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Note on Content

This volume contains a review of our studies on biological effects
of laser radiation from 1965 to 1971. It does not contain a review of
those studies from 1963 to 1965, which are contained in volume 1, the
studies on CO2 laser irradiation of the rabbit eye, which are contained
in volume 3, nor st''dies on frequency doubling in biological tissues,

wnich are contained in volume 4 of this final scientific report.

In conducting the research described in this
report, the investigator(s) adhered to the
"Guide for Laboratory Animal Facilities and
Care," as promulgated by the Committee on

the Guide for Laboratory Animal Resources,
National Academy of Sciences-National
Research Council.
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Abstract

In this volume are documented some of our contributions relating to 1

biological effects of laser radiation which were supported in whole or in

part by this contract. These include:

1) continuation of the studies on free radical production which we were ;
the first to show occurred on laser irradiation of biological tissue;

2) differences in laser-irradiated cell growth patterns from those in %
non-irradiated controls in tissue culture;

3) cuntinuation of our studies on laser-induced changes in biochemical
preparations with a view towards production of medically useful com-
pounds which we initiated;

4) attempts to affect the immunological capability/virulence ratio of
influenza virus in order to explore facilitation of vaccine production;

5) extensive gross and histologic long-term studies on laser-induced
lesions in normal adult animals;

6) studies on laser-induced will-circumscribed focal hepatic injury and
repair in order to investigate the natural history of such injury,
the alterations in calcium and magnesium, and to establish whether the
laser could be used as a tool for this area of research;

7) probably the first biological studies on argon laser irradiation,
where we observed problems associated with incision of larger vessels
and reactive bleeding necessary in applying the argon laser to ophthal-
mology and associated heating problems with use of argon and other
continuous lasers in attempting to eradicate tumors;

8) the first studies to show that pulsed laser irradiation could result

in backscattering of viable cells from an irradiated tumor site and
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10)

11)

12)

13)

14)

15)

16)

consequently potentially cause dissemination of tumor on use of high

peak power irradiation for therapeutic purposes;

the first large-scale and perhaps still only animal studies on the
carcinogenic potential of high peak power irradiation;

the first studies to show definitely that cataracts can be reproducibiy
produced at ultraviolet wavelengths; proposals for initiation of ultra-
violet studies at 337 nm; effects of ultraviolet laser radiation at

325 nm on the skin;

dental studies with a view to exploring the potential and hazards
associated with use of lasers in dentistry;

the first studies to show and develop an understanding of the mode and
significance of degradation of high peak power radiation within a
closed, filled biological cavity such as the cranium (or cell on a
microscopic basic), including the production of pressures, sonic,
uitrasonic and hypersonic frequencies;

initiation of those studies directed towards characterization of
charged particles obtained from a biological target;

the first attempts at characterization of biologically significant
molecules by determination of the sonic and ultrasonic signature on
laser irradiation;

integration of gross, microscopic, enzyme and temperature studies
together with model studies in determining aspects relating to focal
hepatic injury and repair;

continuation and expansion of our studies which first showed reversible
depigmentation in normaily black-haired mice, the similarity of the
thresholds thus obtained on normal mode and Q-switched irradiation

to those for the eye, and the significance of the melanin granule as
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17)

18)

19)

20)

21)

22)

23)

24)

a target site;

probably the first (melanin granule) model to explain the observation
that a marked decrease in enerqy is required for threshold injury with
decrease in laser pulse duration, and the development of additional
melanin granule models for injury on pulsed laser irradiation;

the early development of models relating to thresholds for injury
associated with continuous visible (laser) radiation in order to
attempt to determine a safe transpupiliary power on a worst case ther-
mal basis, and extension of this model to other than minimal target
(retinal) irradiation diameters;

the first CO2 laser biological and biophysical studies, including
experimental data for both threshold biological injury and tissue abla-
tion and fitting of this data by thermal and heat flow models;
develgpment, construction and dissemination of data regarding the
design of inexpensive CO2 Tasers early after their initial discovery;
development of a new method for detecting and measuring the frequency
of surface vibrations using the speckle pattern from a He-Ne laser;
the first use of in vivo biological targets to test the effectiveness
of laser prctective material; in these studies, the Q-switched to
normal mode relative effectiveness obtained for threshold injury was
shown to be much greater at suprathreshold injury levels (indeed, the
initial Q-switched versus normal mode studies, which had been reported
under this contract showed marked qualitative differences in effective-
ness);

studies on hazards and protective devices associated with 10.6 micron
irradiation;

problems associated with closed circuit TV for observation and with
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25)

26)

27)

28)

29)

single signal systems for safety;

probably the first attempt at categorization of non-radiational non-
electrical toxic and explosive hazards associated with ancillary
materials and laser media;

the earily development and outline of procedures and techniques for safe
operation of lasers;

major contribution to the first significant laser hazard survey--the
Massachusetts Laser Survey;

provision of information to numerous agencies, groups and organizations
in areas relating to laser interaction, hazards and safety, programs
for hazard control and use of lasers as, for example, those relating

to lasers used during NASA's first manned moon landing;

psychophysical studies including the first human psychophysical studies
to determine heat sensation threshoids for CO2 laser radiation as a

function of time, intensity and area.

In addition, the following are outlined and detailed in the accom-

panying volumes of this final report:

30)

many of our biological studies to 1965 in which are included details
concerning our findings. Most of those discussed below are related to
our initiation of the following areas of bio-laser research.
a) free radical production;
b) in vivo spectroscopy specific element documentation;
c) changes in specific macromolecular preparations which differed
from those produced by heat, per se;

d) producticn of localized lesions in mammalian fetuses through
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e)

f)

9)
h)
i)
31) effects

the intact uterus;

lesions deep to the surface on irradiation of the abdomen of
mice, and their etiology;

regression of non-irradiated tumors in some animals in which
one of the tumors of multiple-tummor implant animals was
irradiated--this may have been due to immunological changes,
and was not unique to the laser radiation modality;

the effect of interfaces on energy entrapment;

analysis of errors associated with use of thermocouple;
Q-switched versus normal mode effects.

of CO2 irradiation on the rabbit eye, including determination

of thresholds for injury, measurement of intraocular (anterior chamber)

pressures together with lens changes on suprathreshold irradiation,

analysis of macromclecular changes and identification of a process for

attempting to maintain constancy of temperature on increased heat flow

into eye (See Vol. 3);

32) production of frequency doubling in specific eye and skin related

biological tissues on ruby laser irradiation at 694 nm (See Vol. 4).

/

This contract, furthermore, provided the initial impetus which then

permitted us to direct our attention to areas relating to the rupture force

and tensile strength of aortic tissues and effects of various modalities of

sterilization and maintenance on these tissues, and towards cardiovascular

research related areas. For this reason, some credit was given to the

contract in

our publications relating to the above two areas.

This note does not give specific credit to the various members of the

research group associated with each project discussed above. These are
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given in the publication references included in the sections of the volumes

of this final report.




FREE RADICALS AND ELECTRCN SPIM PESCNANCE STUDIES

Some aspects relating to free radicals in biology are discussed in Reference
2. The initial electron spin resonance studies carried out under this contract
are discussed in volume 1 of this report. Further electron spin resonance studies
of melanin containing tissues after pulsed ruby laser irradiation were carried out
by Stratton, Pathak and Fine (1). Results were compared with those cbtained
following irradiation at 779 or 300°K with ultraviolet or visible radiation

using a 1600 watt Xenon lamp and suitable filters.

Human skin and hair and rouse skin exhibited E.S.R. signals due to unpaired
electrons, without irradiation if the samples were pigmcntzd. These signals
which are attribuled to melanin had a "g" value of 2.0035 and consisted of a
single almost symmetrical line of width 7-8 gauss at 77°K. This intrinsic
melanin signal was not destroyed by temperature changes over the range 77° to
380%K but was revarsibly affected by the moisture content of the samples.

White skin and hair with very little melanin content gave little or no signal.

Laser irradiation of pigmented human skin at 77% nroduced an enhancement
of the melanin signal. There was no change in "g" value, line width or shape
relative to the intrinsic signal. [t seemed likely that the radiaticn nad
increased the number of detectable unpaired electrons in similar environments
to those already present in the unirradiated samples. However, such observed
additional free radicals appeared to have short lifetimes at room temperatures,
as illustrated by the small signal obtained by irradiating at 300%K and then
cooiing the samples to 77°¢ within a few seconds aftsr the laser pulse.

We attributed the laser induced signal following pulsed ruby laser irradiation

of mouse skin, to increase in the free radical content of the intrinsic melanin,

(1) Stratton, K, Pathak, (1.A. and Fine, S. "C.S.f. Studies of Felanin
Containing Tissue After Laser Irradiation”", N.E.R.E.H. Record, [.E.E.E., 1965.

(2) Pryor, W.A. "Free Radicals in Biology" Volume 1, Academic Press, 1976
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in this case chiefly present in the residual hair of the C578L/6 skin. The

skin itself is almost unpigmented, since there are no epidermal melanocytes,
except for the tail. The E.S.R. signals from well plucked skin were negligible
and unchanged by irradiation, whereas those from skin with the pigmented hair
merely clipped were enhanced by laser irradiation as previously observed. 'The
response of human hair to laser irradiation was similar to that of skin, and
again radiation induced signals were only detected at low temperature. Warming
an irradiated sample of skin or hair to 300°K for a few minutes and then recooling
destroyed the radiation induced portion of the ESR signal, but did not affect the
stable intrinsic melanin signal. WYe did not detect any differences between the
effects on the ESR signals of continuous visiule (600-700mu) and laser radiation.
U.V. and ionizing radiation produce different ESR spectra in both white and
pigmented skin and hair. Co%y radiation does not specifically enhance the intrinsic
melanin free radical component but produces a complex spectrum, partly attributable
to proteins, in both skin and hair. U.V. radiation enhances the melanin signal
in pigmented samples but also produces other radicals with greater line width, in
both melanised and unmelanised skin.
In conclusion, pulsed ruby laser irradiation enhanced free radical signals
due to melanin present in skin and hair. It did not produce similar signals in
white hair or fair skin. The ESR signals were analogous to those produced by
comparable doses of continuous visible (600-700 mu) radiation and differed from
those obtained after U.V. or jonizing radiation. In spite of the visible damage
to the tissues and the luminous vapors emitted, laser radiation did not induce any
E.S.R. spectrum except that characteristic of melanin. On the other hand, botn U.V.
and ionizing radiation induced other free radical signals, in both melanised and

non-melanised tissues.

L.




TISSUE AND CELL CULTURES

Further tissue culture studies were reported under this contract by
Hardy, Hardy, Fine and Sokal (1). They studied the effects of ruby laser
irradiation on mouse fibroblast culture.

House fibroblasts (L929) were suspended in Eagle's medium (2.5 x 106
cells in 1 ml.) Four tubes were submitted to 4 exposures of pulsed laser
radiation at 3 min. intervals (10 joules/cm2 at 69433). The irradiated
cells and non-irradiated controls were transferred to fresh culture medium
and were incubated at 35°C for 4 days. Cell counts wer performed daily.
Non-irradiated controls underwent lag phase for one day and exponential
growth for 2 days leveling off on the fourth day. The irradiated culture
remained in lag phase for 2 days but then underwent exponential growth at a
markedly higher rate than the controls, yielding 5 times as many cells on
the fourth day as compared to the controls. The experiment was repeated 4
times with essentially the same results. It appears that while laser

radiation prolonged the lag phase, it also stimulated mitotic activity.

(1) Hardy, L.B., Hardy, F.S., Fine, S. and Sokal, J. "Effects of Ruby Laser
Radiation on Mouse Fibroblast Culture", Federation Proceedings, 26:688,
April, 1967. '




STUCIES CN _INTERACTION WITH MACRCHOLECULAR BIOCHEMICAL PREPARATIONS AND WITH VIRUSES

fany of the macromolecular studies supported by this contract are discussed
in Volume 1 of this report. [n vitro effects of pulsed neodymium laser radiation
(1060 nm) on human gamma globulin were reported by Cohen and Fine (1). The results
indicated that pulsed laser radiation of IgG at this wavelength produced effects
different from those of thermal denaturation upcn precipitin reactions with
rheumatoid factor.

Similarly laser irradiation at 694.3 nm of 1 percent saline solutions of
human (HGG) and rabbit (RGG) gamma globulin produced different effects than that
of a thermal nature per se upon the precipitin reactions with rheumatoid factor
(2). The studies on heat treatment of globulin solutions at 63°C for 15 minutes
caused aggregation and measurably more precipitation with rheumatoid factor than
untreated globulins, whereas the laser irradiation reduced or destroyed the
capacity for the globulins to precipitate rheumatoid factor. Precipitin reactions
between rabbit anti-HGG and laser irradiated HGG demonstrated a shift of position
of precipitin curve peaks, as well as reduction of total amount of precipitation.
Ultracentrifugal analyses did not reveal additional components with laser irradiation
of HGG, as were observed with heat treatment of globulins. Immuncchemical agar
gel diffusion and immunoelectrophoretic analyses revealed slight differences of
laser irradiated from native globulins.

It was concluded that the interactions of high intensity electromagnetic
(1aser) radiation with globulins differed from those of heat per se, as demonstrated
by differences in the serologic activity, certain physicochemcial changes and

other pertinent parameters of the respective reactions.

(1) Cohen, E. and Fine, S. "In Vitro Effects of Laser Irradiation on Human
Gamma Globulin," Federation Proceedings, 27:1, 473, March-April, 1968.

(2) Cohen, E., Klein, E. and Fine, S. "Effects of Laser Irradiation on Some
Serologic Properties of Human Gamma Globulin," Life Sciences, Vol. 7,
Pt 2, Pg. 569-581, 1968.




[t appeared that the serological effects differed from those obtained by other
laboratories employing X and gamma irradiation of specific protein solutions.
Attention was also directed towards comparison with effects of ultrasound,
particularly since the production of ultrasonic waves by laser radiation had
been observed, particularly when a dissolved gas is present in the medium (3).
Further possible mechanisms and potential uses for laser modified macromolecules
are discussed in the paper (2).

Studies on the effects of puised laser radiation at 6,9432 and 10,6002
on infectivity of influenza virus were conducted by Klein and Fine et al. (4).
The studies carried out indicated that virulence might be changed by pulsed laser
radiation in both directions. Under the appropriate experimental conditions it
could be increased; in the presence of dyes which specifically complex with the
nucleic acid component, a decrsase in virulence mignt be brought about. The
activity was determined by infectivity titration in embryonated hen eggs. The
effects were considered as possibly due to deaggregation of virus particles or
to changes within the structure of the virus itself.

The authors believed the laser related studies to be important in
the following respects. Changes in virulence may be of interest in regard
to theoretical as well as practical aspects or virology. The public
health aspect of qualitative or quantitative changes in virulence due to
pulsed laser radfation mnay be of significance, since laser devicas are
used both in the open atmosphere and in enclosed spaces, where infective
.particles may te present. Furthermore, an understanding of the laser
related mechanisms by which virulence is decreased could provide a basis
for attenuation of a pathogenic strain, thus facilitating the production

of vaccines. Reference was made to laser-induced acoustic breakage of




Tobacco mosaic virus for Q-switched ruby laser irradiation by Hamrick and

Cleary (5).

(3)

Fine, S., Klein, E., Fine, 8. S., Litwin, M., ilowak, W. B., Hansen, W.
Caron, J. and Forman, J. '"Mechanisms and Control of Laser Hazards and
Management of Accidents," Proceedings of the Second Conference on Laser
Technology, (I11inois Institute of Technology), April, 1965.

Fine, S. and Klein, E. "Lasers in Biology and Medicine," Laser Focus,
July 1969.

Hamrick, P. E. and Cleary, S. F. '"Laser-Induced Acoustic Breakage of
Tovacco Mosaic Virus," Nature, 220:909-510, Hov. 30, 1968.
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STUDIES ON NORMAL ANIMALS

Many of our studies on the effects of pulsed laser irradiation on normai
animals are discussed in volume one of this report in conjunction with com-
parative studies by other investigators. Other studies oriented towards the
eye, and towards frequency doubling are discussed in accompanying volumes or
sections of thnis .report. The section below details some additional studies
on normal animals. The purposes of these studies were to determiné the
effect of laser radiation on normal in vivo tissue; to study the mechanisms
associated with injury and repair per set as well as those due to
laser radiation; and to determine the potential for the use of the lasers
in injury and repair studies.

Studies were carried out on the effects of laser radiation on the
skin and body wall of the mouse. The pathology of those two regions
was discussed (1). This report concerns the pathologic effects of laser
radiation on the skin and body wall of the mouse and discusses now these
effects differ from thermal and other injuries.

Studies described here were carried out with single pulses obtained
from ruby crystal lasers at 6943 % at energy levels of 3 to 100 joules
per pulse and a pulse duration of the order of 1 millisecond, and at
higher energy levels, and with neodymium glass units at 10,600 ﬁ at energy
outputs ranging from 300 to 900 joules per pulse. The radiation was
unfocussed or focussed to a spot size of 1 to 2 mm at the skin surface
by a simple lens system. Anesthetized Swiss {(white) and C57 (black) mice
of various ages and both sexes were used, the hair c¢lipped and the area
depilated chemically prior to irradiation. Over 300 mice were used in
these studies.

Animals were sacrificed immediately following exposure and at
intervals thereafter ranging from 1 to 26 days. The animals were necropsied,

-6-
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except for the 66 irradiated mice and non-irradiated controls which were

kept for lifetime follow-up.

Since data on thermal injury in mice was not readily available in the
literature, 28 lesions were induced by mono- or bipolar electr0coaau1ationl
for comparision with the effects of laser raciation. Other lesions were induced
by a steel rod whichahad been kept in boiling water prior to application
or by pipetting of boiling water onto the surface of the skin. An additional
group of 132 mice was exposed to a mercury lamp.

Skin lesions were visually examined and photographed periodically.

Skin and internal lesions were recorded at necropsy. Material for histologic
examination was fixed immediately in 10 per cent buffered formalin,

embedded in paraffin and stained with Fontana stain for melanin and by

the reticulin-trichrome and Mayers hematoxylin stains. Frozen sections

were cut in some instances and stained with oil red 0. Serial sections

vere not made routinely, but multiple le¥els were sectioned in the absence

of a gross lesion.

Following unfocussed irradiation of one hundred and ninety mice,
immediately following irradiation a slight discoloration was seen over an
area up to 10 mm in diameter, corresponding to the laser rod diameter, in
almost all mice that had been exposed to 70 to 100 joules. Below 70
joules, lesions were seen in a decreasing proportion of mice. MNo immediate
lesions were recognized on gross observation below 20 joules. From 300 to
900 joules(10600 A), the lesions measuresd about 15 mm in diameter, corvres-
ponding to the larger diameter of the rod, and consisted of a paler outer

zone surrounding a reddish-brown area with central destruction of the enidermis.

-7-




The lesions were similar at different anatomic sites except that rupture
of the skin of the forehead with exposure of the skull occurred in 3
animals receiving approximately 860 joules at 10,6002 to this area.

After reflection of the skin, a few petechiae were seen occasionally
on the deep surface following irradiation at 20 joules. These were present
more frequently as the energy was increased to 70 joules. Above 70 joules,
diffuse hemorrnage occurred. Above 300 joules, hemorrhage was absent from
tne central 3 to 4 mm of the lesion on the inner surface of the reflected
skin. Beyond this area, there was a circular region of necrosis 5 mm in
widtn, separated from normal tissue by a hemorrnagic ring 1 mm in width.

Diffuse hemorrnages were occasionally seen in tne abdominal and chest
wall muscles at energy levels of less than 70 joules and were almost
always present above this energy level. The hemorrhages -involved areas
up to 20 mm in diameter. Even the more severe hemorrhages did not result
in rupture of the muscle sheath. At energy levels above 300 joules the
lesion of the muscular layer coincided with corresponding zones on the
surface of the skin. The degree of nemorrhage was not constant at a
given energy level. Lesions in the underlying viscera, especially the
liver, were sometimes produced at 20 joules and were almost always present
at 30 joules and above in contrast to that observed visually at the skin
surface. Injury to the intestine and the brain were usually responsible
for death occurring within the first few days after irradiation.

One day after irradiation, the skin lesions appeared as a patchy,
superficial, reddish-brown, dry area measuring up to 10 mm in diameter.
Two days later, a firmly adherent crust, approximately 1 mm thick, covered

the entire surface in the majority of cases after 70 to 100 joules.
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On the fifth day after irradiation, the scab tended to separate. Below this

level, the lesions were less severe. Above 70 joules, the skin lesion was
adherent to a larger area of whitish discoloration and loss of transparency
in the superficial muscle sheath over and close to the site of the
hemorrhage.

Following the focussed irradiation of ninety-two mice, a greyish-white
umbilicated skin lesion, 1 to 2 mm in diameter, was present immediately
after exposure to energy levels ranging from 10 to 100 joules. The severity
of the resulting lesion was proportional to the energy delivered. Exposure
to energies above 300 joules resulted in umbilicated lesions, 3 to 4
mm in diameter, surrounded by a oale circular zone. A reddish discoloration
was present within the central crater. Lesions from 300 to 900 joules
were indistinguishable by gross observation. The effects on the deeper
tissue at energy levels up to 100 joules were similar in appearance and
size to those observed after unfocussed irradiation. Above 300 joules
the effects on ghe deeper tissues extended over a smaller area than in
the lesion following the corresponding amount of unfocussed radiation

and appeared to be better tolerated by the animal.

The healing process was similar to that following unfocussed irradiation.

The crust in the central crater at all energy levels separated and the
umbd 17cated lesion flattened within 4 to 5 days.

Following recovery, the majority of mice showed no delayed visible
abnormalities. The lesions healed within 2 to 3 weeks after irradiation,
depending on the size and severity of the lesion, and left no macroscopic
scar. In several black mice scattered throughout the groups, temporary
failure of melanogenesis during the recovery period was observed, but
the subsequent hair generation showed no abnormal pigmentation. In 1
mouse a chronic ulcer was present 1 year following irradiation. Cther than

depigmentation no consistent differences were found between the reaction

-9-

e o T

oA S g et




to the laser irradiation in black and white mice.

