, although the CO9 laser is
generally considered the most hazardous. Data in Table 4 suggest that differences in allowable exposure
levels is desirable. This arrangement would qgive greater leeway in the use of different types of cw lasers. In
the case of the (‘"‘2 laser, a permissible radiation exposure level for the skin could be as high as 1 watt/cmz.
The possibility of acute injury by overexposure would be minimized by a cue such as a sensation of warmth
in combination with the avoidance reaction time. Furthermcre, according to Goldman's preliminary
studies, a safety value two to three times greater than that allowable for CO5 laser radiaticn appears to be
appropriate for exposure to an argon laser. However, the small spot size used in “he argon laser exposures
could be partly responsible for the high MRD as compared with that of the CO laser.

Research on skin exposure should be current for available laser devices and guidelines should be
established for lasers operating at different wavelengths with different time modes. Such an arrangement
would provide both personnel safety and minimai operational hindrance.
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