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50 microns) , (2) the production of an ophthalmoscopically visible lesion
for a 1000 micron retinal irradiance diameter, and (3) the production of
prolonged electron microscopic changes in the outer segments of the photo-
receptors for a 1000 micron retinal irradiance diameter. The dose considered
in condition 3 was 10 times below that required for condition 2,

By using the intrabeam viewing standard, the dose required for the
production of an ophthalmoscopically visible lesion in the macula for a
minimal retinal irradiance diameter was only 50 times greater than the MPE.
The doses for the large retinal irradiance conditions of 2 and 3 were compared
to the extended source viewing standard by calculating the dose received from
an extended source that is irradiated at the MPE and imaged to 1000 microns on
the retina. is calculated total intraocular energy for a maximally dilated
ocular pupil §is less than 10 times below that required for condition 2 and
approximately \twice the dose used to produced electron microscopic changes in
condition 3. Y{f one is concerned about ultrastructural changes to the retina ; 1
specific condifjions compared is certainly not too conservative.




ABSTRACT

Documents which state maximum permissible exposures (MPE) for laser
radiation have been criticized by the military system developers and the
laser industry as being too conservative. In this report, the MPEs were
compared with the doses required for three exposure conditions where
dose-response relationships for the ocular exposure of rhesus monkeys to
a Q-switched laser have been previously reported. The exposure condi-
tions were: (1) the production of an ophthalmoscopically visible lesion
for a minimal retinal irradiance diameter (: S50 microns), (2) the

* production of an ophthalmoscopically visible lesion for a 1000 micron
retinal irradiance diameter, and (3) the production of prolonged electron
microscopic changes in the outer segments of the photoreceptors for a
1000 micron retinal irradiance diameter. The dose considered in condi-
tion 3 was 10 times below that required for condition 2.

By using the intrabeam viewing standard, the dose required for the
production of an ophthalmoscopically visible lesion in the macula for a
minimal retinal irradiance diameter was only 50 times greater than the
MPE. The doses for the large retinal irradiance conditions of 2 and 3
were compared to the extended source viewing standard by calculating the
dose received from an extended source that is irradiated at the MPE and
imaged to 1000 microns on the retina. This calculated total intraocular
l energy for a maximally dilated ocular pupil is less than 10 times below
1 that required for condition 2 and approximately twice the dose used to
i produce electron microscopic changes in condition 3. If one is con-

: cerned about ultrastructural changes to the retina from a single Q-
3 switched ruby laser pulse, the present standard for the specific condi-
i tions compared is certainly not too conservative.
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PREFACE

The author expresses appreciation to LTC Edwin S. Beatrice whose
experimental data was used in this comparison and who suggested that

these data be reviewed with respect to the present permissible exposure
standards.

"In conducting the research described in this report, the
investigator adhered to the 'Guide for Laboratory Animal Facilities and
Care' as promulgated by the Committ2e on the Guide for Laboratory Animal
Facilities and Care, of the Institute of Laboratory Animal Resources,
National Academy of Sciences - National Research Council."
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INTRODUCTION

The maximum permissible exposure (MPE) and the resultant
classification of laser systems can be obtained from AR 40-46! and
TB Med 279.2 The MPE incident upon the cornea for a Q-switched ruby
laser exposure at 694.3 nm is 0.5 yjoules/cm? for intrabeam viewing.
For extended source viewing, the MPE incident upon a diffuser which
subtends an angle greater than ap;, (4.5 mrad for a 3fswitched ruby
laser exposure) with respect to tﬁe observer is 10m 7t joules/cm? or
97.7 mj/cm? for a 30 nsec duration.

The effective doses required to produce a visible retinal lesion
that can be observed 50% of the time (EDs,) have previously been
reported for various retinal irradiance diameters.3,“ Dose-response
curves were obtained by using probit techniques> with the experimental
design such that the EDg5; has the greatest statistical confidence. The
reported EDg, for the observation of a retinal lesion one hour after
the exposure from Q-switched ruby laser for a minimal retinal
irradiance diameter (z 50 microns) is 20 pjoules TIE (total intraocular
energy or total energy incident upon the cornea in a beam smaller than
the pupillary aperture). For a 1000 micron retinal irradiance diameter
the ED., was 202 ujoules TIE. Electron microscopic changes® in the
outer segments have been reported at doses of 20 pjoules TIE for a 1000
micron rrtinal irradiance diameter. This dose (when comparing the TIE)
is an order of magnitude below the required to produce an
ophthalmoscopically visible retinal change.