Twenty-two of the sixty-six mice,which were kept for lifetime follow-
up,died at intervals ranging from 3 week to 16 months following irradiatioh.
Microscopic studies were reported in the references on the skin and
underlying tissue immediate lesion, following both focussed and unfocussed

radiation. The significance of the melanin granule, and the effect
of the radiation on it were discussed. Microscopic studies of the healing
Tesion were carried out; polymorphonuclear infiltration, necrosis of small

dermal blood vessels, inflammatory exudate, development of nuclear

pyknosis and karolysis, presence of macrophages, nerve degeneration,

ulcer and crust formation represent some of the findings. The effect
of pigment on the depth of the lesion was noted. The fact that many

of the pathologic changes found following laser irradiation have also
been observed in various types of burns was discussed. The vascular
perforations and scattering of melanin granules appeared, however,

to be exceptions.

It was thought that the damage to deeper tissue following laser
irradiation was proportionately more severe than in thermal burns with
comparable degrees of surface injury. This was not a species difference
since lesions in mice subjected to thermal burns or to electrocautery
during the present experiments closely resembled those in the larger
animals used in other reported studies. It was not known whether the
differences from thermal injuries previously described were due merely
to the uniqueness of the distribution of heat produced by laser

radiation .due to radiation "penetration," or whether some other factors
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sucn as those associated with phase transformations, charged particle
production or wavelength alterations were of significance. The relationship
to the work by Moritz, on the pig, and by Sheline, Alpen, Kuhl and Ahokas
on the rat was discussed in the reference; the importance of the properties
of the laser radiation was considered--the short pulse duration, high power
density, wavelength--as well as the properties of the tissue including
interfaces, importance of phase transformations, entrapment of energy,
vascular rupture, transformation of radiation energy to ultrasonic and
other types of energy. Some attention was therefore given to the mechanisms
involved in the interaction.

In further studies, the gross and microscopic pathology of the internal
viscera following laser radiation was reported (2). Visceral lesions
were produced in mice by normal mode pulsed ruby and neodymium irradiation
at energy density levels ranging from 4 to 400 jouTes/cm2 and by continuous
wave C02 laser irradiation at power levels ranging up to 24 watts. The
gross and microscopic changes following laser irradiation resembled basically
lesions produced by other heat producing agents, but differed in selec-
tivity for pigments and production of pressufe effects. The variations
in the lesions of different organs appeared to be due primarily %o
differeﬁces in pigment content, tissue structure and response to injury.
Tne rapid temperature rise during pulsed laser irradiation led to
vaporization of tissue fluids causing large intercellular spaces with
cellular distortion. The pressure waves produced changes which appeared
to resemble blast injuries. Lesions produced by CO2 lasers showed
primarily thermal changes. The mechanisms of the interaction between
radiation and tissue component were considered in regard to the parameters
of the laser output. Some possibie similarities to blast injury on pulsed

irradiation of the thorax {or full bladder) were noted. The differences
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between iesions produced by pulsed irradiation and those produced by

electrocautery, hot surfaces or ultrasonic irradiation are discussed,
Reference is made to the biophysical studies, including temperature
measurements, made by Fine gt al.;and the relationship between the
temperature obtained and the histological (microscopic) findings.

The significance of backscatter of viable cells, perforation ‘of
blood vessels and differences in the effects of pulsed high peak power
systems in the visible or near infrared to those producad with CO2 lasers
was considered.

In an abstract report on the effect of laser radiation on the
skin and underlying tissue of mice during controlied hair growth, the
selective action of pulsed laser radiation at 6943 Z and 10600 X on
pigmented structures in the skin of (black) C-57 mice was compared with
the effects of other physical agents on pigment formation (3). Laser
irradiation during the active phase of hair growth (7 - 9th day) when
melanin production is most marked in the hair bulb, resuited in inter-
ruption of melanogenesis for one hair generation. There were no

permanent histological changes and hair growth, per_se, wes not

affected. This temporary depigmentation differed from pigment loss produced

)
by continuous laser radiation sources (CO2 at 10600 A) and other

types of physical trauma (heat, diffuse light, ionizing radiation),which

apoear to be permanent and associated with destruction of the melanocytes.

The effect of X-radiation appeared to differ further from laser irradi.tion

in that maximum depigmentation oecurs during the resting phase. Laser

jrradiation carried out on each day of the hair cycle indicated progressive

increase in energy threshold levels for induction of depigmentation,
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as the resting phase was approached. Conversely, injury to the underlying

tissues by pulsed laser radiation was most savere during the resting phase

and became less marked as the amount of melanin increased with the activity

of this cycle. The protective action of melanin was demonstrated against

radiation at nigher intensities than oreviously available. Temporary

depigmentation for the duration cf the hair cycle suggests the loss of

melanogentic components which are reconstitutec onlv at the teginning

of a new hair cycle. The inhibition of melanogenesis without innibition

of cell division indicated other than thermal effects of lasar radiation.
Oth:r studies were carried out on tha surgically exposed- canine

liver in vivoe (4). These studies were carried out using sterile technigue

at 6943 A to 60 and 500 joules to determine the feasibility of using higher power
density radiation for treatment of specific pathological conditions in human
liver. !nfocused beams and radiation focused on the liver surface and deep
to the surface were ampioyed. Lesions produced by unfocused beams were
well-circumscribed, whitish, and friable. Tissue destruction and crater
formation to varying depths were observed following focused irradiation.
Bleeding was minimal when capsular rupture occurred. When the capsule

was intact, a small halo of blood was contained beneath it. Open liver
biopsies were done at intervals and examined histologically. Gross
examination revealed increasing consistency and orogressive decrease

in size of the lesion. Biopsies taken immediately after irradiation
revealed sharp borders of demarcation, cytoplasmic and nuclear cnanges.
Seven days post irradiation lobular architecture remained intact although
hepatic cell necrosis was severe. Alteration in microscopic characteristics
of serial biopsies occured over the next several months. Fibroplasia
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of repair was more severe at higher energy levels, Alterations in blood
chemistry and liver function were obtained.

In further studies carried out on the effect of pulsed laser radiation
on the liver of the neonatal rat in vivo, Edlow et al (5) observed a dark
red swollen lesion which became flatter and paler until, after seventeen
days, a previously recognizable sesion might no longer be grossly visible,

Studies on focal hepatic injury and repair, using the laser as a
tool, were continued. MacKeen et al (6) reportéd on this with specific
emphasis on the calcium and magnesium concentration in such lesions.
Single, well circumscribed 8 mm hepatic lesions were produced in male
rats tnruuyn abdominal muscle following skin reflection, with a 65 joule,
1 msec ruby laser pulse. At intervals, the animals were exsanguinated,
perfused with saline, and the lesion excised. Lesion, adjacent tissue,
uninvolved liver, non-irradiated perfused and non-perfused controls were
sampled. Ca and Mg levels were determined by atomic absorption spectros-
copy. Perfused control liver tissue Ca was 58 ppm (ug/gm dry weight
[d.w.7) and magnesium, 430 ppm. The calcium concentration in unpar-
fused normal liver averaged 140 ppm. The lesion calcium 5§ minutes post
irradiation (p.i.) was 122 ppm. This increased to 340 ppm at 24 hours and
to greater than 3,000 ppm dry weight in 14 days. The total lesion
calcium increased for the first week, then fell coincident with a decrease
in lesion siza. In lesions, the magnesium ccncentration was 330 ppm
immediately post irradiation. The level fell slightly, returning to the
original level at 8 days. Lesion total Mg rose at 8 days post irradiation
then decreased with time. Mo significant calcium or magnesium alterations
occurred in tissue adjacent to the lesion or in uninvolved liver., OQur

studies showed that calcium may accumulate early following focal liver
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necrosis and increase during the period of progressive cellular autolysis,

without similar marked change in magnesium.

The above--gross and microscopic studies on laser irradiated mice,
together with comparative electrocautery and thermal injury investigations;
studies on internal viscera; effect on melanogenesis; studies on injury and
repair following irradiation of the surgically exposed canine liver; effect
on the liver of the neonatal rat; and studies on calcium and magnesium
concentrations and amounts in focal hepatic injury and repair--represents
some of the studies on normal animals carried out with pulsed ruby and
neodymium laser radiation. An outline of some of the CO2 studies and ultra-

vivlet studies is considered in other sections of this report.
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NORMAL ANIMALS
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TUMOR~RELATED LASER RADIATION STUDIES AND POTENTIAL FOR CARCINOGENESIS

In addition to studies discussed in Volume 1 and the other accompanying
sections of the report, a number of tumor-related studies were carried out.
These included (i) investigations on experimental malanomas in mice using
an argon laser, (ii) determination of the viability of tumor cells back-
scattered from a tumor, irradiated with pulsed irradiation, and (iii)
exploration of the potential carcinogenic effects of pulsed laser radiation.
This latter group could have been included in studies on normal animals,
but is discussed in this section.

In studies using the argon laser carried out in collaboration with
Roy Paananen at the Raytheon Company (1), it was observed that some of
the pressure associated effects, previously observed on pulsed high
power irradiation of tissue (and tumors) were not present. Furthermore,
relatively well-controlled, well-demarcated incisions of small vessels
could be made with the argon laser. Whereas there was minimal bleeding on
incision of small vessels, incision of larger vessels resulted in bleeding.
This was, in part, related to the fact that the vessel wall was destroyed,
without "coaguiation” of blood; consequently the blood could readily
extravasate through this incision. The argon laser differed from the C02
in that the beam was visible. Although major eye-related studies were not
carried out, it was evident from the above studies (probably the first
argon studies to be carried out) that this relatively well-controlled
beam in the visible region of the spectrum would be of potential value
for ophthalmological use, OQur conclusions in regard to this ophthaimic
use of argon lasers has subsequently been born out.

Those problems, which we noted and which we presented at meetings in

regard to the potential for destroying a vessel wall without associated
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“coagulation" of blood, and those relating to delayed reactive bleeding
have been observed in further use of the argon unit in ophthalmology. We

observed bleeding both at the time of irradiation and delayed bleeding.

We also noted that although a tumor could be reduced, and perhaps its
growth delayed using the argon laser, there were certain problems
associated with its use. The tissue had to be exposed to the beam, (the

absorption coefficient of tissue is high at visible wavelengths), and

the transformation of the irradiation to heat occurs with, of course,
attendant problems, such as thermally associated pain. The basic ques-
tions, as to whether the argon laser was superior to contact heat for
tumor destruction (was there a wavelength effect?) or whether it was
superior to the cautery knife for cutting and cauterizing, had not been
resolved at the time of our studies. The major obvious advantage of the
argon laser for tumor heating was that it was a non-contact system and,
in this regard, might prove preferable. Although its control and wave-
Tength were obviously suitable for ophthalmologic studies, these specific
avenues were not pursued by our group due to limited funding.

Another problem to which we directed our attention was whether

pulsed high power irradiation of tumors with lasers might result in
spread of viable tumor cells from that site. If so, then we could con-
sider this result as a potential hazard or problem associated with use
of pulsed laser irradiation as a therapeutic modality for tumor destruc-
tion in man. In April, 1966, the principal investigator reported at the
American College of Physicians on behalf of his co-investigators and
himself for the first time, that viable tumor tissue was indeed spread 3
from the site of irradiation. Although this was not included in the

original abstract to the College (2), it was considered of sufficient
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importance to report, and was discussed in the Journal-American by

Abramson (6). !
In the presentation to the College, it was shown that "following '
pulsed laser irradiation of exposed tumors, the backscattered material

from the tumor, reimplanted into animals resulted in growth of tumors."

It was concluded that "extreme care must be utilized in consideration of
’ high peak power laser radiation for the treatment of localized malig-
nancies since the possibility exists that some of the scattered material
may contain viable tumor cells and may be driven deep into the tissue or
metastasize by blood and lymphatics." We later showed that the character-
istics of the tumor associated with reimplantation might differ from that
of the original tumor. These results, of significance for irradiation of
tumors in man, were confirmed by others and extended (4, 5).

A third area of importance in regard to laser irradiation is whether
laser irradiation of normal tissue results in tumor production (at this
site), and if so, to what extent. Certainly, we are aware that there is
increased tumor production in severely burned man; we were interested in
the carcinogenic potential on Taser irradiation of tissue, in order to
improve management capability of accidental laser injury. In order to
attempt to answer this problem, a large series of mice were irradiated
and followed (3). These studies reported by Bock et al., provided infor-
mation heretofore not available. These were the first studies of any
magnitude which attempted to answer this specific important problem.

In these studies by Bok et al., a total of 1579 ICR Swiss and C57/BL
mice were exposed to pulsed ruby Taser radiation at three levels of L

intensity (10, 20 and 40 joules) and at various stages of the hair growth

cycle. Skin tumor production was not observed in these animals. Addi%ional
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groups of mice were treated once with ruby laser radiation, (10-50 joules)
followed three weeks by repeated treatment with croton oil, Tumor
production was not seen in the 280 C57/BL mice so treated; however, a
total of 14 tumors were observed in the 280 ICR Swiss mice treated
similarly. The appearance of tumors was unrelated to the stage of hair
growth cycle and only slightly related to the intensity of the radiation.
A repeat study using 300 Swiss female mice exposed to ruby and neodymium
laser radiation (150 joules/pulse), followed by croton oil, produced only
a single papilloma in 65 weeks.

It was concluded that under the specific conditions of these experi-
ments, laser radiation at these wavelengths did not exhibit complete
carcinogenic activity or tumor-initiating activity; however, other potential
effects of laser radiation on carcinogenesis must be investigated before
it can be concluded that laser radiation at these wavelengths does not
affect tumor production.

In summary, then, three different sets of studies were first carried
out under this contract; the argon studies, the studies on the potential
for spread of tumor cells on pulsed irradiation, and the carcinogenic
potential of laser irradiation. Our results in these three areas are of

obvious significance for the use of these lasers in man.
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CLINICAL STUDIES

Since there was no evident major advantage for urgent use of pulsed
lasers in the 1960's as a therapeutic modality in man without preceeding
animal studies, studies in man were not,in general, carried out under
this contract. It was felt that the studies in man should be preceded
by studies in animals and associated in vitro investigations, in order
to determine the benefits, the risks, and the benefit/risk ratio. It was
felt that this was especially warranted in regard to dermatological studies;
in regard to (non-hazard) clinically related opnthalmologic studies,
it was felt these could be carried out by skilled groups with extensive
animal and in vitro related laser experience, and with hignhly controlled,
sophisticated reliable laser equipment.

However, we did carry out one group of .psychophysical studies using
the CO2 Jaser; these will be reported in another section.

The contract did permit the investigators to remain current in-regard
to clinical studies. These were discussed in their reviews listed below
(1 - 7), as well as in other sections of this report. Knowledge of
ongoing clinical studies also permitted the investigators tc provide
pertinent information regarding safety and accident prognosis and evaluation
to individuals, and to industrial and governmental organizations, some of
whom were engaged in Department of Defense related research and development.
Furthermore, our other non-climical investigations permitted us to provide

information of value for clinical application.
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ULTRAVIOLET STUDIES - EYES AND SKIN

As early .as 1965, interaction of laser radiation at ultraviolet wave-
lengths with biological systems were initiated under this contract. The
studies were carried out with the pulsed nitrogen laser in collaboration
with H.G. Heard of Energy Systems and with radiation at 2650 2 quadrupled
from neodymium at 10,600 X in collaboration with W. Haynie of Eastman Kodak
Company. In both cases the energy and energy density achieved per pulse
were very low; consequently, there were no major changes observed. The
authors thought that with equipment available at the time of the review
(1968-69), possibly studies yielding positive results could be obtained.

A review of ultraviolet lasers, biological studies and applications
was presented at the Conference on Biological Effects of Ultraviolet
Radiation, the proceedings of which were published by Pergamon Press in
1969 (1). In this review, reference was made to the possibility of
frequency doubling to ultraviolet wavelengths in skin and eye as previously
suggested by Fine and Zaret, respectively, and to production of second
harmonic generation in crystalline amino acids in vitro on ruby laser
irradiation by Rieckhoff and Petocolas.

Other potential areas of investigation discussed in this report
included disinfection and sterilization at a distance, occurrence of two-
photon processes and frequency doubling in biological tissue, the use of
nolography and optical spatial filtering techniques at ultraviolet
wavelengths to aobtain information concerning cells and cellular processes,
adaptation of the ultraviolet laser to microbeam studies, and the use of

ultravioiet lasers for in vivo and in vitro diagnostic determinations,

including those involving fluorescence. Reference was also made
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to potential hazards of ultraviolet radiation at high intensities as
available from lasers. These hazards include those of standard low-intensity
ultraviolet sources in addition to other injurious changes which may be
induced as the intensity is increased. The injurious effects may thus

exceed in rate of onset, and complexity, the acute barns and the delayed
reactions, such as mutagenesis or carcinogenesis and photosensitization
encountered with standard ultraviolet sources. Hazards of ultraviolet

laser radiation were therefore considered to be of particular significance

in regard to the eyes and the mucocutaneous tissues.

With the advent of the helium cadmium ultraviolet laser, operating
continuously at 325 nm., studies were carried out by the investigators
on the eye and skin, at the 1 to 10 milliwatt level (2,3).

There were several reasons for undertaking these studies. One was
interaest in determination of hazards at this wavelength. A second related
reason was to determine whether cataracts were produced at this wavelength
and the mechanism of such cataract production. A third reason was to determine
whether the laser could te used as a tool for cataract production in
experimental animals in order to study cataracts.

Although one might have expected cataracts to have been readily
produced on exposure to ultraviolet radiation in vivo, this had not been
the case previous to our report. As stated in the paper by Kinsey (5},
"quantitative determinations of the absorption of ultraviolet radiations
by different structures of the eye are of impcrtance, since various
pathological conditions such as cataract, retinal damage and functional

visual disturbances have been variously ascribed to these radiations.“
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There is growing evidence that long term exposure to ultraviolet light

causes undesirable changes in the lens. A certain amount of evidence --

but none of it conclusize (Duke-Elder (7)) -- can "be brought forward

to associate senile cataract" (the usual type of cataract) "with
those long ultraviolet rays in sunlight whish can penetrate to, and
are absorbed by the lens." (Underlining mine). This includes comparison
of cataract occurence frequency and age of occurence.
a.) Under various climatic conditions

b.) With various types of employment, such as outdoor
wprkers versus indoor workers

c.) The common observation that senile cataracts usually
begin in the lower quadrant of the lens where the
incident light falls most directly.

Ultraviolet Tight produces changes in the lens. Pirie, (6) Lerman
(8) and Zigman (9) reported that the yellow or brown color found in aged
lenses might be the product of exposure over the years to sunlight. Their
studies were basically biochemiczl in nature and were not carried out on
in vivo eyes. Indeed, although as discussed below (2), we had reported

the production of cataracts on exposure to 325 nm. ultraviolet

radiation, the statement was still made in 1972 in an editorial in Annals of

Opntnalmology that, "in past experiments, lenses were exposed to intense

ultravigolet light for 300 hours or more without causing cataracts."

Indeed, in their extensive studies on the effect of ultraviolet
on the eye, Pitts and Tredici (10) primarily discussed injury to the cornea
as observed by gross and slit lamp examination. Their studies appear to
have been carried out between 200 and 300 nm. From their data, it appeared
that the action spectrum for rabbit and primate were similar. A minimum
threshold for injury (ergs/cmz) occurred at about 270 nm. In addition,
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although the normal histology and to some éxtent, normal eiectron micro-

scopy of the ccrnea is discussed in their paper, information on alterations
at this level are not discussed. In their paper, they do reference the
momentual work of Verhoff and Bell (11) and the significant paper by
Cogan and Kinsey (12). In their further studies, Pitts et al (10) used
corneal light scattering measurements as a method for determining the
threshold for.ultrayviolet injury. Their studies were carried out
in humans. However, they did not report any information relatiog” to
lens injury, nor any iong term follow-up.

Therefore,at the time at which we cairricd out our studies, it was
not certain, based on the ophthalmic literature, that cataract formation
could be directly related to ultraviolet radiation of the eye. Qur

studfes, (2,3) as discussed below, showed conciusively tnat cataract

formation ( in the rabbit in vivp) indeed was directly related to irradiation

of the eye with a He-Cd. laser at 325 nm; that ultraviolet radiation
at this wavelength will indeed consistently and reproducibly produce
cataracts;that this may be one of the hazards associated with ultraviolet
radiation at 325 nm. and at other wavelengths) and that the HeCd laser
(or other ultraviolet lasers as at 337 nm.-- see below), can be used as a
tool for production of cataracts.

In summary, in our studies (2 3) weanling rabbit eyes were exposed
in vivo to the beam of the HeCd ultraviolet laser. Anterior subcapsular
and cortical cataracts were consistently and rapidly produceu at the power
levels employed. The changes in the intervening cornea were grossly
reversible, while these in the lens were not. Localized cortical cataracts
produced by an ultraviolet laser persisted for over 2 years. Maturation
of the cataract was not observed to that time. The available evidence supports

the belief that the damage was produced photochemically within the absorbing cells.
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Our methods and results were as follows. During irradiation, the
animals were anesthetized, pupils dilated, one eye used as a control,
and corneal surface temperatures measured prior to, intermittently during
and immediately following the irradiation using a thermocouple. The cataract i
produced by the UV laser appeared similar to those few produced previously i
by incoherent UV light (11,7). The change began in the subcapsular
regdon, directly in the line of exposure, as an apparent acute necrosis
of epithelial and some adjacent cortical cells. This:produced the early
subcapsular opacity. The opacity apparently spread slightly along
the cells receiving initial injury, but remained limited in extent. New |
lens fibers insinuated themselves, separating the main necrotic mass from
the anterior capsule,and the Tocalized cataract became displaced from the
anterior surface. No widespread cataractous changes (i.e., mature cataracts)
were observed with the exposures and time intervals used, although the
cataracts produced persisted up to 2 years. The finding of rather prompt
development of cataractous changes from such injury is consistent with
the relatively sonspecific sequence of events that may occur in the lens
with other forms of acute, localized trauma that cause localized epithelial
and/or cortical cell necrosis.
The rapid appearance of the cataractous change was considered as due to
a direct injurious (i.e., abiotic or photochemical) effect on the lens
epithelium and superficial cortex by the UV light, which was heras capable of reaching
it and being absorbed by the superficial cells. Some of the absorbed UV
mivht be changed into heat locally within the absorbing cells, some into
fluorescence (which was very striking during the process or irradiation),

and some could be absorbed and produce~ a photochemical reaction within
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the cells. Although intralenticular temperatures were not measured

in this study, corneal surface temperatures were determined. Corneal
lesions were produced following irradiation, but the measured increases

in temperature were slight and too small to have caused thermal protein
denaturation. The small increases in temperature of the unirradiated
corneal periphery could have resulted from increased flow of limbal

blood. These measurements substantiated our conclusions that the cataractous
changes were not totally thermal.

These studies were significant in two regards. First, we shoved
that long term exposure to ultraviolet radiation at this ( and other)
wavelengths can result in cataract formation, immediate or delayed;
and these cataracts might be photochemical rather than photothermal
in nature, although a combination of the two could not be ruled out.

In addition, we showed that the He .Cd laser could be used as a tool
for cataract production in order to study cataracts.

e also concluded that the possibility, once raised, that retinal
damage may occur in the aphakic eye appeared to be more significant with
advent of UV light generated by a laser source.

In regard to protection, we stated that unlike protective devices
for laser wavelengths in the visible and near-infrared spectra, the means
for ocular orotection at this UV wavelength appeared simple. Ocular
protective material to attenuate the beam should be carefully assessed,
however. Only certain spectacles and plastic laboratory glasses provide
marked attenuation of the beam at ultraviolet wavelengtns.

Although our studies were carried out with relatively low CW He Cd

lasers, the development of high powered systems would make the accidenta

production of cataracts (as well as corneal injurv) more probable.




Qur continuation of ophthalmologically related ultraviolet studies had
to be terminated because of lack of funds. However, if funding had been
continued, we would have carried out studies at 337 nm. using pulsed
high p.r.f. lasers, as well as those at 325 nm.

Qur basis for wishing to carry out studies at 337 nm. was as
follows:

We thought that studies at 337 nm. should enable us to provide
information of value for setting safety standards - for the mode of operation
of the commercially available lasers at this wavelength. Another reason
for studying the affects of radia*ion on the eye at this wavelength
(337 nm.) was based on the spectral transmission properties of the eye
and the various components of the eye in the- ultraviolet. There were
several particularly significant publications relating to this area --
one by Kinsey (5) and others by Bachem, (14) Cogan and Kinsey (12) and
Boettner and Walter (15). Basically, this data can be summarized
as follows: Below 290 nm., all the ultraviolet energy is absorbed
by the cornea. Between 300 nm. and 400 nm., the cornea ibsorbs
correspondingly less radiation, until at 400 nm., it transmits 94% of the
radiation impinging on its surface. At 330 nm. the cornea transmits
about 81%, at 350 nm., 86% of the radiation. Well over 90% of the radiation
which impinges an the lens at these two wavelengtns is absorbed by the
lens. As the wavelengths increase from 350 to 400 nm., a corresponding
smaller percentage of the radiation is absorbed by the lens. It is
within the range of 330 t0 350 nm., therefore, that the lens appears
to have the highest fractional absorption of the radiation impinging
on the eye. (It should be noted that most of this data was obtained from

rabbits and some allowance must be made for extrapolation to the human eye).
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Data from other studies (in which the principal investigator was

involved), led him to believe that the effects of 337 nm. are probably
primarily photochemical, not photothermal. He expected 337 nm. to be
cataractogenic, and the cataracts to be photochemical in nature. (Although
it is possible to attempt to distinquish between photochemical and
photothermal injury, based on electron micrograph studies following
irradiation at 325 nm. and 10.6 u, when both photothermal and photochemical
effects occur simultaneocusly, determination of etiology of the injury
is difficult.)
In summary then., the purpose of studies at 337 nm. would have been:
1.) To provide information regarding hazards and thresholds to cornea
ard lens at this wavelengtn for the mode of laser operafion available
(pulsed mode).
2.)To determine the cataractogenic potential at this wavelength.
3.) To determine injury to other tissues of the eve, in addition
to the lens, at this wavelength (particularly to the cornea).
4.) To determine whether effects observed at this wavelength are
photochemical or photothermal at irradiation levels not far removed
from threshold.
5.) To determine whether lasers at this wavelength provide a tool
for the study of cataractogenesis and their prevention and treatment
(other than cataract surgery).
6.) In combination with our studies at 325 nm., to determine which
wavelengths might provide the optimum tool for the studies in

purpose 5, above.
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We believe that studies, as detailed in our unfunded but reviewed
proposals, including those submitted to N.S.F. in 1974 (16), have been
carried out at this wavelength and our expectations confirmed, by studies
subsequent to our proposal.

In addition to the ophthalmologically related studies, investigations
were carried out on the effect of 325 nm. laser radiation on the guinea pig
skin (4). This investigation undertook to study the possible protecting
role of pigmentation against ultraviolet laser radiation. Ears of 15
guinea pigs ranging from "albino" to black were irradiated with a (15 mW),
325 nm. 1.5 nm. diam beam from a Spectra-Physics He-Cd Laser for 16-30°
minutes. Biopsy specimens were taken immediately, 24-72 hrs., and 1 month
after radiation. NaBr split, dopa, and EM preparations were examined.

In lightly pigmented skin immediately after radiation there was a

vacuolization of epidermal cells and development of small edematous lesions

in the papillary dermis. Small dermal areas, presumably occupied by per-

ipheral nerves, were also injured, and the myelin sheath of large nerve
fioers also showed damage. After 24 hours, extensive dermal edema developed,
and often an infrabasal separation of the epidermis occurred with necrosis

of the overlying epithelium. At the periphery of the lesion there was a
varying degree of epidermal damage, including cellular vacuolization near

the nucleus, and destruction of nuclei. WHaBr split preparations showed

that the 24-hour lesion was about 1 mm in diameter, both in the epidermis

and in the dermis, which corresponded to the beam diameter. In NaBr
preparations this lesion was characterized by separation of epidermal

cells and the replacement of the collagen bundles in the dermis by a

homogenous, eosinophil material.




By contrast, in heavily pigmented skin there was greater injury

to the regions of cells which was occupied by melanosomes, and the injury

to the dermis was considerably less than in lighter colored skin.

e

Since there was an elevation in temperature of less than 29¢, the
effects are considered photochemical and not photothermal in nature.
A maerosocopically observable hyperpigmentation followed the laser radiation
2 to 3 days post irradiation.

In summary, then, this and the associated contracts were 1.) the
first to show that cataracts could be reproducibly and readily produced
in_vivg at ultraviolet wavelengths; 2.) the first to discuss the reasons
why 337 nm. irradiation result in photochemical cataractogenesis, and
3) probably the first to carry out studies on skin using the ultraviolet

laser at 325 nm. ' ‘
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DENTAL STUDIES

Previous dental studies are discussed in Yolume One of this report.
Further details and studies carried out under this contract on the effect
of both ruby (694 nm) and CO2 (10.6 u) radiation on dental tissue in
yitro (1,2) are discussed below.

[
.
R g e it ! et ¢ S e

A. Ruby Laser Irradiation Studies

At 694 nm., extracted human teeth with sound enamel were expased to
laser radiation at exit beam energy levels of 12 and 25 joulés. Focused
and defocused beams were used. A lens system provided spot size approx-
imately 0.1 and 0.3 mm. in diameter at the target site, resulting in
calculated energy densities of 104 joutes per square centimeter to
energy densities in excess of 105 joules per square centimeter per pulse
at the surface of interaction site. The duration of irradiation was of
the order of 1 millisecond per pulse. The ruby rod was cooled by liquid
nitrogen during the experiment. The teeth were photographed, plastic
embedded,and- sectioned at 100 microns.The x-ray diffraction pattern, micro-
hardness, and solubility of irradiated enamel were studied. In an
attempt to estimate the upper limit of temperature in the pulp chamber
during irradiation, a thermocouple was positioned in the pulp chamber; its
exposed part was shielded to protect it from direct irradiation.

Craters were produced, somewhat conical in shape, on‘irradiation. As
expected, the greater the energy, the larger the crater. The area surrounding
the crater appeared chalky white with glasslike fusion of tie surface
enamel. In addition, there appeared to te an alteratior in the enamel
prisms extending from the ¢rater apex toward the dentino-enamel junction.
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The radiation was more intensely absorbed by blackened surfaces then
by normal enamel. The authors believed that this property could possibly
be used to selectively treat thase surfaces which typically show the
discoloration usually accompanying the caries process.

The microscopic examination of ground sections in white light, polarized
1ight, and microradiographically showed alteration of enamel structure
in similar areas. This zone of altered enamel was seen adjacent to the crater, on
the surface, and extending from the apex of the crater to the dentino-
enamel junction. It is possible that the observed shattered appearance of the
enamel may have been the result of the laser radiation being reflected,
scattered, and absorbed by the enamel crystals. Other factors,considered
by the authors,include the generation of sonic and ultrasonic vibrations
accompanying the interaction of laser radiation with dental tissues,
and high pressure and temperature gradients which could also be of signifiicance.
The changes observed in birefringence of the enamel were considered indicative

of changes in the structure of the enamel as the result of laser irradiation.

The precise nature of these changes in enamel structures was not fully
understood at the time of the report.

The x-ray diffraction patterss and the microhardness tests, however,

did not indicate changes inthe hydrozxyapatite nature of the enamel which
had been irradiated. If there had been conversion of hydroxyapatite to some
other compound, it is possible that changes would have been detected in
microhardness and/or in the x-ray diffraction pattern. However, as noted,
the determination of microhardness on a convex surface that had been
polished to a flat smooth finish is technically difficult. We felt that

the findings relative to the microhardness of laser treated and untreated

enamel required further investigation.
"-36-




The high energy densities from focused laser beams produced rapid and
intense neating of enamel at the point of impact, sufficient for vapori-
zation, as evidenced by crater production. The authors were aware (and
nad reported) that attempts to measure temperatures at the point of "“impact”
could result in large errors because of the direct action of laser radiation
on temperature-monitoring devices, Possibly the measured temperature rise
in the pulp chamber (80-90°C) was consequently due in part to the direct
absorption of laser radiation by the thermocouple placed in the pulp
chamber.

The findings of this investigation did not include a stﬁdy of the
bound water or the organic matter normally found in enamel. The loss of
these components could not have been detected by the methods of analysis
used. However, considering the energy densities accurring at the peint
of impact in the enamel and the intense heating which resulted, both
water and organic matter must have been lost from the enamel. This might
nave occurred even at some distance from the region of visible crater
formation.

In regard to clinically associated nazards, the authors concluded
tnat laser radiation could be damaging to both soft and hard oral tissues.
Serious problems associated with the application of laser radiation to
the treatment of oral disease would necessarily include adequate protection
of the eyes of both the patient and the operating team. QOther factors
to be considered would include prevention of abscess formation both locally
and systemically from scattered particles produced at the site of irradi-

ation.
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In summary, the authors concluded that on pulsed (694 nm.) irradiation

of teeth in vitro, under experimental conditions of this study:

1)

2)

3)
4)

No change was found in radiodensity of enamel adjacent to the
craters.

There was no change in the hydroxyapatite configuration of enamel
isolated from the surface enamel surrounding the craters.

There was no change in microhardness of laser irradiated enamel.
There was alteration in the enamel rod structure in the area of
laser impact which was observed with the light microscope. There
was also change in birefringence of this enamel as seen in polar-
ized lignt. This suggested a disruption of the pattern of enamel
rods.

The coating of tne enamel surface with dyes modified the interaction

of laser radiation with enamel.

B. CO2 Irradiation Studies
The purpose of the C02 studies (2) was to determine the feasibility

of fusing enamel (in extracted numan teeth) by using high-power-density

continuous-wave (CW) radiation at 10.6 p as made available by CO2 lasers.

The gross and microscopic findings of the interaction of CW radiation on

calcified tissues were compared with short-pulse duration ruby irradiation.

Studies were also carried out on the gross and microscopic findings of the

effect of CW CO2 irradiation on components of the tooth. A nominal 20 watt

laser was used.

Following irradiation, the enamel in the region of exposure appeared

fused, chalky white and opaque. It was nhard and brittle and fractured easily.
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There was no evidence of closure of the fissures, and the margins of the

white, opaque material could be penetrated with an explorer, Both the
region of irradiation and the surrounding region of the crown were hot to
touch, as expected. Results of attempts to fuse synthetic hydroxyapatite to
ename] fissures were generally unsuccessful. Occasionally there appeared
to be fusion of the synthetic hydroxyapatite to the enamel.

Other changes were observed deep to the site of irradiation. Some of

these were possibly due to conductive heat. The x-ray diffraction pattern

‘of the postirradiation enamel showed lines consistent with the presence

of a small amount of alpha calcium orthophosphate as well as those associated
with nydroxyapatite.

The studies carried out indicated that there was further need to study
the thermal properties of the heterogenous structure of teeth. This was
needed to better understand the interaction of C02 radiation with these
structures and to develop a better understanding of the effect of specific
therapeutic modalities which have an associated thermal component, whether
deliberate or accidental. Such studies might assist in attempts to improve
dental therapy and provide impraved methods for prevention of dental caries

and for prophylaxis.
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DENTISTRY
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MECHANISMS OF INTERACTION OF LASER RADIATION WITH BIOLOGICAL SYSTEMS,
BIOPHYSICAL STUDIES

A. Qutline of Mechanisms and Ascuciated Studies Reported by 1965

Some of the mechanisms considered to be associated with the interaction
of (laser) high peak power radiation.with tiological systems to 1965,
including those determined under this contract, are discussed at length
in an accompanying volume of this report. By 1965, Fine et al (1,2) had
separated the factors responsible for hazards into the fcllowing
categories:

A. The laser radiation and its interaction with the bdological s,stem.

8. The pumping source, especially flash tubes.

C. The high voltage and currents required for the operation of the

Taser system

D. The laboratory or field environment in which the system is used.

The mechanisms and hazards associated with the beam interaction
(category A) were considered as dependent on the properties of the radiation
and the biological system (1,2).

In 1965, Fine et al, (1,2) stated that the parameters of the radiation
which should be considered include énergy and energy density, power and
power density, wavelength and, possibly, coherency and polarization; the
characteristics of the biological systems included both the reflectivity,
turbidity, electromagnetic and acoustic abserption coefficients, specific
heat, thermal conductivity, presence of interfaces and closed cavities,
heterogeneity of the tissue and elasticity. Biological characteristics
included the biochemical activity, local and general response to injury,
the capacity for repair or compensation and the relative sensitivity

of the tissue for genetic changes or somatic aberrations (including
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malignant transformations). Laser radiation of tissue cultures had been

shown to result in chromosomal defects which were subsequently transmitted

to later generations of cell cultures. (Rounds, personal communication, 1965).
For Category A, the mechanisms wnich must be considered in the

interaction were further subdivided into seven (7) categories. (1965)

1. Degradation of energy with the nsroduction of temperatures
sufficient to cause thermal changes per se in the biological system.

2. Degradation of energy within a closed filled cavity (such

as within the cranium) accompanied by phase transformations resulting
in the production and transmission of perssure and possibly shock waves.
3. The production of sonic, ultrasonic, and hypersonic frequencies.

4, Effects due to alteration of wavelength associated with excitation
of molecules and scattering of the primary radiation, as well as
frequency multiplication.

5. Induction of photochemical reactions.

A6. The formation of free radicals and toth charged and uncharged
light and heavy particles.

7. The possible importancs of high electric gradients particularly
at high peak densities.

In this and the associated references (1,2) the following siatements
were made by Fine et al regarding the above seven mechanisms. These were contained
in our contract supported 1965 reference, and substantiated the
significance of the above processes in laser-biosystem interactions. “Although
degradation of energy with production of temperatures sufficient to
cause protein denaturation or thermal burns may be the most immediately
obvious gross effect, it is not necessarily the most significant in regard
to the short or long term effects. Insofar as the skin is concerned, healing
may Se accompanied by keloid formation. The possibility of malignant
transformation must not be neglected-- a higher incidence of squamous
cell carcinoma in the region of old healed scars due to burns is well

-42-




documented (12, 13) Other sequelae of burns include infections, chronic ;

ulceration and scarring with deformities, resulting in limitation of function.

"Insofar as the eye is concerned, burns of the retina and choroidal
layers at 6943 Z and at 10,600 X can occur at low energy and power
levels (14). Burns of these tissues by incoherent radiation have been
well-documented -~ lesions having occurred on looking at the sun:during
an eclipse (15), or even at a photographic arc lamp. As laser frequencies
increase towards the ultra-violet, damage to the cornea can occur at wave-
lengths shorter than 2950 Z, to which the cornea is relatively opaque.

At wavelengths in the infrared, cataracts can be produced, by absorntion
of the energy by the iris pigment epithelium, with gubsequent damage to
the underlying lens epithelium and superficial cortical lens fibers by the
heat produced. Such cataracts, experimentally produced (16) by focused
light on the iris, were limited to the zone of contact between lens and
pigment epithelium of the iris (i.e., pupillary zone of iris), and did

not occur beneath the peripheral (non-contacting) iris. Delayed posterior
subcapsular lens changes occured 60 to 90 days after exposure.

“Whether unfocused radiation (i.e. not directly focused on the iris),
from either a coherent or incoherent light source, will produce a cataractous
change is not yet clear. True thermal cataracts (i.e. the so-called glass-

lower's cataract) are rdare today (17), and are occasionally confused clin-
ically with a more common flocculent deposit on the lens capsule (pseudo-
exfoliation of the lens capsule), entirely unrelated tc infrared exposure.
On the other hand, wavelengths in the longer ultra-violet region

(2950 X to 3050 z) are not known to give rise to cataract formation. These
radiations do produce latent (approximately 8 hours) painful, superficial,

corneo-conjunctical burns (kerato-conjunctivitis), which, generally, are
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easily cleared up with simple treatment. This type of exposure is,
perhaps, of greater importance near the continuous operation of gas lasers,
where the production of ultra-violet may be very high, and/or tne exposure
may be long.

“Shonter wavelengths of electromagnetic radiation { i.e. x and gamma
radiations) not only produce a superficial burn, but they do give rise to
cataractous changes, usually after a considerable (measured in months)
latent period. Retinal damage is by far, the most serious of the ocular
complications, for such damage is irrepairable. Petinal damage from
focused (i.e. inherent dioptrics of the eye) coherent or incoherent
light, at minimal or threshold levelc, is limited mainly to the pigment
epithelium and photoreceptor lavers, and is discussed in detail else-

3 where (14, 18). Moderate to severe levels of irradiation at the retinal
surface cause greater destruction of both retinal and choroidal layers,

with frequent hemorrriages into the vitreous bodv, with their attendant

complications of scarring and even retinal detachment. i

“Degradation of energy within a closed filled cavity, such as the :

eye or skull, differs from that occurring on a free surface. Interaction
of radiation at a sufficiently high energy density with the media may
result in phase transformations to a vapour or gaseous phase. Since the
total volume of the cavity is fixed, high pressures will occur at the

site of interaction. The pressures will be transmitted with relatively
little attenuation to regions distant from the site of interaction, if a
quasistatic pressure rise is assumed. This can result in tissue destruction
due to direct effects and due to temporary interference or disruption

of the vascular supply at some distance from the site of impact. Con-
sequently, severe and fatal injuries can be produced, although the local
effect of the initial direct lesions would not be vital to the functioning or

survival of the organism.
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“Studies directed at elucidation of this mechanism of injury has been
reported by Fine and Klein (19,20) and Earle et al. (21). Following
unfocussed irradiation at 6943 R,. 1 millisecond pulse duration, at energy
levels in excess of 40 joules directed at the forehead of mice, death
followed within less than 30 seconds in 10 out of 23 animals (19). Intra-
cranial hemorrhages were presant in the meningeal spaces in the ventri-
cles and conducting system, and within the substance at the base of the
brain at regions distant from the sitz of primary interaction, rather than
the more generalized distribution of lesions observed on gross and
microscopic examination following radiation directed at the closed,
intact cavity.

“Further studies were reported under this contract in 1965 by
Fine et al utilizing pressure transducers to determine the relevance
of the previocus observations."With the pressure transducer inserted
within the closed cranial cavity, a much higher pressure response was

obtained than when the pressure transducer was exposed to the same

radiation with only skin and a section of skull bone interposed. (Fig.
2). tonsequent]y, the effects of irradiation of regions with relatively
rigid, closed, filled cavities, on both a macroscopic and microscopic
level, differed from those involving regions without rigid boundaries.

"Other regions in which injury may be partially dependent on the presence
of quasistatic pressure states, on a macroscopic and microscopic level
include the thorax and abdomen. Similar considerations apply to radiation
directed at the skin overlying certain anatomical sites, such as the
joints, the vertebral column, enclosing the spinal cord and nerves, the
anterior, later and posterior aspect of the neck (with its subjacent

blood vessels, nerves, alands and trachea) the meatus of the ear, the
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nares, and other areas where major blood vessels, nerve trunks, or
important structures are superficially located. (Fig. 7). Damage to these
vulnerable areas lying beneath the skin surface may produce severe
disability or even death. (22).

"The presence of sonic frequencies associated with the interaction during
laser irradiation of in vivo and in vitro systems has been reported.(23).

In further studies, both sonic and ultrasonic inconerent pressure vibrations
have been detected on non-Q-switched ruby laser irradiation (in the

20 joule range) and on Q-switched irradiation ( in the 1 joule range)

of heads and chests of mice. On irradiation of the anterior surfaces of

the chest and head, these frequencies were observed, when pressure
transducers were coupled to the posterior surfaces of mice (Figs. 3, 4).