Comparison of the dose required to produce some observable
biological change (visible opacity or electron microscopic change) to
the maximum permissible exposure is not straight forward. Documents!s
which provide MPE data give the corneal radiant exposure for intrabeam
viewing or the radiant exposure incident upon a diffuse target. These
values are useful in making field measurements to determine the ''safe"
envelope for laser viewing, but when comparing specific bioeffects data
with the standards, several interpretations can result which are
important when evaluating present safety regulations.

'iDepartment of the Army Regulation No. 40-46, 1974.
2pepartment of the Army Technical Bulletin, TB Med 279, 1975.
3Beatrice, E. S., et al., Frankford Arsenal Repcrt R-2051, 1972.

“Beatrice, E. S., et al., Frankford Arsenal Memorandum Report
M70-22-1, 1970.

SFrisch, G. D., Frankford Arsenal Merorandum Report M70-27-1,
1970.
6Adams, D. 0., et al., Science, 177:58, 1972.




METHODS

Three exposure criteria were compared with the maximum permissible
exposure. These dose-response relationships were all obtained for
paramacular exposures with a Q-swltched ruby laser with a 30 nsec pulse
and an output wavelength of 694.3 nm.3,%,® The three dose-response
considerations are as follows:

1. 20 pjoules TIE, minimal retinal irradiance diameter (= 50
microns), approximate EDgq for oghthal-
moscopically observing a lesion.

2. 200 ujoules TIE, 1000 micron retinal irradiance diameter,
approximate EDgg for ophthalmoscopically
observing a lesion."

3. 20 joules TIE, 1000 micron retinal irradiance diameter,
dose at which electron m1croscop1c changes
were clearly demonstrated.>

RESULTS AND DISCUSSION
Intrabeam Viewing Maximum Permissible Exposure

For the three considerations listed in the methods, the
bioeffects data were obtained by exposing an anesthetized experimental
subject (rhesus monkey) with a maximally dilated pupil to the direct
laser beam. The beam divergence was changed with a simple lens to
obtain the large (1000 micron) retinal irradiance diameter. The MPE
for intrabeam viewing is 0.5 pjoules/cm? incident on the cornea. The
beam diameter incident upon the cornea was approximately 3 mm for all
considerations.3,%,® Consequently, the radiant exposure incident upon
the cornea for the three considerations are 283 uj/cm?, 2830 uJ/cm i
and 283 uJ/cm2 respectively. The corneal radiant exposures for 1 and 3
are the same, however, the response is grossly different because of the
difference in ret1nal irradiance diameter. In comparison with the
standard (0.5 uj/cm?) these corneal irradiances are approx1mate1y three
to four orders of magnitude above the safe level for intrabeam viewing.

In addition, however, Beatrice, et al.,3 repeated the
determination of the ED., for an 8 mm corneal irradiance diameter and
reported that the EDg i*IE) was approximately 1.46 times the EDgp (TIE)
for the 3 mm corneal irradiance diameter. This additional energy was
required because of losses due to the imperfection of the ocular system.
An analysis of this imperfection is given by Gubisch.” Specifically, the

7Gubisch, R. W., J Opt Soc Am, 57:407, 1967.
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EDsg (TIE) for a minimal retinal irradiance diameter and a 3 mm corneal
irradiance diameter was 16.9 pjoules and the EDsy (TIE) for an 8 mm
corneal irradiance diameter was 24.7 uyjoules. The corneal radiant
exposure for the 8 mm corneal irradiance diameter is 49 pjoules/cm?
which is only a factor of 100 above the safe level for intrabeam
viewing. This discussion pertains only to paramacular exposures. The
EDsq (TIE) for macular exposures® is approximately one half the EDgg
for paramacular exposures (i.e., the macula is approximately twice as
sensitive as the paramacula to the production of visible lesion). This
reduces the safety margin to a factor of 50 when comparing the safe
corneal radiant exposure as promulgated by AR 40-46 to that required to
produce a visible macular lesion 50% of the time.