"Bubble formation and cavitation may be associated with such vibrations,
particularly if a disolved gas is present in the media. Bubble formation
can result in the production of free radicals (24). In the case of
cavitation, collapse of the cavity in a liquid may result in very high
pressures and possible shaock waves in the fluid adiacent to the cavity
wall. Incoherent sonic and ultrasonic pressure waves that originate
along the path of the beam will result in significant mechanical energy
transport to regions distant from the primary source of laser interaction.
However, the intensity decreases with distance.

"These modes of energy transfer may be of significance, insofar as
immediate tissue damage and long-term effects are concerned. The impor-
tance of such mechanisms will be dependent upon the efficiency of the
energy conversion from electromagnetic to mechanical modes and the
energy and power density in the beam.
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"Chiao, Townes, and Stoicheff (25) have shown that irradiation of

certain crystals by a 50 megawatt, 30 nsec., ruby laser results in the

10 c.p.s.)

production of intense () kilowatt), coherent, hypersonic waves (10
via stimulated Brillouin scattering. Studies carried out by Garmire
and Townes (26) have shown that, in a similar way, intense, coherent,
hypersonic waves can be generated in liquids such as water. Giuliano
(27) has investigated damage in dielectric solids caused by hypersonic
waves (13 g.c.), which were created via stimulated phonon processes both
within the crystal and within the liquids surrounding the crystal. Gigacycle
waves. are rapidly attenuated, thus giving rise to possible damage only in
regions near the laser beam itself.

"As the beam is scattered, ccherent hypersonic waves will be
generated along the beam path. These frequencies may result not only in
cell death, but in cell alterations, possibly of long term significance,
particularly in the skin and ocular tissues.

"The presence of wavelengths other than those of the primary
radiation may be of significance, insofar as long term effects are concernad.
Irradiation at high energy levels and power densities produced incoherent
re-radiation from the excited atoms, some of which occurs at wavelengths
shorter than those of the incident wavelength. Should this occur deep to
the surface, energy quanta are produced at sites not normally exposed to
these wavelengths. This may result in tissue or cellular alterations other
than those normally produced. Should these wavelengths lie in the ultra-
violet region, absorption by nucleic acids and proteins may occur with
subsequent long term effects.

"Frequency multiplication has been produced in crystals such as quartz
0

and KDP on exposure to laser irradiation at 6943 A (28,29). Frequency doubling

has been observed in amino acid crystals (30). It is possible that frequency
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doubling may also occur in tissues, particularly in regions where
crystalline structures such as melanin granules are present. Should this
occur in tne sxin or eye and in hydroxyapatite crystals in bone, coherent
quanta of energy will be produced at wavelengths which are normally
attenuated by intervening tissue layers. Inrthis way, secondary

effects, early or delayed, may be produced wnici differ fron those
obtained at low radiation levels.

"Photochemical reactions may also occur at the wavelength of the
primary radiation or at wavelengths produced as secondary phenomena. Because
of the relatively high intensity of the radiation, reactions may occur,
which would not occur at a significant extent at the same wavelengths
at lower energy and power levels. Laser radiation has been shown to
induce functional and/or structural changes in proteins, " including gamma
globulins, enzymes, and other macromolecules of biological origin

in vitro and in _vivo, which may be due in part to photochemical reactions.

Such changes have been produced both .in the presence or absence of
photosensitizing agents acting as emergy tramsfer agents. (31).
"Photosensensitizing agents may be normal endogenous formation (i.e.
melanin, hemoglobin and other chromophores), pathologic endogens
formations (eg. ochronosis in Alkaptonuria), or may be wholly exogenous
(dyes, drugs, vitamins, industrial chemicals). Photobiolcgical reactions

may resuylt in (primary) photo-irritation, or in photosensitization by

stimulating immunological incompatibilities with protracted allergic manifestatigns.

“Free radicals have been considered as factors in the biologica:l
effects of ionizing radiation, genetic changes and malignant transformation.
Electron spin resonance measurements following irradiation of black
mouse skin and fibrinolysin preparations indicated with high probability

that free radicals are produced in these bioiogical materials on laser

irradiation. Irradiated skin of white mice and collagenase gave no signal (32).
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The effects of Taser radiation on the incidence of malignant changes in intact

mammals is currently under investigation.

"The presence of charged particles within the plume ejected from an
abdomen of a black mouse has been shown (33). High speed photographs
(8,000 - 18,000 frames per second) were taken of the motion of plumes
moving through an inhomogenous magnetic field on laser radiation in the
thirty joule range focused on the abdomen of black mice. Spiral plume
macroscopic motion and confinement of the luminous part of the plume
to a relatively small (1 cm3) volume was observed (Fig. 5) in agreement
with the motion of charged particlies moving in an inhomogeneous magnetic
field ( field strenaths 0-300 gauss, field gradients of the order of
200 gauss/cm.). Comparison with plumes ejected from the abdomen of
black mice on laser irradiation by focused beam in the thirty joule
range in the presence of zero applied magnetic field showed rapid
dissipation of the plume over a large volume with no spiral trajectories
(Fig. 6). Some varities in trajectory was observed during these studies.

"Observations of the decay of plume luminosity also indicate the
existence of tharged particles within the plume. The plume is self-
luminous, since its visibility persists beyond the period of target
Tuminosity and laser pulse duration by at least an order of magnitude.
Order of magnitude calculations show the radiational cooling of particles
less than 10 microns in diameter to be extremely rapid. Although these
particlies may be charged, they cannot explain the long persistence of
plume luminosity. In general, no other particulate matter of larger diameter
was visible with sufficient density in the high speed photographs to be
totally responsible for persistence of the visible plume. If the plume
contains a high density of ions and electrons, recombination of these
constituents is slow enough to explain the persistence of plume Tuminosity.
Other mechanisms, such as bremstrahlung, may contribute to plume luminosity.
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"“The presence of charged plume particles was substantiated by probe

studies. In studies carried out in this laboratory, copper probes initially
held at ‘ground potential were positioned near the path of the plume. If the
jons and electrons in the plume have unequal directed velocities as the
plume expands, a voltage would be induced in the probes. (Direct laser
irradiation of the probes produced no detectable probe voltage change.
However, during experiments on charged plume particles, precautions were
taken to avoid direct irradiation of the probes.) Probe voltage changes
were detected when copper probes were placed near the path of the plume
ejected from various physical and biological targets on irradiation in

the 20 jaule range. By positiéning two probes a measured distance apart
along the approximate plume path, a voltage difference or current flow

was detected between the two probes as a function of time. This data
verified the presence of charged plume particles and allowed an estimate

to be made of the average velocity at which the plume expands. Charged
particle velocities as high as 104 cm/sec. were detected.

“"Other studies were carried out using streak photography. The plume
particle velocities measured with this technique were in agreement with
the velocities obtained by probe measurements at some distance from the
animal. However, streak photography indicated that the observable
initial plume particte velocities near the animal surface were at least
five times greater than those velocities measured by probes placed at

some distance from the irradiated animal surface. An analytic model of the

plume will exceed the velocity of directed plume motion by at Teast an order
of magnitude (greater than 106 cm/sec.). Because the electron mass is

extremely small, these velocities represent very low electron energies.
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“There are several possible mechanisms for ion production within the i
plume. Ionization can occur on ejection. Ionization can occur just
after the plume itself is ejected-- heating being due to continued absorption
of laser radiation following ejection from the target. Another possible
mechanism for creating charged particles is through inelastic collisions
between free electrons and uncharged atoms present in the plume. Elacidation
of the actual mechanisms for ionization is currently under investigation.

“From the preceeding discussion, the plume ejected from biological
material during the following laser irradiation, can best be described
as a physical plasma.

"The high electromagnetic power densities that are available from
lasers, especially Q-switched lasers, indicates that direct field ionization
and secondary ionization due to rapid electron acceleration may occur
within biological material. A one megawatt per mm2 beam has an associated
electric field éf the order of 107 volts/meter. Focusing of the usual
laser beam to a 1 mm. spot produces strong transverse and longitudinal
fields. Band rupture and direct field ionization may be expected at

7 volts/meters. Should these effects occur in a

field strengths of 10
certain region, one can expect increased conductivity within that
region. However, separation of the effects produced by a high electric
field from those due to other energy transformations is difficult.

"It is impossible to extrapolate with accuracy the relative importance
of the mechanisms of energy transformation at Tow levels of energy and power
on irradiation of small animals, like the mouse, to the potential effects in

man at higher energy and power levels. The relative biological significance

of the mechanisms discussed is dependent on the degree to which they

occur at the various energy and power levels, and their relative effective-

ness in producing a specific biological response. The data obtained
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on severe injuries in "scaled down® systems can, however, serve as
guidelines for precautionary measures until their possible implications

for larger mammals or man have been critically analyzed."




Summary and Comments

In discussing the above, which was reported under this contract

by 1965, it is evident that . marked effort had been directed in this contract

by 1965 to mechanisms of interattion. Although the principal investigator
and his associates are sometimes credited with the studies relating to the
effects of pulsed laser radiation on the forehead of mice, there seems to
be a lack of knowledge on the part of authors of publications in the field

that this contract was responsible for attempting to determine and understand

the mechanism -- that pressure elevations were observed, that sonie and
ultrasonic frequencies were measured, thiat histology was carried out and

this reported by 1965. In carrying out these studies both reflective

and blackened pressure transducers were used,and thermocouples were inserted
coincident with the pressure transducer to estimate the upper bound of
temperature at that site. (The thermocouple was not directly exposed
to the radiation). This was done in order to differentiate between trans-
mitted pressure, sonic and ultrasonic waves, and effects due to thermal stressing
of the transducer. Our studies indicated the effects were indeed due to
pressure changes measured by the transducer, and not due to thermal stressing
of the transducer. Attempts were made in these studies to calibrate
the transducer; calibration of transients was difficult and therefore
waveforms are given on a relative milliwatt scale, rather than on an absolute
pressure scale. In our studies, care was taken to establish that the wave-
forms observed were not due to pulsed operation of the laser system, per se.
Indeed, in conjunction with our studies on mouse forehead irradiation,
measurements were made on cardiac and respiratory charges, as measured
by e.c.g. telemetry and impedence pneumography, in order to attempt to
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assist in determining the mechanisms of transformation of energy within
a closed filled cavity. Although it appeared to us that cessation of
respiration preceded cardiac arrest, post irradiation, this was not
sufficiently reproducible to permit a definitive statement to be made.

In addition to the above, attempts were made to modify the interaction
using dyes, and were reported in the 1964 Boston Laser Conference pro-
ceedings. Black and green dyes applied to the forehead of mice appeared
to alter (increase) the intracranial injury, on ruby laser irradiation. The
hope in some -of . the dye studies was to modify interaction of tumors.

In conjunction with the above sonic and ultrasonic studies to which
we dewoted considerable time and effort, attempts were made to characterize
a compound (in solution) by its "sound wave pattern." Studies on sonic
analysis associated with the interaction during laser irradiation of

in_vivo and in_vitro systems were carried out. These investigations

were performed by positioning c¢f a microphone at a fixed distance from
a site of interaction. Differences in frequency and amplitude were noted
when different light absorbing substances were present. Although differances
could be obtained, and were determined to arise from the solution (or
irradiation site) by shifting the microphone position, the sound waveforms:
obtained did not appear to be sufficiently specific to be able to use the tech-
ique (at that time and with the sensitivity available) for differential
characterization of compounds by the above signature studies. It is
possible that further investigation of this area is warranted.

In regard to the fourth mechanism, frequency multiplication, studies
were carried out under this contract on in vivo frequency doubling with a
Q switched ruby laser, and are reported in an accompanying volume of this

report.
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The fifth mechanism, induction of photochemical reactions has, 6f

course, been observed by many investigators. Our studies on transformations
in plasmin (or fibrinolysin) lipase, and blood group substances (1965)

may in part be dependent on photochemical reactions. These are discussed
in an accompanying volume. Similarly, the cataracts observed on the HeCd
Jaser irradiation were considered in whole or part to be photochemical
rather than photothermal per se.

Some considerable time and effort was directed in this contract by
1965-66 towards studies on bubble formation and cavitation on irradiation.
Bubbles could be readily produced in solution, and these appeared, in
some cases, to be cavitation bubbles. Whether any of the tissue distension
observed on a microscopic scale in our studies is related to "bubble

formation and cavitation," is uncertain.. However, the occurence of
these "formations" could be significant in regard to mechanisms for injury.
The potential for malignant transformation studies mentioned above

are discussed in an 2ccompanying section of this report.

Studies on free radicals-mechanism 6 - were continued and are discussed
in accompanying sections. However, in no case were studies carried out
on free radical formation occuring at the time of irradiation (i.e.

during irradiation). Studies of this type may still be warranted;

certainiy the qualitative and quantitative aspects of short-lived free
radical formation during irradiation cannot be determined from the

studies reported in this contract. Obviously, much work has been carried

out in the physical sciences on the Tatter part of mechanism 6.

In regard to mechanism 7, attempts were made ‘to possibly separate
direct irradiation effects from high field gradient effects by orienting the
animal surface parallel to the beam; using a high peak power Q-switched

system ( in the mid 1960's), and focusing it just anterior to the animal surface.




No evident alterations were observed. Whether a high electric field

gradient was present at the site of focusing and therefore at the surface
of the target (which possesses some conductive characteristics) would
remain to be determined.

The above studies were reported in the literature, at widely attended
conferences, and in personal discussions with groups carrying on bio-laser
work. It is expected that this and the associated contracts will be given
credit and priority for our work and findings discussed above, and for our
attempts to elucidate mechanisms underlying laser effects, in vitro and

in vivo, as reported by us by 1965.

The remainder of references 1 and 2 are concerned with hazards
relating to B, C, and D, and to mechanisms for control of laser hazards
and management of accidents, to laboratory design, protection standards

and dosimetry, and will not be considered further here.

B. Focal Hepatic Injury and Repair

A second set of studies carried out in an attempt to better under-
stand the interaction of pulsed ruby laser radiation with biological
tissue is discussed by Fine et al in "Focal Hepatic Injury and Repair

Produced by Laser Radiation" published in the American Journal of

Pathology (3). The purposes of these studies were (1) to obtain further
informaticn concerning the interaction, and to correlate physical and
biological finding in regard to injury, (2) to study focal hepatic injury
and repair, and (3) to determine whether the laser could be used for
production of sterile focal hepatic lesions in order to study focal
nepatic injury and repair. In this study radiation from a 100 joule

(nominal) ruby unit was directed at the liver through intact abdominal
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muscle after reflection of the skin. In vivo temperature measurements

were made in the liver of rats by using a solenoid actuated thermocouple
injection system with a 20 msec delay time, to prevent direct thermocouple
irradiation. Methylene blue was applied to the thermocouple needle in
order to follow the tract for the determination of the location at which
temperature measurements was made; a cone calorimeter was used for

energy measurements; thermofax paper and photography were used for
studying the beam energy distribution; the animals were foilowed
post-irradiation; and biopsies taken periodically for light microscopy

and nistot¢hemical enzyme studies.

Grossly, the well-demarcated lesions following irradiation were
initially pink-to-grey with a red margin. They became white, smaller
and regressed by 32 days. Microscopic changes were noted and
discussed; among these the occurence of giant cells and calcium
deposition in the lesions and alteration in dehyd ~genase activity were
of interest. The measured temperature post irradiation was extrapolated
back to the time of jrradiation. It was found that oxidation enzyme
activity was absent from that part of the lesion close to the surface,
where the temperature was over 100°C. At 3mm. from the surface,
the temperature achieved was 48-64% C; in this region, which appeared
histologically normal, the enzyme activity was not decreased. In the
zone intermediate between the above two, the enzymes activities were
decreased but not absent. Consequently, there appeared to be a relationship
between the temperature elevation.fand temperature-time-historys and the

biological alterations  observed. In addition, microscopic observations
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of tissue disruption with occurrence of intracellular spaces histologically

in the superficial part of the lesion was associated with calculated
temperature elevations in excess of 100°C. These observations lent
credence to the concept that temperature elevations considerably in
excess of 100°C on laser irradiation may result in steam forhation.on a
microscopic basis in the irradiated tissue, with associated pressure,
distension and compression of surrounding tissue. At temperatures
above 300°C, carbonization and ablation of tissue is expected; such
temperatures were not measured or such observations made. Consequently,
our understanding of the mechanism of interaction was: extended by
noting that at lower temperature levels, enzyme and tissue changes
occur,and are related to temperature elevation (temperature-time-history)
and that at temperature levels above 100°C, pressure-related changes
may occur as noted in the "mouse head shot" studies, in agreement with
our previous interpretations.

The development of the lesions into a fibrocalcific module containing
multinucleated giant cells which occurred was in agreement with the
development of liver lesions produced by heat ev cold. However, the
dissociation of liver cells from théir trabecular arrangement in the
superficial layers, the rupture of blood vesse®s, and the distension
of tissue spaces, and sharp margination differed from those produced
by the latter forms of #njury; and was ascribed to the effect of short
pulse duration irradiation of sufficient energy demsity to produce perhaps
other than solely thermal effects per se. The production and evolution of
the lesion was of interest, and showed that the pulsed(ruby) laser, even
as then available, could be used as a tool for the production of sterile,

focal lesions in the liver in order to study the problem of focal

hepatic injury and repair.




C. Analysis of Target Geometry - Effect of Physical Characteristics
of Biological Target Site.

Another biophysical area to which attention was directed was the
importance of the physical characteristics of the biological target site
in modifying the interaction of the beam with the biological systam. These
physical properties included the geometry of the target, whether time
varying or time invariant, its refractive index ( or indices in the
case of a heterogenous system) and its thermal properties. As discussed in
part 1 of this report, one of the studies which brought this problem to the
fore was the observation of transient outward hemispherical distension of the
abdominal skin of the mouse, on ruby laser irradiation (Fig. 6.)

Based on this and associated observations, together with questions
which arose concerning the cause of the distension, the characteristics
of the elevation which occured and the basis for these pressures
(or pressure differences), and the effect of the time varying distension
on energy disposition distribution, an qna]ysis was carried out by our
group and reported under this contract (4); this was done in an attempt
to develop an understanding of the significance of some of the factors,
and to attempt to explain our observations.

Attention was directed to the general parameters affecting the
variation of energy deposition within the bidlégical systems, when unfocused
and focused radiation is directed at such a system ( as for example, the
abdomen of a mouse). The "focal depth" and "focus" within a biological
heterogenous medium such as the skin was considered to be a function
of target geometry, refractive index, and degree of collimation of the
incident beam. Factors considered of importance in homogenous, multi-
Jayered, non-time-varying refractive material included the thickness and

the refractive indices of the layers. In many cases, such as that of epi-

dermis, the layers are too thin to produce appreciable refractive displacement.
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For reflective focusing, the fractional change in refractive index between
adjacent layers is most significant. The high water content of biological
material might result in similar refractive indices of adjacent layers

on a macroscopic basis. Consequently the most important macroscopic
refractive and reflective focusing effects were considered in general to
occur either at the exterior surfaces bounded by air, or at those

interior surfaces that enclose vacuoles, cavities, or steam pockets. To a
first approximation, the remaining tissue might be characterized

by a single, macroscopi¢ refractive index for monochromatic 1ight. However,
since biological tissue is inhomogenous on a cellular scale, microscopic
variations in refractive index may introduce local heating effects and radiation
scatter. (Studies attempting to determine methods for measuring the hetero-
geneity of the refractive index in tissue were carried out under this
contract). Effects due to scattering were neglected in this report (4),
but considered in progress reports.

More complicated target geometries, such as observed in studies on
time-varying skin distension (Fig. 6) during laser irradiation could occur.
This distention rate, the high curvature, the thickness of skin layers,
and the water content of the encapsulated steam affect refractive
focusing. It was considered that the tissue posterior to the steam
pocket could develop time-varying negative curvature, which could defocus
the transmitted radiation. However, this curvature of the tissue surrodnding
the steam pocket could focus the reflected radiation within the steam pocket.

Special cases were considered. For the case of the converdging coneudf
light, on irradiating a flat, refractive diathermanous surface at normal
incidence, the focal point of the beam in tissue would differ from that

observed in air; with a refractive index greater than air, the focal

point will be at a greater depth (using simple ray tracing techniques,
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and neglecting absorbance and scattering). If a spherical surface is
irradiated, the energy distribution will usually differ from that expected
in air, due to refractive differences. For example, a parallel beam will
be focused, (for usual refractive indices); a converging beam will have
its location of focus altered depending on the radius of carvature

of the system and the convergence and convergence point of the beam

(in that condition whére the beam is orthogonal to the surface,

its degree of convergence will not be affected).

In this paper, (4) the effects of the differing beam and target
geometries and target charécteristics on the initial energy distribution |
within the target were examined. For example, consider a simple case --

a beam focused on a target with constant absorptive and refractive proper-
ties. Neglect scattering and other factors. There are two opposing
factors which- come into play. As the beam crossection decreases towards
the expected region of focus within the target, the -power and energy
density in the region of the beam (e.g., along its axis) increases. However,
the beam attenuation due to energy deposition in the tissue would tend

to result in decreased beam intensity. Using a dimensionless axial

versus depth analysis, it was shown that under some conditions the

initial temperature wouid continue to increase with depth, whereas

for other beam parameters, a minimum energy deposition and associated
temperature could be reached either at the surface or at some distance
between the surface and the focal depth. Indeed, on a three dimensionai
basis, the temperature distribution might be complex, as for example,

of a saddle point type. Consideration was given in the report to

the use of the analysis used for determining thermal parameters of

the tissue and to scattering.
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Examples were given in this report of biological target geometries
to which this analysis would be applicable. These included a large
number of possible target geometries and the resulting consequent
initial temperature distributions within experimental media. For example,
when radiation is directed at the forehead of mice,the curvature,
refractive index, and reflectivity of the media may result in focusing
an incident, collimated beam. When the skull has appreciable thickness,
the relative refractive index of bone must be considered. An example
of an approximately hemispherical, refracting target was the sub-
cutaneous or intradermal tumor module. [t was stated that in order
to evaluate the radiation density as a parameter which may result in
reqression of a specific volume of tumor tissue, focusing effects due
to curvature and refractive index of the nodule and §urrounding
tissues must be considered ( as well as, of course, scattering).

Consequently, as indicated above, the analysis had several
purposes. One of these was to show how some the the physical factors
which should be considered in an attempt to determine the energy dis-
tribution in a biological system would affect such energy distribution,
and secondly to provide examples where such situations occurred in
practice. It should be noted that although the examples given were
on a macroscopic level, irradiation on a microscopic level including
single cell or intracellular irradiation for selective injury production

or probing requires similar analysis.
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D. Reversible Depigmentation: Threshold, Mechanism, Significance

The next area [ wish to discuss is reversible depigmentation in
rodent skin and associated threshold values for this process. This bio-
effect and some of our thoughts relating to this bioceffect are discussed
in a number of our publications including reference 5. By depigmentation,
we mean the regrowth of white hair at the site of (pulsed ruby laser)
irradiation of normally black haired mice. (The pigment in these
mice is in the hair). By reversible,wei mean that the hair in sub-
sequent cycles post irradiation was again black (contained melanin).

The reasons for discussing these studies under "mechanisms” are
several. First, the observation of reversible depigmentation was in itself
jnterasting. Although depigmentation had been shown to occur following
X-irradiation, such depigmentation was permanent and associated with
the loss of melanocytes; the depigmentation in the case of laser
jrradiation evidently persisted only farrore hair cycle generation.
Secondly, the reversible depigmentation could be produced at energy
density levels of about 0.5 joules/cm2 to 40 joules cmz, on normal
mode pulsed ruby laser radiation ( in contrast to Q-switched irradiation
where the threshold for depigmentation appeared to be lower). This
threshold for such reversible depigmentation "injury" was therefore
about 1 joule/cm2 on normal mode ruby ieradiation. This was similiar
to the estimated energy density required at the retina (at that time)
for irreversible retinal injury on normal ruby laser irradiation
0.7 joules/cm2 at the retina). We produced depigmentation on Q-switched
irradiation;in this Q-switched mode the energy density for depigmentation
appeared to be less than for normal mode irradiation. This was in
agreement with studies on irreversible retinal injury (0.07 joules/cm2

Q-switched vs 0.7 jou'les/cm2 normal mode, at the retina) on pulsed laser

irradiation.
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We therefore had two factors in these studies which concerned us;
fist, the cause of depigmentation and its reversibility, and second, the
decrease in energy density required with decrease in pulsed laser irradiation
for threshold injury. That this decrease in energy density with increase
in power density was not considered to be necessarily true only for threshold
injury, but that the type (and mechanism) of injury might indeed change
as the power density was increased (shortened pulse duration) was evident
from the first studies to be reported on comparison of normal mode and
Q-switched ruby irradiation. In conjunction with Dr. Maiman and his group
at Korad, we carried out studies on the effects of Q-switched ruby
irradiation on mice; comparative normal mode studies were carried out. These,
the first comparative biological studies on the effects of power and
power density (at short pulse duration, Q-switched versus normal mode) to
pe carried out and published (Fine, Maiman, Xlein, and Scott,Life Sciences,
March 1964) showed that damage to the skin and underlying structures
at high peak power (Q-switched) occured at a lower energy density level
than on normal mode irradiation. furthermore, the effects appeared to
be qualitatively different. ( I remember, fourteen years later that the
Q-switched lesions at Korad appeared more severe, and the "sound" of the
interaction of the beam with the tissues was different, it was more
"acute.")

There were two factors which we considered significant and common
in injury to the skin (or reversible depigmentation) and to the retina. First,
they are both melanin granule containing tissues. Secondly, for both
tissues, the threshold for injury decreased as the pulse duration was
shortened. These problems concerned us since 1964. Our attention was

consequently directed towards the melanin granule, its roles as an energy
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absorbing and transfer agent, and as an entity which might assist in
answering the problem relating to the decrease in energy density with
pulse duration required for threshold injury. To quote from the NEREM
1965 paper, "The factors producing inhibition of melanogenesis, 1imitzd
to the duration one cycle had not been previously described and are not
understood. If melanogenesis is maximal during the 7th-9th day, at least
some melanin pigment (or precursors) would be located in close proximity
to the cellular constituents (e.g. melanosomes) responsible for its

synthesis. The energy is probably absorbed by the melanin. Energy, absorbed

by the pigment; may then be transferred to the enzymes and other components

involved in melanogenesis, resulting in their deactivation. This effect may

be due to temperature rise within the pigment, with transfer of energy to the

adjacent region. Other mechanisms of energy transfer inciuding a consideration

of the rate at which the energy is delivered are under investigation. Apparently

at the period of maximum sensitivity all or most of the melanogenetic
system is producing melanin and therefore more sensitive to irradiation.
It appears that melanogenetic elements are not formed for the remainder
of the cycle. It is probably that the irradiation itself dces not initiate
a new cycle." (Above underlining not in original paper).

In summary, then, " Alterations have been produced in the skin of
mice at energy densify levels of 0.5 jou]es/cmz. This is of the same order
of magnitude as the threshold levels for ireeversible damage to the rabbit
retina. Further study at lower energy density, as well as at other
wavelengths are being carried out. The studies may assist in obtaining
meaningful information applicable to threshold determination and concerning the
melanogenetic system." As evident from the above, we considered the melanin

granule important in understanding the mechanism for threshold injury.
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£. Melanin Granule Models

Initial calculations and further thought were given to the above

problem. Based on the above, attention of our group was directed towards
melanin and the melanin granule. This led to a single mechanism melanin
granule model, which was first reported in considerable detail by Fine
at the April 1966 Quantum Electronics Conference in Phoenix. It does
not appear as sach in the abstraet (6), since the abstract was submitted
previous to full development of the model. Confirmation of presentation .
of this model at the QEC Conference is found in the 1965-66 Medical
R and D Contract Progress Report and in the progress report by S.
Fine on Research Grant RO1-RH-00361, Health, Education and Welfare
(1965-1967). In the 1965-66 HEW Progress Report, an outline of the
model is given in considerable detail. This report was, of course,
available to the public and to reviewers.

The June 1965 - September 1966 H.E.W. Progress Report contains the
following information concerning this "Single Mechanism" model, reported
on at the Q.E.C. in 1965.

"Analytic studies have been carried out in conjunction with the
experimental studies to develop a model which would account for the marked
decrease in energy threshold for injury with decrease in pulse duration.
Attempts have been made by several authors to explain laser induced
changes in pigmented tissue using models for macroscopic heating. Ham
et al have employed macroscopic models for reinal tissue injury
where the pulse duration is greater than 280 microseconus. However,
the macroscopic thermal models nave not been successful in describing
the lowering of the threshold by an order of magnitude for Q-switched

pulses, where the pulse duration is 100 nanoseconds or less. It has been
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suggested that tissue injury at these short pulse durations may be due to

PR VIR e

'‘other than thermal effects.' Analytic studies have been carried out in
the author's laboratory to show that the order of magnitude difference
between Q-switched and non-Q-switched laser injury levels may be

the result of heating an array of melanin granules, which are possible
prime target sites for energy absorption of the laser radiation both

in the skin and in the eye.”

In the discussion below, the optical problems of granule heating

have been neglected in favor of obtaining information regarding the
"thermal time constants” asc<ociated with heat flow from an array of
microscopic spheres. :

"The melanin granules are assumed to be spherical in an infinite

medium. The granules are assumed to be opaque and .non-scattering

. . . 2 5
with an absorption cross-section, g = ma~, where a is the granule

radius. The medium in which the granule is embedded is assumed to

be essentially optically transparent to the incident radiation. Despite
the assumption of opacity, heat is assumed to be uniformly generated
within the granuie model. In the initial model, the granule spacing ‘
is assumed to be sufficiently great so that heat flow from one granule
is not perturbed by its nearest neighbors. The temperature rise at the
boundary of the granule can then be obtained as a function of time.
"The relationship between the incident energy density and pulse
duration necessary to raise the temperature at the boundary of the
granule to a predetermined critical temperature, such as the temperature
necessary to cause denaturation, has been obtained. In general, because

of heat flow from the granule, it is evident that the shorter
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the pulse duration the less the total energy required to reach a pre-

determined critical temperature. This would relate to the experimentally

B A S

observed decrease in total energy required to produce a threshold lesion
as the pulse duration is decreased from milliseconds o nanoseconds.
n"gecause of the size and the properties of the granule and the thermal
properties of the adjacent tissue, considerable heat flow occurs during
the pulse. This radial heat flow is not significant for pulise durations
shorter than 100 nanoseconds,if uniform energy absorption is considered
throughout a thin, flat, partially opaque slab as in models used by
other authors. The assumption of discrete absorption sites of the size
of the melanin grahu]e permits a thermal model to be obtained which
predicts a decrease in the total energy required for threshold injury
as pulse duration is decreased."
This single mechanism model is further discussed in reference

7 ( Hansen and Fine, Applied Optics, January, 1968). Figure 3 in this

reference shows that as the pulse duration is shortened, the energy
required to reach a specific peri-granular temperature decreases,
for a specific granule size. In addition, it shows that as the
granule size (radius) increases, a greater incident energy density
is required to reach the perigranular temperature for injury.

The above model, presented at a major international meeting in
1966, and documented in progress reports of that year, was the first
of our models to successfully explain the decrease in (laser) energy
density required for threshold injury to the retina ( and for reversible

:apiqmentation) with decrease in pulse duration, (with increase in laser

“war gersity).




A second melanin granule model developed under this contract to
explain the decrease in energy density required for threshold injury with

decrease in pulse duration was published in Applidd Optics in January,

1968 by Hansen and Fine (7). As in the previous model, the melanin
granules in the retinal pigment epithelium are considered as the primary
absorption site for injury. The second model differs from the single
mechanism model in the following.manner. The single mechanism model
assumes that a specific temperature must be reached in the perigran-

ular region to produce injury, and the injury is thermal. The two-mechanism
model assumes that at long pulse durations ( 4 microseconds to one-tenth
second~in the case considered), injury is essentially thermal; the
temperature for threshold tetinal injury being obtained from extrapolation
of a drawn curve based on data from W.T. Ham, Jr. The data in this

curve show that as the pulse duration is shortened, the temperature
required for injury increases. Our extrapolation of this curve

(data) results in a temperature of 100°%¢c being required for injury at

a pulse duration of 4 microseconds. The second part of this two-mechanism
model requires that for pulse duration shorter than 4 microseconds, injury
is related to steam production, and occurs at 100%C. There are
consequently, two parts &o this model: 1.) at long pulse durations,

injury is essentially thermal and 2.) at short pulse duration, injury
occurs at 100°C with steam production,

Both the single and two mechanism models agreed with the experimental
observations at that time which indjcated that the energy density for
threshold injury decreases as the pulse duration is shortened. The iwo-
mechanism model may have had the following advantages. First, for short

pulse durations, disruptive effects including melanin granule scattering
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were reported to occur on threshold injury; the requirement of steam

formation and possibly pressure related effects might therefore be in

agreement with this biological observation. Secondly, as the pulse durgtion

is increased (beyond 4 microseconds), the latent heat of vaporization

is no longer required for production of injury -- the thermal component

of the injury process becomes active. Consequently, a minimum energy

density could be required for thrgshold injury -- in our example at

4 microseconds pulse duration. As the pulse duration is lengthened beyond

this limit, the energy density required for threshold injury is of

course again increased. Of course, at very long pulse durations, the model

for heat-generation within an array of melanin granules in tissue reduces

to the model for uniform heat generation within the irradiated tissue

density. It should be obvious that this two-mechanism model predicts

a minimal energy for threshold using a specific pulse duration; or

in a specific pulse duration range which, of course, might have been

other than at 4 microseconds. This 4 microsecond specific pulse duration

for minimal threshold energy density occured because of the parameters

used, and because a straignt line extrapolation of data from Ham, et 2al.

was used with data spread neglected, etc. UWhether indeed a minimum

energy density for threshold injury with variation in pulse duration

was found experimentally was left to further work by other investigators.
In the publication (7), attention was directed to the fact that other

than the two mechanisms discussed may be responsible for injury and that

the temperature - time - historvy is important. A number of mechanisms

which might contribute to the occurrence (and observation) of threshold
injury, however threshold injury is defined, are discussed in the

preceding parts of this section of the report and in accompanying volumes.
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We think our models were significant in focusing attention on specific
mechanisms, target sites and methods of analysis. We considered these
aspects to be applicable to microirradiation including partial cell
jrradiation, as well as to the types of studies outlined (7).

In summary, then, a single and two mechanism model was developed
to explain the decrease in energy density required for threshold
injury with decrease in pulse duration. The single mechanism model
was presented in 1966, based on earlier reversible depigmentation
work in 1965. The progress reports to both the Medical Research
and Development Command (1965-66) and to the National Institutes
of Health (1965-66) contain information regarding our single mechanism
model. Consequently, information regarding our model development was

available to others in the field preceding by far our publication

date of January, 1968.




F. Models Relating to Mechanisms of Interaction Associated with Continuous
Laser Radiation in the Visible {at 632.8 nm.)

At the time (1967) at which we reported on a model for estimating
the threshold for injury on continuous He-Ne irradiation at 632.8 nm
(8, 9) ( and for other wavelengths in the visible), a number of studies
had been carried out (34,35,36).

We as well as others had considered that for the normal eye the
primary ocular target at 6328A was the chorioretinal region. This was
based on the high percent transmission of the ocular media anterior
to the retina at this wavelength. Although the focusing properties of
the eye did not in itself determine the primary ocular target since
visible radiation .can be focused in the vitreous, the absorption 3
coefficient of the vitreous is less than that of the chorio-retinal
region. The primary target site ard consequently the gross injury
threshold region at a specific imput power was therefore considered

to occur in the retinal choroidal region.

Experimental studies at 6328A had been reported by Kohtiao, et al-
(34,35). They produced lesions in retinas of chinchilla rabbits on
2.5 second exposure to a 25 milliwatt multimode He-He laser. The retinal
image size was 0.25 mm; the retinal power density was therefore of the
«grder of 40 watts/cmz, assuming most of the incident radiation reached
the retina. A temperature rise of 7.8°C was recorded in the lesion, with
é a rapid decrement in temperature elevation laterally. Increasing the
exposure time to as long as 30 minutes did not apparently increase the
intensity of the lesion; data on exposure shorter than 2.5 seconds at

this power level was not given. No lesions were observed following

irradiation at a power level of 2 milliwatts for 1 hour and at a power
level of 5 milliwatts, In other experimental studies, a retinal temperature
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elevation of 12°C to 20°C was produced for a 1.2mm diameter threshold
lesion on exposure to intense visible light (36).

The above experimental data did not include injury thresholds for the
very small retinal image diameters which could be encountered with highly
collimated lasers, and which would represent a “"worse case” situation.
Direct temperature measurements for very small retinal image diameters
were considered difficult. For example, if a thermocouple were used,
its thermal characteristics, physical size and inaccuracy in placement
could result in considerable error in temperature measurement. Therefore,
to assess the hazards from highly collimated lasers, we felt that one
might calculate the maximum retinal temperature elevation utilizing
suitable models for heat conduction in retinal tissue.

A calculation of the retinal temperature elevation under "worse case”
viewing conditions was carried out {8,9), and the results compared with
experimental data. The “"worst case" viewing conditions included the
following factors: minimal diameter retinal image diameter (10 microns
(37)); uniform distribution of laser power density across the retinal
image; steady-state heat flow conditions reached. In order to develop
an adequate threshold injury model, both the absorption of radiation in
the various ocular media and the allowable temperature elevation at the
site of injury had to be known. HMeasurements performed by several groups
indicated that at 6328A, light suffers only a small reflection loss
at the anterior surface of the cornea, and then passes virtually unattenuated
through the cornea, aqueous, lens, and vitreous. However, based on
in yjtro data, from 15% to 40% of the incident radiation at this wavelength
was considered to be absorbed in a thin layer of retinal pigment epithelium,
the region at which maximal absorption of energy per unit volume occurs
at this wavelength(38,39). Sufficient energy absorption in the pigment
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epithelium can elevate the temperature in this region to a level where an

ophthalmoscopically’ visible retinal lesion is produced. In order to
quantitatively assess laser hazards,a safe human retinal temperature
elevation might be assumed. Based on the experimental temperature

values given above and an estimate of the "body temperature elevation
encountered in fever" we assumed that a human retinal temperature elevation
of 2°C could be considered safe over a protracted time.

We then developed a model based on the above constraints. The model
was as follows: A cylindrical volume of retinal pigment epithelium in wnich
laser radiation is absorbed and in which heat is uniformly generated
is considered as the target site, the site of heat absorption. The
maximum transient temperature elevation, Ur is considered to occur at
the center of the irradiated volume of pigment epithelium, at the end
of the radiant pulse of time duration t. This temperature rise can be
obtained from equations in Carslaw and Jaeger (40), and are given in our
publication.

The maximum steady-state temperature rise is obtained by solving
the steady state heat flow equation, and is given in the publications.
Results are discussed below.

Based on the fraction of retinal power absorbed by the pigment
epithelium, its estimated thickness from experimental data, an estimated
volumetric heat capacity of the pigment epithelium to that of water,

a retinal image diameter of 10 microns, and a diffusivity equal to
that-of vater, it was calculated that about 50 microwatts into the eye
would result in a temperature rise of 2°C (for 100% absorption in the

pigment epithelium and neglecting biood flow). For 40% absorption,
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the total power entering the eye at 632.8 nm was calculated to be about
100 microwatts. We therefore felt that on a worst case basis, allowing a
temperature rise of about 2°C, the maximum safe power at 632.8 nm (and
for other visible lasers) should be about 100 microwatts entering the eye
for continuous irradiation. This value of 100 microwatts should be com-
pared with protection standards set for intrabeam viewing by the eye at
632.8 nm and for argon lasers.

It should be noted in regard to the above that on direct viewing of
the sun 10 mw enters the pupil; this is distinctly hazardous. A 0.1
microwatt He-Ne laser beam, when viewed directly, is extremely bright.
Consequently, the above two factors, as well as the studies done on
thresholds including the excellent published work of Paul Lappin, set
some guideposts on how well the model fits the data. Furthermore, temper-
ature rise obtained with the model was compared with that observed in the
above cited references. One could obtain reasonably good agreement by
assuming a fractional absorption (less than 100%) in the pigment epithelium.

The above model is a thermal type model; the effects relating to
threshold injury (or "non-injury" at 2°C rise) are considered as due to
thermal processes. If photochemical mechanisms for injury are shown to be
significant in man in the visible, they may of course result in "safe
values" Tower than the above incident transpupillary irradiation values.

An error in the equation, noted by Professor Frank Barnes and
Chia-lun Hu, was communicated to me. The addendum was published as a

letter to the editor in Applied Optics. Barnes and Hu were not given

cradit for this in the letter. [ wish to take this opportunity to thank

them and to correct this oversight.
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G. Extension of Our Studies on Application of Thermal Models to Retinal

Threshold Injury for Other than 10 Micron-Target Diameters

The work discussed in the above section related to development of
"worst case" thermal models for establishing "safe" values for
visible, continuous radiation such as produced with a He-Ne laser.

The above thermal models were based on absorbance of a specific fraction
of the radiation within a 10 micron cylinder of the pigment epithelium,
and on the assumption that a temperature rise of 2°C can be sustained
for a considerable period of time.

Further model studies were reported by Hansen and Fine at the
Laser Industry Association meeting in October, 1968, and are published
in the Proceedings of the meeting (10). (Since then, the LIA
initials have been changed and now refer to the Laser Institute of
America. The principal investigator and several other members of the
board at that time were responsible for considering such a change.)

Basically, the conclusions reached in this proceedings report were
as follows:

5 seconds, the melanin

1.) For pulse durations in excess of about 10~
granule boundary temperature wiil be influended by its nearest neighbors.
This influence tends to smooth out the temperature distribution within the
pigment epithelium. For pulse durations exceeding the above by an order
of magnitude, the granule models,discussed in E above,‘ tend towards
the cylindrical model considered in F above. Here light is uniformly

absorbed, and heat uniformly generated within the cylindrical target

volume within the pigment epithelium.
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2.) For the 10 micron retinal image diameter, 90% of steady state
conditions are estimated to be reached in about 3 milliseconds (90%
steady state temperature). This is considerably less than the 100
milliseconds time estimated to be required fof a reflex blink
reaction.

3.) As the diameter of the beam at the pigment epithelium
target site is increased, the time required to reach 90% steady state
temperature is increased. For example, for a 250 micron diameter
retinal irradiance, the time is 600 milliseconds, for an 800
micron diameter beam at the target site retinal irradiance, the 90%
steady state temperature time is 6 seconds. Consequently, avoidance
reactions become significant for larger size beam diameters at the
pigment epithelium, in.that they prevent the irradiated region from
reaching steady state temperature. The larger the beam diameter,
the more significant is this avoidance reaction time effect (e.g.
blink reflex), particularly if the injury is dependent on peak
temperature elevation. (As discussed below, we think the temperature-
time-history, is, of course, of importance as are other factors.)

4.) For the cylindrical model discussed, the peak temperature
will always occur at the center of the heated volume of the pigment
epithelium. The larger the diameter the slower the rate of rise
of this central temperature to the peak iemperature, as discussed
above. After the heating puise ceases and cooling begins (for a fixed
pulse duration irradiation) as the image diameter increases, the
central temperature falls more slowly and consequently, the central

temperature may be higher, on the average, for a larger image diameter,
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than for a smaller one. It may therefore exceed a "critical" temperature
for a larger period of time. Although the larger diameter irradiance
region may therefore "catch up temperature wise,” to that of the smaller
diameter irradiance, there is no way of being certain that it

will exceed the spatial-temperature threshold for injury, without

much more information concerning the processes necessary for "injury."
Tnis analysis also illustrates some of the difficulties in experimentally
determining injury thresholds for 10 micron irradiation by extrapdlation
from 800 micron diameter irradiation studies.