The total intraocular energy (TIE) for pulsed lasers and the
total intraocular power (TIP) for continuous wave lasers are commonly
reported expressions of dose in laser effects research. These are
measures of the total energy or power incident upon the cornea.
Reported with this value are the exposure duration, beam divergence,
corneal beam diameter, and expected retinal irradiance diameter.
Representation of the dose as TIE or TIP allows comparison of the
response with this directly measured quantity without making assumptions
about the optical characteristics of the eye. Since TB Med 279 permits
averaging over a 7 mm pupillary aperture (area = 0.385 cm?) for ocular
exposures, the maximum permissible total intraocular energy is given
by equation #1.

TIEypg = (0.5 ujoules/cm?) (0.385 cm?) = 0.19 pjoules #1

A1l considerations (1,2 & 3) being examined exceed this value by two

to three orders of magnitude. In this application of the standard and
in the previous discussion where corneal radiant exposures were
compared, no decrease in the TIEMp or corneal radiant exposure for
larger retinal irradiance diameterE is permitted since the experimental
design required the subject to view the beam directly. However, because
of the large retinal irradiance diameter utilized in considerations 2
and 3, an appropriate analog can be calculated by using the MPE for
extended sources.
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Extended Source Maximum Permissible Exposure

An object being viewed can be considered an extended source

if its subtended angle exceeds Opin- The value of ap;, for a 30 nsec
pulse is 4.5 mrad.! Consider the subtended angle (a) of an object S

with diameter dg at a distance 1 from an eye which images the object
to a diameter dy on the retina (Figure 1).

FIGURE 1

Schematic of Extended Source Viewing

Assuming the angles are small such that the arc and the chord of the

circle on the retinal image are approximately equal, a is given by
equation 2 (see below).

dy drp
tan ®/2 = — + o = 2 tan~! — #2
2f 2f

The angular subtence a of a source as a function of retinal
irradiance diameter is tabulated in Table I for f = 1.5 cm.
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TABLE I
Retina' Irradiance Diameter Versus the Angular Subtense of a Source

R S UMIKEE SO

dr (microns) a (mrad) Condition
50 3.3 Consideration 1
67.5 4.5 o
min
1000 67 Considerations 2 § 3

For any object imaged to a minimal retinal spot (50 microns) or even 67.5
micron retinal diameter, the extended source standard cannot be applied
since a_. is not exceeded. For a 1000 micron retinal image diameter the
object would subtend an angle o€ approximately 67 mrad which does exceed
e In order to compare the extended source standard with the dose-
response data of considerations 2 and 3, one must calculate the TIE from

a diffuser that is irradiated at the MPE for an extended source and imaged
to a 1000 micron diameter on the retina. Assume that the diffuser is a
perfect Lambertian surface with a reflectivity of 1.0 and that it is viewed
at normal incidence (i.e., cosine dependence = 1.0). The total energy
striking the diffuser is the product of the maximum permissible radiant
exposure incident on the diffuser Hyp times the surface area of the dif-
fuser S. Because of the Cosine Law, Ehe energy 1s diffused into «
steradians. The radiant intensity IR is given in equation 3.

HypeS

IR o g (mj/steradian) #3

The solid angle @ subtended by the 7 mm pupillary aperture of the eye i
(area Ap) is given in equation 4 where 1 is the distance from the object i 3
to the eye (Figure 1).

A
-Bv(steradian) #4
12 : ;

Q

Therefore, the total intraocular energy is given by equation 5.

Hypg S AP
12

TIE = I, Q =

j #
R mjoules 5

v




From Figure 1:

fd_ nd ?
1=—and S = #6
d, 4
Therefore, equation 5 becomes:
Hypg d, Ap
TIE « ———% #7
4£2

For a 7 mm pupillary aperture the calculated TIE from a diffuser which

is irradiated with a Q-switched ruby laser at the MPE for extended source
criterion and imaged to a 1000 micron retinal diameter is 32.5 ujoules.
Consequently, the dose required to produce an ophthalmoscopically visible
lesion with a 1000 micron image diameter is less than an order of
magnitude above the calculated TIE when imaging a safely illuminated
extended source to 1 mm on the retina (consideration 2). In consideration
3 where persistent ultrastructural alterations have been reported,® the
TIE (20 pjoules) is comparable to the calculated TIE from a '"'safely"
irradiated diffuse reflector.