5.) If the threshold for injury were a function only of temperature
elevation, then for the model consjdered, the region of injury would be less
than the region irradiated.

6.) Light scattering, particularly for small image sizes (10 microns)
should increase the irradiation threshold; this was in agreement with the
studies of King and Geeraets, in which an increase in retinal energy
density was required to produce injury, with decrease in image size.

7.) For-a_given image size, the transpupillary power for
threshold injury increases with increase in threshold injury
temperature. As shown in a graph in the publication, for a 10 micron
spot size, the following are approximate values, based on our heat flow
model. For a 2°C elevation about 100 microwatts, for a 10°C about
1 milliwatt, for a 20°¢ about 2 milliwatts, for 30°C about 3 milliwatts,
for a 50°C rise about 5 milliwatts. The other information in the
graph shows that for a fixed peak temperature rise, the incident power

must be increased with decrease in pulse duration, as expected. Also,

LS R = ko clt5 -

as expected, the delivered energy density required for threshold injury
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increases with increase in pulse duration. This is based on our thermal
model assumptions.

The above represents some of the conclusions in the LIA publication.
Since this extension of the worst case analyses paper has not been published

elsewhere, it is included as an addendum.
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H. Biophysical Studies at 10.6 Microns with the CQ, Laser

'As well as carrying out studies and developing models for pulsed
systems and for continuously operating systems in the visible such
as with the He Ne laser at 632.8 nm., attention was directed at the
mechanism of interaction of 10.6 micron irradiation, as made available
with the CO2 laser, with biological systems, in particular, with
the eye and skin.

We were the first to carry out and report on the biological effects
of COZ laser radiation {41, 11}. We then extended and consolidated
these studies. Considerable effort was directed towards development
of simple inexpensive CO2 lasers by our group, which we subsequently
used for studies over several years. Gecrge R. Peacock was the
individual most responsible for development of the units.

An early version of these units was reported in the American

Journal of Physics {42). A modified unit was built in our laboratory;

complete details including a parts list and alignment procedures
were described and reported to the Surgeon General's Office responsible
for this contract. Details were made available to other groups carrying
out biological studies. Information regarding the details of our
units are discussed in the section on instrumentation and development.
Many of our CO2 studies are outlined in an eccompanying volume
(Mackeen and Fine) of this report; some are discussed in the historical
review, where some of our CO2 work is reviewed, as well as that of
others. Some is discussed in greater detail in the body of the report
by Mackeen and Fine.

The purpose of this section is to outiine one group of biophysical
studies oriented towards mechanisms (11), reported in 1966. In this
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publication, the following five results were reported: 1) Measurement

of the absorption coefficient of rat skin and diaphragm tissues between
9 and 11 microns showed that the absorption coefficient of the tissue

at 10.6 microns was high -- about 130 to 270 cm”] (Hardy's data is shown
in conjunction with our data). 2) Thresholds for injury were obtained
for exposure of abdomens of shaved and depilated C57 mice to 10 micron
irradiation, for power densities between 2 and 5 watts cm2 and exposure
times between 20 miiliseconds and 5 seconds. (A visible criterion for
“injury threshold was used). The experimental data were shown to be well
fitted by a range of straight line log-log plots (the logarithm of the
jncident power density and exposure time for threshold injury was, of
course, an inverse relationship -- the greater the power density, the
shorter the exposure time). 3) The experimental threshold data (power
density vs. exposure time) was well fitted by a one-dimensional heat flow
ezquatjon for constant temperature rise for threshold injury (where the
absorption coefficientat 10.6 microns is considered infinite), i.e., the
tissue is considered opaque. The temperature rise predicted by this
equation at the center of the lesion (to match the data) was 22° + 15%,

based on this simple heat flow equation

1
[(power density} (exposure time)  equals a constant]

given in the paper, and in which the tissue was considered opaque. The actual
temperature rise measured using a thermocouple injector was 22°¢ + 20%

in good agreement with calculated values. Our experimental threshold data
were also well fitted by theoretical isotherm curves for 22°C rise, using

a diathermanous (non-opaque) medium with alphas of 150 and 270 cm'].
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(Probably a slightly Tower temperature for injury would have provided
a better fit to the data observed, for an alpha of 150 cm']). QOver the
range of time studied, it appeared, therefore, that a gross threshold

lesion within one hour ( our criterion for threshold of injury;

the "burn threshold") was therefore produced at a constant temperature

} rise of about 22°C. In summary, then, our data and modelling indicated

t that we should be able to estimate the value of CO2 laser power density

{ and exposure time which would result in approximately 100 percent probab-
‘ ility of producing a mild: "immediate" skin lesion in skin of mice,

over the range of 0.5 to 5 seconds, and perhaps extrapolate from

those numbérs to other power density and time exposure ranges.(4)

The power density-time data could be well fitted by a curve of the form
(power density) (exposure 1:1'me)+;i = constant for threshold

injury. Therefore, the energy density-time date for threshold injury

could obviously be wall fitted by a curve of the form: (energy density)

-k

L
(exposure time) ° = constant, or equiva]ent]zgl The energy density >-‘7 -
required for threshold injury varies directly as the sguare root of

the exposure time. In our studies, the equation wihich well fitted

1
)+2 {based on the

the data was energy density = 3.6x (exposure time
heat flow equation and the temperature used). For exposure times much

larger than those used in this study, one would expect the equation

to not hold. One would expect a constant threshold power to be required,

‘ and the basic equation would then be that the required energy density
varies directly with the time, and not its square root. It is interesting
that if one uses the square root equation, and 100 milliwatts as the

threshold, the time of exposure required to satisfy the equation
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(Power) (time)* = 3.6 is twenty two minutes, which is quite long

(but of course not "infinite time"). The differences in types of applicable
equations arise, in part, from our assumptions, such as no radial
heat flow (radial heat flow neglected) during the irradiation, used in
the analysis in this paper. (5) In conjunction with the above studies,
experiments were reported on tissue ablation (hole drilling) in rabbit,
dog and monkey tissue on irradiation at 10 microns. A graph of depth
of penetration versus exposure time, at an incident power density of
100 watts/cm2 is presented, for ablative in vivo penetration of rabtit
skin. Curves drawn on the graph, based on a model developed by Landau
for calculating material lossas in melting and ablating solids,
fall below the experimental points, but do agree with the data points
within a factor of two. It was felt that the experimentally observed
greater depth of penetration beyond that calculated from Lardau's model,
(for a given exposure time) might be due to factors which include changes
in thermal constants of tissue with temperature, and the temperature
at which ablation occurs.

The above studies were considered tc provide information concerning

€0, lasers interaction with tissue --that indeed the experimental data was

2 N Y N AP Y Ny

well fitted by an opaque and diathegﬁhanous model with a high absorption
coefficient; that the experimentally determined temperature elevations
agreed with that of the model,; that models for tissue pepetration

appeared to be capabie of dev¢1opment; and that the information obtained

and models developed were pertinent to hazards, not only in this infrared
range, but to thermally induced injury in the visible, and to thermal

injury ( not photochemical) in the ultraviolet. Furthermore, the information

developed in this paper is of value in assessing and developing
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CO2 (or other infrared) lasers as tools in surgery for cutting

and coagulation. This data was published by 1966.

SUMMARY OF MECHANISMS

The studies discussed in this section of the report are as follows:
biological, biophysical,model and analytic studies relating to degradation
of energy with production of temperatures sufficient to cause thermal
changes, degradation of energy within a closed filled cavity with
accompanying phase changes, :associated pressure, sonic and
ultrasonic frequencies, effects due to alteration of wavelength, the
possibility of frequency multiplication, the induction and importance
of photochemical reactions, the pressure and importance of free
radicals, charged and uncharged particles, the studies on focal
hepatic injury and repair, the analysis of target geometries,
the investigations of reversible depigmentation, the mechanism for
its production and its significance including that relating to model
development for eye injury, the development of the melanin granule
models and those relating to continuous laser radiation inthe visible,
and the biophysical studies with the Ce2 laser.

Although the above represent only some of our work relating to
mechanisms of interaction of laser radiation with biological systems, it is
evident that our studies in this regard, supported by this contract, have
made a significant contribution to this field. A number of our studies in
this area were presented in part or in whole previous to publication.

This report documents the priority of our work in specific areas as dis-

cussed above which was carried out under this and associated contracts.
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INSTRUMENTATION AND DEVELOPMENT

This contract has contributed to instrumentation and development in several
areas. Three of these will be discussed briefly. They are 1) deve]opmenf of CO2
lasers for our use and that of others, 2) development of a method for detecting
and measuring the frequency of surface vibrations using a He-Ne laser, and 3)
thermocouple injection system for measurements of tissue temperature on laser
irradiation. Two other areas - television systems fo monitoring the interaction
and dual visual signal systems are discussed under hazards and protection.

1. Development of CO2 Lasers

Inexpensive CO2 lasers had been constructed previous to our report. We
described (1) a method for increasing the power output by using a simple technique
for lengthening the active gas tube and by introducing a cooling system, and a

novel combination Brewster-Angle window holder which also served as an electrode.

Twenty watts of output power was obtained at 6%-7% over-all efficiency from
a 3J-meter tube with a T-cm bore diameter, using the above techniques. The laser

gas tube was constructed from commercial, water-jacketed Cenco (West improved

with T-S joints), male-female condenser columns 65 cm in length with a clear bore of
1 cm diam. Occasionally, a drip tip had to be sawed off to assure a 1-cm bore.
Four of these tubes were fitted together using vacuum grease at the ground-glass
joints. An aluminum center electrode was inserted in the middle of the gas tube.
The over-all laser-tube length could be quickly altered by additional condenser
columns as space or power requirements dictated.

A closed-loop water-cooling system was constructed by interconnecting the
condenser column water jacket with Tygon tubing, using a large, plastic rubbish
barrel as a water reservoir.

Combination aluminum electrodes and Brewster-argle window holders were turned

down on a lathe and fitted with vacuum grease to the female ends of the condenser
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column gas tube. Sodium chloride Brewster-angle windows were secured to the
aluminum with low-vapor-pressure epoxy such as Torr-Seal. The useful lifetime
of these windows was in excess of a few months when kept in an atmosphere of
less than 45% relative humidity. This was accomplished by heating the air near
each NaCl window with a 100-W light bulb. Plastic bags were employed to cover
the windows when the laser was not in use. When the NaCl flats required re-
nolishing, they were, without damage, slid off the aluminum by heating with a
torch and applying slight hand pressure.

Large radius mirrors were fabricated from glass flats using amateur teiescope-
makers' equipment. Gold was vacuum deposited onto the surface of these mirrors
after a 1-2 mm diam hole had been drilled in the center of the output mirror.

A larger beam diameter with higher total power at reduced coherence was obtained
using a sodium chloride flat as the output mirror. The 4% first surface re-
flection from tha sodium flat was sufficient to yield a Taser output of 20 W
from this narrow-bore gas tube.

With this system we continued biological studies. This CO2 laser was
successfully Q-switched using an external rotating prism, as reported in the
1966 SGO progress report.

A second improved CO2 laser (3) was then developed to extend our biophysical
studies.

It consisted of three sections: a mirror holder containing a spherical gold
mirror, the water-cooled laser gas tube containing Brewster angle windows to which nl
NaCl flats were attached and electrodes, and a second mirror holder containing a
dielectric mirror. Shutters, which could be pulsed were inserted in the cavity
to provide variable beam pulse durations. Further details concerning the unit
are provided in the accompanying volume by Mackeen and Fine. More complete details

are given in the complete Northeastern University report on the unit.
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Mr. G.R. Peacock was responsible for the major thrust in development of
these units. In addition to the individuals listed in the publications (W.
Peter Hansen and Larry Feigen) Joel Cohen spent time in development of the intra-
cavity shutter, so that a variable, well determined pulse duration, could be ob-
tained and Donald Mackeen carried out modifications and tuning of the system,
during its use.

2. A Method for Detecting and Measuring Frequency of Surface Vibrations

Using a Helium-Neon Laser

Previous to our studies (2), the speckled appearance of a uniform diffuse
surface under illumination bya CW helium-neon laser has been discussed and mathe-
matical explanations for the effect reported. Rigden and Gordon showed that the
speckling was caused by a specific arrangement of scatterers on the surface, and
that for each arrangement the pattern was constant. It followed then, that if
the surface were to vary in position with time, the speckle pattern would alsc
vary accordingly. When any given position of the surface relative to the
observer was repeated, the speckle pattern should also be repeated.

We, therefore, postulated that if the laser beam were chopped at the same
rate as the frequency of some mode of vibration of the surface in question, a
stationary speckle pattern corresponding to that vibration mode would be observed.
This pattern would either appear to flicker on and off, or, at higher frequencies,
would appear continuous and stationary due to the image retention properties
of the eye. If the speckle pattern appeared to vary in time, then the beam
chopping rate would differ slightly from the rate of vibration of the surface.

If more than one mode of wibration were present in the surface, then a statjonary
pattern superimposed on a moving or washed-out background should be observed.
The purpose of our report was to determine the feasibility of detecting and

measuring the frequency of vibration of a surface, based on the above. This
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procedure was considered to be similar to that which employs a stroboscope to

stop action.

The method for determining the validity of the above was to impinge a
chopped helium-neon beam on a piece of spunge rubber coupled to an audio
oscillator driven loudspeaker. Visual observation of the speckle pattern on
the sponge rubber target was carried out. With the loudspeaker stationary
(with the audio generator off), a clear speckle pattern was observed both with
the chopper off and with the chopper rotating at any arbitrary speed. Uhen
vibration was induced, the speckle pattern was observed to disappear. The
frequency of the audio generatcr was then increased until a stationary pattern
was again observed. It was found that for a stationary pattern, the frequency
of the chopper and the audio generator agreed to within 2Hz at freguencies from
40 to 125 Hz. Lower frequencies were detectable, but there was perceptible
flicker. Initial experiments were carried out to measure the frequency of move-
ment (vibration) of the chest wall of rats due to respiration and heartbeat,
but were not successful, possibly because of low frequency of the vibrations
and lack of sensitivity of our system. Possibly more sensitive systems could
today provide information of value in this regard, or in other biomedical areas.

3. Thermocouple Injection System

As discussed by Nowak et al., (4), thermocouples exposed to direct or scat-
tered laser radiation may give readings equivalent to temperature values which
are much greater than that of the actual tissue temperature. Although this may
appear self-evident, data in the literature at the time of publication indicated
that a number of investigators were reporting tissde temperature changes which
were considerably in error, presumably for the above reasons. To overcome this

problem for in vivo temperature measurements, a solenoid actuated thermocouple

injector system with a delay time of 20 msec. was developed to allow temperature
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measurements to be made without absorption of pulsed laser radiation in the

thermocouple wires and junction. Temperature readings were therefore obtained
20 msec. after the laser pulse (5).
These types cof injectors have been developed by others. However,our use

of them in the laser related situation was reported and the information was

made avaijlable.
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LASER HAZARD AND PROTECTION STUDIES

Because of this contract, we‘have contributed to the above area in several
ways. These include:

1. Experimental study of the interaction of laser radiation at several
available wavelengths and power levels, in order to evaluate hazards.

2. Development of models to aid in understanding the mechanism, type, and
degree of hazard at various wavelengths or wavelength ranges, and power Tevels.

3. Determination of the biophysical factors relating to the studies in
(1) above.

4. Experimental studies on and analysis of the use and limitations of
protective devices and systems for decreasing hazards.

5. Development, presentation and publication of programs, procedures
and techniques for safe operation of Tasers; specific hazard analysis and
protection.

6. Major participation in development and carrying out of the Massachusetts
Laser Survey - the first such major survey of laser hazards in a state.

7. Provision of information to other Department of Defense contractors
regarding implementation of procedures for minimizing hazards in specific
situations.

8. Provisionof information to other non-Department of Defense governmental
agencies and industry in regard to laser related hazards and their minimization.

g. Development of Taser safety legislation within the state of
Massachusetts.

10. Membership on ANSI Committees in regard to laser safety, service on

other laser safety committees.
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Area 1: Experimental studies on the interaction of laser radiation with

biological systems.

These are discussed in the other sections and volumes of the report, and
will not be further discussed here. The sections include experimental studies
relating to pulsed and/or continuous visible, CO2 and ultraviolet radiation
carried out by our group.

Area 2: Model Studies

These are discussed primarily in the section on mechanisms of interaction
in the several parts of the report, and in those areas in which model studies
are correlated with the experimental studies. They will not be discussed further
in this section.

Area 3: Biophysical Factors Relating to Experimental Studies

These are discussed together with the experimental studies, or in separate
accompanying sections of this report; and will not be referred to further in
this section.

Area 4: Experimental Studies on and Analysis of the Use and Limitation

of Protective Devices and Systems for Decreasing Hazards

a. Safety Improvement for Unattended Lasers (1). This very simple report

suggested the use of a cap or flap to cover the exit port of a laser such as

a He-Ne laser when it is not in use. The importance of a gravity drop system
was mentioned; it is interesting that in a commercial system reviewed much later,
the safety mechanism attempted to use a powered system as the safety element and
gravity for the operational stimulus, the opposite of our suggestion. (It was
the opposite of that which should have been done). The small report also dis-
cussed consideration of attenuation filters, wedge systems and diffusing screens.
For infrared or ultraviolet radiation, caps incorporating the above and a

material which converts the radiation to a visible image are suggested. It should
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be noted that at the time of this report, simple methods for beam containment .
(caps, flaps, etc.)were not used.

b. Preliminary Report of Biologic Testing of Laser Protective Material

(2). Previous to these studies (2), experimental studies had been carried out
to determine the ocular tissue injury threshold on exposure to specific laser
wavelengths. The characteristics of protective material, in particular, its
optical density at the laser wavelength, required to reduce an incoming
suprathreshold beam to a safe level at the eye had been based on the above
data, together with calculations or in some cases, physical measurements on
the material. Biological testing of these materials to determine whether they
indeed do protect the eye, as calculated, even at high power density levels,
had not been carried out previous to our study. It could not be stated with
certainty whether the calculated values would accurately predict the degree
of safety actually present, ar whether some unexpected, unpredicted injury
might not occur to various ocular tissues.

We therefore, carried out what we believe to be the first studies on the
degree of protection offered the eye on pulsed ruby laser radiation, in which

the eye itself served as the indicator; our studies were carried out to determine

the degree of protection actually afforded by a number of such materials inter-
posed between ruby laser radiation and rabbit eyes in vivo. An attempt was then
made to correlate the optical density of the protective material at the ruby
wavelength with the severity of ocular tissue alterations, and with the degree
of protection expected.

Both a normal mode and a Q-switched ruby laser were used as radiation sources
to irradiate the rabbit eyes with and without interpcsition of sample protective
materials. These protective plastic shields were secured one-half to one inch

in front of the eye. The samples evaluated were selected plastic materials used
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in the Glendale Optical Company Laser-Gard spectacles, thin plastic films

manufactured by the American Cyanamid Company, and glass used in American
Optical Company spectacles for protection against ruby laser radiation. The
optical density of all the samples at 694.3 nm, were supplied by the manufacturer.
Ophthalmoscopic examinations were performed before, immediately after irradiation,
and at intervals during the following week. Some animals were killed two weeks post
irradiation, the eyes examined, fixed and examined histopathologically.

There were several findings of interest. In agreement with the first
paper published on a comparison of Q-switched and normal mode irradiation (Fine,
Maiman, Scott, Klein), it was found that there was indeed a qualitative J

difference in the interaction, and in the hazard. For example, the Q-switched

retinal ruby laser threshold had been reported by a number of groups to be
about one-tenth that of the normal mode threshold energy. From our studies
here of the unprotected eye, we found that 2.7 joules Q-switched ruby supra-
threshold irradiation of the eve caused much more severe injury than 20 joules
suprathreshold normal mode irradiation; even 1 joule Q-switched irradiation of
the eye caused a much more severe lesion. Indeed, interposition of a filter of
2.8 0.D. between the 2.7 joule Q-switched beam and the rabbit eye was necessary
to produce a lesion roughly equivalent to the 20 joule normal mode lesion. Con-
sequently, in this case, the energy ratio for "equivalent suprathreshold irradia-
tion injury" was over 1000:1 rather than 10:1; Q-switched suprathreshold
irradiations can therefore be considered much more hazardous than the 1Q:1
threshold value ratio.

A second finding was that, in general, thé filters appeared to protect as
expected from calculations. The degree of protection offered by the plastic

materials increased as the optical density increased, both for the normal and

e e - exgernen

for the Q-switched modes of irradiation. In general, there was no detectable
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injury to tissues of the eye other than to the retina following interposition

of the filters. In some instances, what appeared to be alterations in the
corneal epithelium after normal-mode irradiation cleared within 24 hours.
These corneal surface irregularities would occasionally limit our examination
of the retina immediately following irradiation. With clearing, the fundus
could be examined within 24 hours.

A third finding was that in those irradiated eyes in which even a clinically
extremely mild or questionable Tesion was observed, histological examination,
when carried out, revealed changes. [t was concluded, therefore, that if a
retinal lesion could not be found by ophthalmoscopy combined with careful and
serial sectioning, the exposure must be near or subthreshold.

We also carried out multiple irradiations rather than single exposures,
to determine protection against injury. We contended that the use of multiple
irradiations rather than single exposures to an eye with and without inter-
position of filters might provide a good criterion for establishing threshqlds
for injury as well as determining the degree of protection offered by laser
progective glasses (2). Another finding was that our values for normal mode
and Q-switched ruby thresholds were in general agreement with those reported by
Geeraets, et al.

Our reported studies were preliminary studies. We believed more detailed
studies would be necessary to evaluate the exact capabilities of representative
protective materials. We stated that the use of eyes in vivo might be of
considerable significance if these "protective" materials exhibit nonlinear
protection, particularly at very high power densities, such as those occurring with

picosecond pulses.

I would expect that such studies involving picosecond pulses have been

carried out since this question was raised by us in 1971. We ourselves did not
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pursue these picosecond studies, due to lack of funding.

¢. Hazards and Protective Devices Associated with 10.6 micron radiation

(3). An analysis was carried out on some of the materials found in CO2 protective
devices. These were reported to some extent in the above reference, and in a
more complete report, printed at that time, which is appended. B8riefly, re-
quired properties of a beam protective device are outlined. These include low
transmission at the wavelength under consideration; low reflectance; no intense
visible light generation which could prove to be a hazard; pre-failure warning;
ric production of dangerous or unpleasant substances or fumes; sufficiently long
protection time; indication of lack of protectiveness; comfort; minimal impedance
of communication and vision; no fogging in use; protection at all angles of
incidence; cessation of material reaction problems when irradiation stopped.
Qther physical properties are mentioned.

Attention was directed to the reflectivity of metal rims or hinges in
normal glasses, their limited protection and fogging characteristics, problems
and advantages of materials such as cellulose acetate and glass; and of welders
goggles systems. We carried out studies and reported on non-uniform heating of
glass. Effects included the production of thermal stresses; the production of
stress fractures; bright light production at the site of irradiation and its
capability for producing eye injury; and the significance of scratches and
imperfections in fracture production. The effects on glass of CO2 radiation
were compared with those on ce2liulose acetate. With cellulose acetate there was
slow ablation; no visible light production; and production of an acrid odor as
warning. On irradiation of quartz from an American QOptical unit for CO2 protection,

it was found that the unit would not fracture under about 103 watts/cm2 irradia-
tion, even when the posterior surface was cooled with freon, while the anterior

surface was irradiated. Polarized 1ight studies showed the production of stress
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patterns in the quartz similar to those in glass; the residual stress under
polarized 1ight studies was, however, much smaller in quartz than in the glass.
Re-irradiation of the quartz fn this stress region-did not result in fracture;
light emission was also less; reflection appeared to be definitely less.

In very high power studies, attention was given not only to protection
(indirect) against inadvertent CO2 irradiation, but against emission at other
wavelengths - visible and ultraviolet - from the site of irradiation. Althougn
attempts were made to measure "ionizing radiation” (x-rays and above) during
some of these and other irradiations at various power and wavelengths, we did
not obtain any indication of the presence of such short wavelength irradiation.
(Studies attempting to determine whether x-ray or shorter wavelengths were
produced on laser (non-COz) irradiation were initiated by us in 1964.)

In connection with the above hazard-protection studies, attempts were
made to cut the caps off sealed quartz vials, which contained radiocactive
material, at a distance, in order to determine whether the laser beam could be
used as a tool for such tasks at a distance. Our power levels were too low;
possibly today this has become a simple procedure.

d. Use of Closed Circuit Television Systems for Observation (4). This

js discussed in an accompanying volume of this report. As indicated in the
publication, there are problems associated with the use of such systems. For
example, sufficient radiation at the incident wavelength reflected from the site
or produced at the site at other wavelengths may injure the camera. The
reflected radiation, of course, can itself be hazardous to the eye.

e. Dual Visual Signal System to Enhance Safety (5,6). Often, a single

visual signal, such as a 1ight bulb, is used to indicate activation or energiza-
tion of the system. The problem with this is obvious - when the bulb is

burned out (or the visual or additory alarm system non-operational), one does not
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know whether the laser system is not operational or whether the visual signal has
failed (e.g., bulb burned out). Since the beginning of our studies we have ad-
vocated, designed, developed, used and proposed a dual set of flashing visual
signals, switching from green to red, to enhance safety during operation of the
laser equipment. With this dual system, one visual signal light must be on and
the other off at all times. If both are off, it tends to mean the indicator
device is non-operational, for whatever reason (lack of power to device, burned
out bulbs, etc.). The reasons for having the system flash or pulse is two-foid;
it attracts attention to the signal system and it tends to alert those who are
color blind.

As stated above, we have used this system, found it very satisfactory, and
brought it to the attention of the contract monitors and the laser community.
we expect that it has been incorporated in some systems and standards.

Area 5: Development, Presentation and Publication of Programs, Procedures

and Techniques for Safe Operation of Lasers; Specific Hazard

Analysis and Protection.

a. Safety note: Toxic and explosive hazards associated with lasers (7).

Thfs was the first and possibly still only report attempting to categorize non-
radiational, non-electrical, toxic and explosive hazards associated with an-

cillary materials used in laser studies as well as with the active laser media.

These could be encountered either during manufacture or its use. Despite the
poténtia] significance of this paper in organization of non-radiational and non-
electrical hazards, and the fact that it was published in 1968 in Laser Focus,

a journal which is well known in the laser area, and the fact that one of the authors
has sat on standards committees, there has been no attempt to reference this

contract supported paper in any of these standards; it is therefore included as an

addendum to this section.
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Basically, elements and compounds which were used either in the manufacture
of lasers or in their operation at the time of the report were separated into six
groups: relatively innocuous; inflammatory or explosive; ocular or respiratory
irritant; anoxial agent; protein poison; material injurious to the hematopoietic
system or liver. The materials are discussed concisely and briefly. As
concluded in the paper, its purpose was to alert and not alarm. For improved
safety, areas to which attention could be directed include: employee education,
safety engineering assessment, available handbooks of industrial toxicology and
jaboratory safety, methods for first aid treatment, and color and number coding
of chemicals as suggested by NFPE.

b. Implementation of Procedures and Techniques for Safe Operation of

Lasers (5,6,7,8). In these references are listed some of our thoughts in regard

to development of programs, procedures and techniques for safe operation of
lasers. It is difficult to separate analysis of hazards from aspects relating to
development of a safe‘v program.

In reference 5, the hazards were broken down into the following four categories.

1. The laser radiation and its interaction with the biological system.

2. The pumping source, especiallv flash tubes.

3. The high voltage and currents required for the operation of the laser

system.

4. The laboratory or field environment in which the system is used.

For example, as well as the beam characteristics, in category 4, the
problems differ, depending on whether the system is contained within a closed
environment, such as a room, whether the beam is directed through the atmosphere
and if so, whether on a vértica] or horizontal axis. The population at risk,

qualitatively and quantitatively differ in the above three cases; thought

must consequently be given to this aspect. Even as early as 1965 (5) we were
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able to categorize a number of mechanisms which must be considered in the inter-
action of the radiation with biological systems. By 1966 (6) we were able to
propose a laser safety program - a tentative program for the control of laser
hazards and management of accidents. An outline of the prcgram is given below.
Since this was probably one of the first programs to be outlined in such detail,
a more complete description is given in an addendum. It should be noted that

the term Laser Hazard Control Officer is used rather than Laser Safety Officer.
Although the latter term is perhaps preferable from a public relations point of
view, it is probable that laser hazard control more accurately describes the
functions of the individual, particularly for a system operating in an outdoor
environment.

The general program outlined consisted of the following:

Control of Laser Hazards
General Administrative Procedures
Personnel
Laser Hazard Control Officer
Deputy Laser Hazard Control Qfficer
Laboratory Laser Hazard Control Officer
Medical Supervision
Records
Laboratory Design and Qperation
Protection Standards and Dosimetry

Management of Laser Accidents

These areas were then discussed in greater detail in the publication (6) and

are discussed in somewhat less detail in reference 8. In regard to areas relating

to Taboratory design and development, the advantages of the dual signal system and
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the advantages and problems associated with the use of television and similar
systems are discussed above. Other areas discussed include problems associated
with non-visible beams (infrared and ultraviolet), problems of semi-conductor
of f axis radiation, consideration of automatically resettable interlocks (with
built in manual override system) as possibly the optimum in some cases, room
design, layout and ventilation.

Area 6: Massachusetts Laser Survey (9,10)

This contract was concerned with laser safety surveys for several reasons.
First, a number of D.0.D. and other governmental contractors in Massachusetts were
engaged in laser research development and application. Secondly, developments in the
field of laser hazards, laser safety and laser legislation based on the above
were of interest to the Medical Research and Development Command. Direct
contract funds were not specifically used insupport of this survey; the avail-
ability of our group with experience in areas relating to laser hazards and laser
safety, because of our work under this contract, made participation in and
contribution to the survey possible.

Our contribution to this survey included the following:

a) Presentation of a two day lecture course at Northeastern University
for individuals associated with the federal and state government which included
the following:

Theory of solid-state, gas and semiconductor lasers;
Engineering asepcts of lasers;

Definition- of parameters and methods of measuring of = .
these parameters;

Basic physics and anatomy of the eye;
photometric and radiometric units;
Ophthalmologic aspects of laser hazards, including threshold

data and site of injury;
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Biological effects and non-ophthalmologic hazards, including
mechanism of interaction;

Chemical hazards;

Hazards assoéiated with atmospheric scattering; and

Laser eye protection.
b) Participation in development of the forms used in the survey.
c) Participation in survey planning and in the site visits.
d) Development of information from the survey.

It should be noted that funds from this contract were not used in support
of this survey; however it would not have been possible for members of our
group to provide the above course, which required planning and development,
nor to participate in the site visits and in development of information, i¥
our work had not been supported under our contract over a period of time by
the Department of Defense.

The course presentation and our participation were carried out at
essentially no charge to the federal and state government organization
involved in the survey.

Areas 7 and 8: Provision of Information Regarding Laser Safety to Various

Groups and Organizations Including Department of Defense Contractors

The following represents some of the groups to whom information has
peen given in regard to mechanisms of laser interaction, hazards and safety,

programs for hazard control, and use of lasers.

1. The Massachusetts Institute of Technology

2. The Mitre Corporation

3. The University of Maryland (including information relating to
studies which were carried out on first moon landing)

4. Eastman Kodak

5. Xerox Corporation

6. Westinghouse Air Brake

7. Western Electric Company

8. Radio Corporation of America

9. The Raytheon Company

10. Avco Everett Research Laboratories
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11. The National Aeronautics and Space Administration
12. The Department of Transportation

13. Arthur D. Little Company

14. Comsat

15. Micronetics

16. Maser Optics

17. General Lasers

18. Lumonics

19. Spectra Physics

20. Northeastern Radiological Research Laboratory

21. Department of Public Health, State of Massachusetts
22. The Division of Radiological Health, U.S.P.H.S.
23. The Division of Occupational Health, U.S.P.H.S.
24. The Martin Company

25. Department of Defense

It would not have been possible to provide information to the above groups
relating to laser studies, if our work had not been supported by this contract.

Area 9: Developoment of Laser Safety Legislatijon Within the State of

Massachusetts

The principal investigator has served as an unpaid consultant to the Department

of Public Health, over ten years. He has been involved in assessment of laser
hazards in academic, industrial and commercial environments for the department;
in determination of methods for minimization of hazards and improvement in safety
in laser related equipment and studies for the department and in the development
of legislation. The Department of Defense contract permitted development of
expertise necessary to carry out these assigned tasks.

Area 10: ANSI Committees

The principal investigator-has served on several committees and chaired one
committee in the initial laser related document. The contract assisted in the
maintenance of the capability by the principal investigator to contribute to the
above.

Summary :

This contract has enabled contributions to laser hazard and protection

studies to be made in the following areas. These include:
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1. Experimental study of the interaction of laser radiation at several

available wavelengths and power levels, in order to evaluate the hazards.
2. Development of models to aid in understanding the mechanism, type,
and degree of hazard at various wavelengths or wavelength ranges, and power levels.

3. Determination of the biophysical factors relating to the studies in

(1) above.

4. Experimental studies on and analysis of the use and limitations of
protective devices and systems for decreasing hazards.

5. Development presentation and publication of programs, procedures and
techniques for safe operation of lasers; specific hazard analysis and protection.

6. Major participation in development and carrying out of the Massachusetts
Laser Survey - the first such major survey of laser hazards in a state.

7. Provisionof information to other Department of Defense contractors re-
garding implementation of procedures for minimizing hazards in specific situations.

8. Provision of information to other non-Department of Defense governmental
agencies and industry in regard to laser-related hazards and their minimization.

9. Development of laser safety legislation within the state of Massachusetts.

10. Membership on ANSI Committees in regard to laser safety; service on L
other laser safety committees.

These areas are detailed above.

e e o
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PSYCHOPHYSICAL STUDIES

Many of the early reported studies relating to the interaction of laser
radiation with biological systems were oriented towards suprathresnold studies
or towards determination Of thresholds for production of injury, particularly
to the eye. Mechanism oriented studies and the use of the laser as a tool in
such areas as ophthalmology and microsurgery represented other areas of
endeavor. Some psychophysical and flash blindness studies were carried out,
including those by Sperling.

We have discussed a number of these areas in the other sections of this
report, and will not comment on them further here. This section of the report
discusses two areas. The first is concerned with initiation of studies to -
determine the visual threshold for laser radiation in the near infrared, the
mechanism for visual detection of such radiation at and above threshold, and
the effect of such characteristics as coherence on spectral sensitivity. The
second area is concerned with determination of thresholds for heat sensation on
€0, jrradiation of human skin in_vivo.

John Campbell was responsible for designing, developing and constructing the
equipment for the first of these studies, and carried out the studies to the
point discussed in this section. Further details regarding specific aspects
are discussed in progress reports and in reports submitted to the Surgeon
General on this area of endeavor. John Campbell also assumed responsibility for
carrying out the second of these studies - the CO2 studies, and for analysis of
the data. His work in our laboratory terminated when he went on active duty at
Ft. Knox, where he continued to work in psychophysical laser studies. This is,

in part, the reason that studies were carried out only to the point discussed,

and not pursued further in our laboratory.




‘ -

1. Studies Directed Towards Determination of Visual Threshold for Near-
Infrared Laser Radiation; Mechanism for Detection, Qualities and
Characteristics.

There are several groups of reports which interested us, in regard to
directing our attention towards vision-related psychophysical aspects of near-
infrared laser radiation. Representative of cne group of reports are those by
Wald and his collabarators (1,2), in which the sensitivity of the human eye for
both photopic and scotopic vision is shown to extend beyond 1000 nm., into the
near-infrared. The second group of reports are represented by those published
by Brindley and by Lewis (3,4). In these publications, the following was
reported. When one eye of each of a number of observers was irradiated with band-
limited infrared radiation, from 711 nm. to 887 nm,, respectively, and the color
of that band compared with the color of radiation shorter than 700 nm. directed
at the other eye, the following was observed. Light of very long wavelength
(beyond 690 nm.) appears more orange to the normal eye than light of wavelength
about 690 nm. For each very long (near infrared) wavelength study (711 to
887 nm.) a unique shorter wavelength in the visible could be found which
visually matched it perfectly. As the near infrared irradiation wavelength
was increased from 711 nm. to 887 nm., the matching wavelengths appeared to be
correspondingly decreased from 688 nm. to 641 nm. A theory for this extension
to the near infrared for vision is given by Lewis. Extension of Lewis's
theoretical curve to about 1100-1200 nm. indicates that the corresponding visible
wavelength would fall in the range 550 to 600 nm.

A somewhat different set of observations reported by Vasilenko, Chebotaev and
Troitskii (5) was representative of a third set of results of interest to us.
They used a Ne-H2 gas laser operating at specific wavelengths - 984.6 nm., 1114

and 1117 nm., 1152 nm. and 1179 nm. Observers Tooked at the radiation for ten
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flashes and compared the color with the spectrum from an incandescent lamp

seen through a monochromater. The comparison matching wavelengths, 560 nm.

on irradiation at 1114 and 1117 nm., 576 nm. on irradiation at 1152 nm.,

and 584 nm. on irradiation at 1179 nm. compare closely with the second harmonic
of the laser wavelength. The authors concluded that the results indicate the
wavelength observed was the second harmonic of the laser wavelength.

It should be noted that the two sets of studies discussed above differ.
In the former (3,4) the longer the near infrared wavelength, the shorter the
matching visible wavelength; in the latter (5), the longer the irradiating
infrared wavelength, the longer the matching visible wavelength. The former
were carried out at low irradiation power levels, the latter possibly at
higher power levels (possibly hundreds of milliwatts per pulse). Possibly
the mechanisms in the two cases might be different; the observations by
Vasilenko et al. might depend on specific non-linear properties of the eye,
which become accentuated as the power level is increased.

We undertook to answer three questions: 1) can infrared laser radiation
be seen - what is its "effective spectrum"? 2) is the infrared to visible
transformation effectiveness, for laser irradiation qualitatively and quanti-
tatively, the same as or different from that for low peak power radiation
(e.g., is coherence important) and 3) what are the mechanisms involved in
answer to question 1 and 2, particularly if differences are noted (e.g., if
power is important Snd frequency doubling does occur).

We attempted to begin to obtain answers to the above questions in two
ways. First, by carrying out psychophysical studies initiated in 1966, as
discussed in this section and second, by carrying out studies in frequency
doubling in biological tissue in vitro, discussed in an accompanying section

of the report. (As discussed in that section, our interests extended into
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areas beyond that relating to answering the above questions). In neither of

the above did we carry out studies in the infrared; in both we used visible

radiation to initiate our studies. The reasons for this are as follows: We

could not extend the psychophysical animal studies into the infrared, since
John Campbell went on active duty to Ft. Knox. In regard to the frequency-
doubling studies, our contract was terminated before we could carry out these
in vitro studies at other than ruby wavelengths. Infrared studies were, |
however, planned.

Furthermore, in neither of the above studies, did we use human subjects.
In the 1965-67 period, we were ignorant of approximately how far visual
thresholds, if they existed, would lie below threshold injury, particularly |
in the infrared region. Indeed, in the infrared region, the threshold for ‘
ocular injury could well be below that for vision (1-4). Specifica]]y, the
levels used by Vasilenko et al. to obtain their data did not appear to us to
pe at a level which we could consider as safe. Although we considered the

possible use of subjects whose eyes had to be enucleated for specific reasons,

such as presence of intra-ocular tumor, even in this situation we would have I
hesitated to carry out human psychophysical studies involving human subjects
because of possible problems such as tumor spread. Furthermore, such specific
subjects were not readily available to us.
Qur initial psychophysical studies were therefore oriented towards de-

termining the visual threshold for laser radiation in the near infrared of

an animal - the hooded rat. Our first studies in this area were directed
! towards determining the sensitivity of the hooded rat to visible radiation
| wavelengths; the studies were not carried cut beyond this point in the laboratory,

because of John Campbell's transfer.
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The following is from the introduction to one of our reports by John

Campbell regarding our projected studies.

"The present experiment was designed with two missions in mind. Its
tactical mission was to specify the visual sensitivity of a convenient labora-
tory animal, the rat, to laser radiations in the near infrared under conditions
of dark adaptation and light adaptation. Its strategic mission was twofold:
to provide data for creating tentative, safe limits for use as guides in
selecting energy levels to be employed in a similar experiment using humans
and to reveal technical problems inherent to this type of research. The
paradigm adopted utilized a learning procedure (a modification of D'Amato's
learning procedure) in:conjunction with a psychophysical procedure (the
method of stimuli). Since most information on laser-induced irreversible
lesions is founded upon the study of pigmented mammalian eye, internal consis-
tency dictated the use of a rat having pigmented eyes. Consequently, the
hooded rat was employed.

"What was known about the visual sensitivity of the hooded rat to electro-
magnetic radiation? Pertinent information came from recent psychophysical
analysis by Muntz (1967) and an electroretinographic analysis by Dodt and
Echte (1961). Both experiments demonstrated that the hooded rat is visually
sensitive to wavelengths extending from at least 430 to at least 700 millimicron
(mu) and that the eye of the hooded rat, T1ike the human eye, possesses two
spectral sensitivity functions (]uminosity functions) - a scotopic curve rep-
resenting the eye's spectral (wavelength) sensitivity when dark adapted, and
a photopic curve representing the eye's spectral sensitivity when light
adapted. In the case of the hooded rat, unlike the case with the human, the
band of wavelengths separating the wavelength to which the eye is most sensitive

under scotopic conditions (i.e., about 510 mu) and the wavelength to which the




eye is most sensitive under photopic conditions (i.e., about 535 mu) is rather

narrow, meaning a relatively small change in spectral sensitivities concommitant
with changes in retinal adaptation (i.e., the "Purkinje shift") of about 25 mu."

Qur studies were consequently initiatied and carried out using the hooded
rat as the subject, with stimuli in the visible.

The test apparatus which was built for these studies coﬁsisted of the
following: an enclosure into which the rat was placed as well as a visual
display, the front of which fit flush with the inner front wall of the en-
closure. As regards the enclosure, the copper tubes comprising its floor,
the sheet aluminum forming its inner walls, and the steel level mounted in
front of the visual display could be electrified by passing current generated
by a shocking device to them via a grid scrambler (Grason-Stadler, E1064GSP).
The shocking device constructed was a quasi-conétant current source which
generated an alternating current that acted as a shock. The device produced
current pulses.

The front of the visual display consisted of a 4" x 4" piece of transparent
plexiglass which served as a viewing port. Six inches behind the viewing port
was a 4" x 4" piece of white translucent plastic which acted as a screen. A
one-inch diameter aluminum disc coated with magnesium oxide (a "uniform
diffusing surface“) was centered on the front of this screen and functioned as
a target. The remainder of the screen acted as a field. Radiation constituting
the discriminative stimulus (SD) passed via two front surface mirrors through
a motor-driven sectored disc, a series of diverging lenses, a set of neutral

density (N.D.) filters (Kodak) and then onto the target. The s0

was switched
on during trials and off between trials by moving a sheet of metal, attached to
the arm of a solenoid, out of, and into the path of radiation. The source of

this radiation was either a projection lamp or a laser: when using a projection




D D

, an S

lamp to produce the S of specific wavelength composition could be
achieved by interposing particular combinations of color filters (Corning)
between the projection lamp and the target. When using lasers to produce the

SD D

, the wavelength of the S~ was governed solely by the laser employed. Radia-
tion constituting the field was supplied by a microscope illuminator, through
N.D. filters, and onto the rear of the screen. This radiation was essentially
achromatic.

The intensity of the SD was expressed in terms of luminance (in foot-
lamberts or ft.L), when the source of this radiation was the projection lamp
and in terms of radiance, when a laser was to be used.