The Retinal Radiant Exposure

Because of the difference between representation of the dose
in laser effects research and the maximum permissible exposure standards,
the retinal radiant exposure (i.e., the total energy incident on the
retina per unit area) might be the unit of choice to make the appropriate
comparisons, since indeed, the retina is the end organ in which the
responses are observed. The retinal radiant exposures for the three
considerations examined, the MPE fcr intrabeam viewing (assuming a 50
micron retinal image diameter with a 2 mm and 7 mm pupillary diameter),
and the MFE for the extended source application of the previous section
are tabulated in Table II. No modification of the protection standard
is permitted for pupillary apertures less than 7 mm by TB Med 279;
however, for this table a 2 mm pupillary aperture was included to indicate
the range of retinal radiant exposure possible when an accidental exposure
occurs. The retinal radiant exposure was obtained by dividing the TIE by
area of the retinal irradiance. Consequently, no allowance for the
imperfection of the ocular system for either the application of the
standard or the three considerations was included. For simplicity, the
transmission of the intraocular media was assumed to be 1.0.
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Several observations are noteworthy from these calculations.
The retinal radiant exposure for a 50 micron retinal spot size was
calculated for a 7 mm and 2 mm pupillary aperture by using the safe corneal
radiant exposure for intrabeam viewing. The retinal radiant exposure for
consideration 1 exceeds this by a factor of 100 to 1000. Considerations
1 and 2 use the same response criterion (ophthalmoscopically visible
lesion); however, the areas differ by a factor of 400 but the retinal
radiant exposure differs by a factor of 40. A lower retinal radiant
exposure is required to prcduce the same observed effect for a larger
retinal irradiance diameter. The retinal radiant exposure from a safe
extended source imaged to 1000 microns on the retina (5.3 mj/cm?) for a
7 mm pupil is comparable to that required to produce instinct EM changes
(2.55 jm/cm?) and less than ten times lower than that required to produce
a visible opacity (25.5 mj/cm?). For that extended source observed with
a 2 mm pupil, the retinal radiant exposure is approximately ten times
lower than that required to produce EM changes. These two approximate
extremes of the pupillary diameter were chosen to illustrate well known
changes in the TIE and retinal radiant exposure when a uniform extended
source is being viewed.

SUMMARY AND CONCLUSIONS

Several simple calculations were made to compare doses required to
produce a retinal response with the MPE for Q-switched ruby laser
radiation. If one were to evaluate the laser system as used in the
experimental paradigm (direct beam viewing), even the doses (corneal
radiant exposure or TIE, Table II) required to produce reported
ultrastructual changes exceed the MPE by several orders of magnitude.
However, a safety factor of only 50 was shown for the production of
an ophthalmoscopically visible lesion in the macula for a S0 micron
retinal irradiance diameter with a corneal irradiance diameter of 8 mm.
If one evaluates the marner in which the radiation is imaged on the
retina (i.e., by using the extended source criterion), the calculated
MPE is comparable to doses required to produce ultrastructual changes and
little to no safety margin is afforded. By using the exiended source MPE,
the calculated TIE for a 7 mm pupillary aperture from a perfect diffuser
irradiated at the MPE and imaged to 1000 microns on the retina is 41.7
ujoules compared to 20 ujoules required to produce ultrastructual
changes in a 1000 micron retinal spot size. This assumes a worst case
situation (i.e., fully dilated pupil, perfect diffuser viewed normally
with no atmospheric losses, etc.). Viewing such an extended source as
shown in Table II with a small pupillary aperture can significantly
reduce the hazard.
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Currently within the Army, there is interest in relaxing standards
(i.e., elevate MPE) in the '"red" region of the spectrum so that training
systems can be used without cumbersome restrictions. The comparison in
this study was made for a specific wavelength (6943 nm) and pulse
duration (30 nsec) where bioeffects data are available. If one is
concerned about ultrastructural changes to the retina from a single pulse,
the present standard is certainly not too conservative. Extrapolation to
other wavelengths and exposure conditions is difficult, if not impossible,
without careful examination of other bioeffects data. Consequently, it
is possible that the standard is too conservative for other specific
considerations or applications.

RECOMMENDATIONS

More bioeffects research is required which describes dose-response
relationships for ultrastructural changes and changes in visual function
for different laser wavelengths and exposure conditions. Correlation of
these effects is required to elucidate underlying mechanisms. Comparison
of the bioeffects data with the permissible exposure standards is
necessary to prevert the imposition of unneeded restrictions and to

assure adequate protection from acute or chronic injury to laser radiation.
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