The level system was designed so that it actuated programming and recording
equipment only if the rat depressed the level 1/16" with a force equalling or
exceeding 140 grams. These specifications allowed the rat to engage in "bar-
holding" behavior, a frequently encountered problem in avoidance learning
studies, without such behavior serving as an effective response. Thus, only a
forceful, ballistic-type level depression would actuate programming and record-
ing circuits.

Other equipment employed and integrated into the system included: a
programmer; a four-channel non-cumulative type of paper recorder, of which
three channels were employed for recording presentations of the SD and shock
as well as the occurrence of level depressions; a noise source for masking
potential auditory cues produced by the programmer, and a sound-level meter
(General Radio, type 1551-A) used for measuring the intensity (in dB SPL
re: 0.0002 microbar) of this noise within the enclosure containing the rat.

The subjects were three male hooded rats (Long-Evans strain) about 160

days old at the beginning of the experiment.
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The paradigm adopted was subdivided into a learning procedure and a
psychophysical procedure. The learning procedure in turn was subdivided into
an escape training or shaping phase and an avoidance training phase. During
escape training, rats learned to depress the lever whenever shock was ad-
ministered in order to terminate the shock. Such a response is termed an
escape response (ER), and the development of an ER is a prerequisite to the
development of an avoidance response (AR). DOuring avoidance training,
rats learned to depress the same lever whenever the SD, (iYlumination of target)
which was made to regularly precede each administration of shock by several
seconds, was presénted. Such a response is termed an AR, and its occurrence
vs. nonoccurrence (i.e., occurrence of an ER) was the basis for deciding whether
or not the rat had detected the SD on a given trial (i.e., presentation of the

sDy.

Once rats had learned to make AR's fairly consistently to presentations
of the SD,thepsychophysical procedure was begun and the collection of data
relevant to specifying the rat's visual sensitivity to several wavelengths
under conditions of dark and light adaptation initiated.

After three weeks of being handled (tamed), rats were trained to terminate
a periodically administered shock by depressing the lever. This was accemplished
by the experimenter's terminating the shock whenever the rat made successive
approximations (movement toward front of enclosure, movement toward the lever,
standing in front of lever, placement of forepaws atop lever, etc.), to de-
pressing the lever over a number of shock administrations.
Upon the attainment of farily rapid ER's (i.e., less than one second),

avoidance training was begun. The procedure initially adopted was similar to

t al., (6-9), using albino rats: D'Amato,and

one pioneered by D'Amato
Fazzaro (1966), D'Amato, Keller and Biederman (1965), D'Amato, Keller and DiCara

(1964), Biederman, D'Amato, and Keller (1964). Accordingly, on any given trial
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the S (9.2 ft.L achromatic light) was presented about four seconds before the

administration of a shock having an onjtime of 0.2 second and an intensity
just sufficient to elicit rapid ER's, this intensity being 0.1, 0.2, or 0.3 ma
depending on the particular rat being run. The ITI's employed were the same as
those used during escape training and the intensity of the field was reduced.
Optimal conditions for the acquisition of good avoidance (about 85% AR's)
seemed to be an SD-shock interval of about twenty seconds in conjunction with an
SD which flashed at a rate of 120 + 20 flashes per minute. These values were
employed during the remainder of the experiment. The specific combination of
shock on-time and intensity yielding optimal avoidance was determined for each
rat before commencing the psychophysical procedure and was maintained throughout
the psychophysical analysis.

Once the rats had reached asymptotic levels of avoidance responding (about
85% AR's) with an intense (9.2 ft.L), nearly achromatic SD and after running
checks to insure that avoidance was mainly attributable to the experimentally

D

defined S and not to a correlated stimulus (e.g., auditory),the psychophysical

procedure was begun. For each combination of 5P

and retinal adaptation state
the following procedure was followed. First, a number of preliminary trials
were administered in order to estimate the domain-of SD intensities across
which different frequencies of avoidance ("I see") versus escape ("I don't
see”) responses would occur, this domain being termed the threshold region.
This information served as a guide in selecting five SD'intensities, one being
no SDT, within the threshold region that were relatively unique as regards

the frequencies of AR's versus ER's associated with them. Then, the rats

were given about 900 trials, approximately 300 trials being given on each of

three days. On any given day the first 100 trials employed an intense (9.2 ft. L),

nearly achromatic SD and served to bring the rats avoidance up to asymptote.
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Of the remaining 200 trials, 40 were given at each of the five SD intensities.

It was found necessary to devote the first twenty trials per SD intensity to
adapting the rat to a change in SD intensity. Consequently, only the last
twenty trials per SD intensity furnished psychophysical data. On each day all
trials associated with one SD intensity were administered before giving trials
at some other SD intensity, a mode of trial administration mentioned by
Woodworth and Schlosberg (1954). A different sequence of SD intensity admin-
istration was followed on each of the three days.

The above procedure was repeated for each combination of SD and retinal
adaptation state. Since the rat's visual sensitivity to six SD's were to be
obtained under each of two adaptation states (dark adapted - field illumination
of 0.00 ft.L.; light adapted = field illumination of about 1.60 ft.L), a total
of twelve sensitivities were to be determined. The six SD's which were to be
utilized are listed below:

1. green (530-570 mu), produced by passing the beam of the projection

through three Corning color filters (#3484, #4303, and #5120).
2. yellow (560-610 mu), produced by passing the beam of the projection
1amp through two Corning color filters (#3480 and #4303).

3. red (610-630 mu), produced by passing the beam of the projection lamp

through two Corning color filters.

4. red (694 mu), produced by a CW helium-neon laser.

5. red (840 mu), produced by a CW laser.

6. infrared, produced by a CW helium-neon laser.

Despite the very marked effort in designing, in developing, and in con-
structing the equipment and in carrying out the initial studies, data which

could be analyzed was obtained only from one rat, because of time limitations

(i.e., John Campbell's transfer to Ft. Knox). Percent avoidance responses (AR's)
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were obtained as a function of the stimulus intensity, SD, for SD= green

(530-570 nm), obtained under conditions of dark adaptation (field intensity =
0.00 ft.L) and light adaptation (field intensity - 0.24 ft.L), and for an

sD = green (530-570 nm), obtained under conditions of dark adaptation. A1l
data were obtained using a shock on-time of 1.0 second and a shock intensity
of 0.4 ma, a comgination of shock parameters found to yield optimal avoidance
with this rat.

These percent avoidance responses (AR's) were plotted versus the stimulus
intensity. The average maximum percent correct avoidance response occurred
at the highest stimulus intensity - 86% at 9.2 ft. lamberts. The average
minimal percent correct avoidance responses occurring with no stimulus was
determined to be 23%. A criterion or sensitivity equal to the base plus
one-half maximum-minus-base-difference (23% plus 1/2 (86%-23%)) was used as
the criterion for sensitivity. This was 55% average AR's. The stimulus inten-
sities under the specific conditions associated with this criterion were
determined from the plots of AR's versus intensity. This was considered as
"threshold" light illumination under these conditions. The reciprocal of the
value gives an estimate of the sensitivity of the visual system of the animal
to the illumination under these conditions.

Three graphs, in which the AR's to green (53-570 nm) under light adapted
field conditions, to green under dark adapted field conditions and to yellow
(560-610 nm) under Tight adapted field conditions were obtained.

For the above 55% AR's as a criterion, the intensity for green, under
dark field adaptation conditions, was 0.0027 ft. lamberts; for green under
light adaptation conditions was 0.0794 ft. lamberts and for yellow, under dark
adaptation conditions 0,001 ft. lamberts.

As expected, the eye was more sensitive under dark adaptation conditions
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than under 1ight adaptation conditions, and it appeared to be more sensitive

in the yellow than in the green. However, the threshold values obtained are
much higher than expected; and much higher than threshold human values. To

what extent this is due to using too high a percentage of correct avoidance

responses as the criterion, to what extent it represents insufficient animal

training, and to what extent it represents a less than optimal method for

i

determining thresholds and relative thresholds has not been determined. Cer-

tainly, for the non-laser visible region it would probably be unnecessary to
use other than human subjects; however, as mentioned above, for the laser
visible region, one could not have been certain at that time (1966) that human
subjects could be used with absolute safety. In the infrared region this was
even more questionable, even for "threshold" studijes. For suprathreshold
(visual response) studies the above was very questionable. Although a different
animal species such as monkeys, might have been preferable, we did not have the
funds to initiate such studies. Furthermore, the studies which were undertaken
were helpful in that they assisted in orienting us towards psychophysical
studies, if desirable, and they provided training in psychophysical studies in
a laser group for John Campbell who was then further associated with psycho-
physical studies at Ft. Knox. The studies at Ft. Knox were, however, not a
direct extension of the studies undertaken here. The results obtained in the
above study were consequently very limited despite the very considerable effort
in developing, designing and constructing the equipment. If John Campbell

had coritinued these studies under this contract of at Ft. Knox, further infor-

mation would have been obtained in this area.
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Psychophysical Studies at 10.6 microns - Heat Sensation Thresholcs
for C02 Laser Radiation (10)

The fact that 10.6 micron radiation from a CO2 laser is detected as heat

was readily evident by exposing a finger to the radiation. That at higher

levels a burn type of reaction results was also quite evident; indeed such an
accidental iinear burn across the back of the hand resulted in our laboratory
from accidental exposure. We followed this accidental burn over a period of
time; it appeared to heal in the usual fashion. In previous biophysical
studies (Fine, Hansen and Peacock, et al., NEREM, 1966), we had repcried that
the exposure time required to produce visible threshold injury of rodent skin

on CO, exposure varied inversely as a function of power density (see accompany-

2
ing section on mechanisms). That is, for a given crossectional area (A), an
inverse relationship existed between the irradiation time (T) and irradiance
(H) needed to generate a lesion.

This inverse relationship for threshold lesion producticn was also re-
ported by Brownell in irradiation of pig skin in vivo. Thresholds for two
criteria of lesions in depilated porcine skin display this T-H reciprocity
at least between tne following values of T and H for an A = 2.9 cmz: (T = 21.6
sec, H = 0.69 W/cm®) and (T = 0.37 sec) (H = 0.74 W/cm®) for mild erythema and
(T = 39.6 sec; H = 0.74 W/cmz) and (T = 1.1 sec; H=7.6 W/cmz) for spotty
white burn (Brownell, A.S., et al., USAMRL Rept. No. 769, 1968).

The purpose of our studies reported below was to determine the reaction
times on CO2 irradiation, using heat threshold as a critericn, and to determine
wnether a reciprocity existed between reaction time (RT) and irradiance (H),
using heat threshold as a criterion.

Two Caucasian males were used in this psychophysical study to specify the

range of values of reaction time (RT) and H over which an RT-H reciprocity
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exists for the case of heat sensations generated by CO2 laser radiation striking
the back of the hand, RT being the time lapse between irradiation onset and
raction to heat sensation onset. This was done at 22° ambient temperature for
three values of A. Human heat sensation thresholds displayed an RT-H reciprocity

between the following values of RT and H: (RT =1 sec. H = .320 N/cmz) and

2, (RT = 15 sec. M = .290 W/cm?)

and (RT = .75 sec. H = .700 W/cm?) for A = 7 cm®; and (RT = 30 sec. H = .195

W/em?) and (RT =.75 sec. H = .700 W/cm?) for A = 12.5 cm°.

(RT = .75 sec. H = .7OO.W/cm2) for A =3 cm

We believe these studies to be significant in several regards. First,
they showed that an inverse relationship does exist between response time
and irradiation intensity, on CO2 irradiation, using heat sensation as a
criterion (for the conditions given).

Secondly, for a large area of irradiance (7 cmz), a response time of
about 30 seconds was required at an irradiance power density of 155 milliwatts.
This was in the same range as that determined for threshold injury to the
rabbit eye on CO2 irradiation. (See accompanying CO2 reports). Thirdly, at
power density which is high relative to threshold for detectability (1 watt/cm2
compared to 200 mi?]iwatts/cmz), less than 1 second was required for cesponse
time. Fourthly, for irradiances which are only several times higher than long
term threshold, considerable time (e.g., 15 seconds at 290 milliwatts) was
necessary for the response. Consequently, it is possible that under some
relatively lower power irradiance conditions, injury to the eyes may be produced
before the sensation of heat results inan avoidance reaction. (Obviously
at high power levels such as at 7000 watts/cm2 an avoidance reaction to heat
sensation which would prevent injury would not be expected, nor occur).

Fifthly, our studies showed that the CO2 Jaser might well serve as a

tool in such psychophysical studies.
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These studies essentially terminated with John Campbell's transfer to
Ft. Knox.

It was expected that these and associated studies would have been

continued in collaboration with the group at Ft. Knox.
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FIGURE 1(a)

o
Effects of unfocused non-Q-switched 6943 A, 60 joules (60
joules/cmz) laser radiation on the shaved skin surface of
the forehead of a mouse.

FIGURE 1(b)
Cross sections of brain following unfocused laser irradiation

of forehead. Hemorrhages are present within the ventricles,
the conducting system and substance of the brain, -125-
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FIGURE 2

Comparison of relative pressure amplitude within the enclosed
cranial cavity and pressure amplitude within the cranium with
free boundaries. Irradiation at 6943 &, 25 joules/cm2, unfocused,

FIGURE 7

Edema and swelling in knee region following non-Q-switched |
irradiation at 30 joules at 6943 L.
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FIGURE 3

Sonic frequencies produced on non-Q-switched ruby laser
irradiation of the shaved forehead of mice. Ordinate axis:
0.02 v/cm. (relative pressure amplitude) Abcissa axis:

0.5 msec/cm.
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FIGURE 4

Ultrasonic frequencies produced on 1 joule Q-switched ruby

laser irradiation of the shaved forehead of mice. Ordinate
axis: 0.05 v/cm (relative pressure amplitude) Abcissa axis:
56u sec/cm. Three spikes produced on Q-switching,
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FIGURE 5

Q-switched, focused. Single frame of film taken at 8,000
frames per second.

FIGURE 6

of abdominal skin of mouse, irradiation at 60 joules at
6943 K focused. 129

Spiral plume trajectory from abdomen of mouse on application
of a magnetic field. Irradiation at 6943 R, 30 joules, non-

Linearly directed plume and outward hemispherical distension
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Applications of Thermal lModels to
Retinal Threshold Injury

" W.P. Hansen" and S. Fine
Department of Biophysics and Biomedical Engineering
Northeastern University

I. Introduction

Increased industrial application of visible and near infrared lasers has
placed importance upon the quantitative analysis of laser hazards to the aye.
For example, in some surveying uses, a He-Ne beam must be visible but not cause
ocular injury. This report outlines analytical techniques for estimating the
maximum retinal temperature elevation occurring during a step function input
of laser power to a retinal image of a given size. These techniques will be
used to obtain two results for very small retinal image diameters (less than
40u) where experimental results have not been obtained. First, it will be
shown that under worst-case conditions, exposure to less than approximately
70uW of transpupillary He-Ne laser power is theoretically safe. Second, it
will be shown that for a 10u retinal image diameter, the maximum temperature
elevation cannot be Timited by a voluntary avoidance reaction on the part of

e e A e e

the.observer.

II. Continuum Model for the Pigment Epithelium

The primary thermal target site for injury to the eye is defined as the !
region of highest relative temperature elevation in the eye on irradiation
under usual conditions. The location of this region is related to the light
absorption characteristics of the eye. HMeasurements indicate that in the
visible region of the spectrum, light passes virtually unattenuated through
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the cornea, aqueous, lens and vitreous (1,2). However, based on in-vitro
measurements, the incident light is attenuated by 15 to 40 per-cent in the
retinal pigment epithelium (3), the region of greatast absorption of light
per unit volume, under usual conditions. The p.e. is a single cell layer,
apout 10y thick with small pigment or melanin granules distributed within
tne cell (4). On a microscopic scale, the melanin granules of the p.e.

are the sites in which light is maximally absorbed. As a result of this
absorption, the temperature of the pigment granule is raised suffuciently
to injure the cytoplasm surrounding the granule. For levels of pulsed laser
radiation yielding ophthalmoscopically visible threshold lesions, electron
microscopic studies do in fact show cytoplasmic changes in regions sur- '
rounding the granules (5).

WAhen the laser pulse duration is short in comparison to the time re-
quired for the heating of one granule to appreciably perturb the temperature
near another, one can consider the heating of an individual granule imbedded
in an infinite medium. Mathematical models based on this assumption and
the assumption of spherical granules have been reported (6). These models
indicate that a small fraction of the absorbed energy is dissipated from a
spherical granule whose diameter is about Tu during a Q-switched laser puise
(pulse duration approximately 1078 - 1077
tion is increased, there is significant heat conduction from the granule

sec). However, as the puise dura-

during the laser pulse. Tnerefore, for these longer pulses, more energy
must be supplied to the granule to raise the granule boundary temperature h

to 2 level suffucient for local injury. This result agrees with experimen-
tal data insofar as it predicts an approximate order of magnitude increase

in the threshoid injury energy density as one procseds from the Q-switched
range to the millisecond (non Q-switched) range of pulse durations for ruby
lasaers.

The following relationship can be used for order of magnitude as®imatas
3f the required time, <, for neat to conduct over a distance, x, in a homo-
jenecus medium of thermal diffusivity, O:

T = x2/4D

[f x is the approximate distance from the border of a melanin granule to :he
border of its nearest neighbor (=10'4cm) and if D= 10’3 cmz/sec (approximata
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:) value for water), then the equation above yields r=]0'5 sec. Therefore, when
the laser pulse duration exceeds 10’5 sec, the granule boundary temperature

will be influenced by nearest neighbor granules. This influence produces

\ a smoothing tendency for the temperature distribution within the irradiated
volume of pigment epithelium. This report will be concerned with laser pulse

} durations exceeding the aforementioned estimates of v by at least an order of
magritude. Consequently, the granule model will be simplified by treating

the pigment epithelium as a continuum where light is absorbed and heat is

i uniformly generated within a cylindrical target volume (see Fig. 1). This

cylindrical volume has a diameter equal to the beam diameter in the region

of the retina. The height of the cylinder equals the thickness of the p.e.

since, for humans, melanin granules are rather unifaormly distributed through-

out the p.e. cells (7). For small retinal image diameters and threshold

lesions, the heated choroid does not significantly contribute to the heating

of the p.e. (8).

With choroidal heating neglected in this model, the maximum temperature
rise will always occur at the center of the heated volume of p.e. This temp-
erature elevation can be calculated by solving the time dependent heat con-
duction equation (9). The solution is:

U =_Afi [l 1-exp(-a2/40t)] - erf(2/2/0t )]dt ()
2%pC o

U = temperature rise (Cent.)

pc = volumetric heat capacity (ca]/cm3-Cent) = water
, D = thermal diffusivity (sec/c:mz)'= water
thickness of p.e. (cm)
retinal image diameter (cm)

NN
(YN
Woon

t = duration of exposure to step-function input (sec)
2

P retinal power density (cal/sec-cr.’)

A = fraction of light absorbed in p.e.

t

= time from onset of step-function input at t=0 (sec)

Some results of this solution are shown as three transient temperature
response curves in figure 2. The first represents the normalized temperature
rise for a 10u image, the second is for a 250u image and the third is for an
800u image. The latter two curves cover the approximate range of image dia-
meters that have been used in most of the experimental studies reported in the
literature(8, 10-20). These diameters should be contrasted with the much smaller
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minimum retinal image diameter for humans which has been estimated to have an
upper limit of 10u (21, 22).
The rate of temperature rise for the three curves in Figure 2 can be com-

pared as follows. The time required to reach 90% of the steady state tempera-
ture in the 250u and 800u cases is 9Q0 msec and 6 sac respectively. These
times can te -untrastad to the very short time required for a 10 micron image
to essentially reach thermal equilibrium - which is 3 msec as shown.

III. Difficulties in extrapolating injury data from large to small retinal

image diameters

If threshold retinal injury were relatad only toc the incident retinal
power or energy density, then extrapolation of threshold injury leveis frcm
large retinal images to a 10u retinal image could be made simply by using
the ratio of the areas of the images. However, the factors that detarmine
injury to a target volume of tissue are the temperature elevation and the

Tength of time over which an elevated temperature is maintained. In other

words, injury depends on the time-temperature history of the invclved tissue (23;.
In the preceding section of this report, it was shown that for a step

function of heat generation rate sufficient to raise the peak steady s:ta:s

temperature to a given value, the peak temperature in a 10u image regicn

rises rapidly toc a given equilibrium value whereas the peak temperature aof a

larger image rises more slowly to the same equilibrium value. This differ-

ence in rise times prevents a simple approach o theoretically predictin

thermal injury. To see this, assume that a 10u and an 800u image are neatad

[te]

to the same maximum temperature by a rectangular nheating pulse of given duri-
tion. During the neating phase, the :time average of the temperature ati the
cantar of the "heatad cylinder” is lower in the 300u image than in the 1Cu
image, possibly causing a slower rate of chemical change Teading o injury in
the 300u image. fter the heating pulse c2ases and the cooling phase 5egins,
tne center of the 800u image cools more slowly than the center of zhe 10u
image. Thus, during the cooling pnase, the cantral tamperature is nigher,

on the average, in the 800u image than in the 10u image. In the cooling
phase, chemical change leading to injury may yet occur in the 800y image but
essentially cease in the 1Cu image. There is, however, no satisfactory theore-
tical way to predict whether the 800u image region will "catch up" and be
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"injured" in the cooling phase if it has not been "injured" in the heating

phase. Similarly, one cannot predict threshold injury in a 10u image region,

under the above conditions, if threshold injury is observed in an 800u region.
The difficulty of predicting thermal injury is also apparent when one con-

siders possible injury in avoidance reaction time limited exposures. [t was

~ shown in the previous section that the peak retinal temperature elevation

in a 10y image region cannot be limited by a voluntary avoidance reaction.

However, it is possible that injury can be limited by such a reaction. If

thermal injury is a rate process, it is possible that a voluntary avoidance

reaction can occur before the chemical processes leading to thermal injury

have proceeded far .enough to cause threshold injury (particularly if an .ophthal-

moscopically visible end point is used).

IV. Worst-Case Estimate of Safe Power Levels

Since threshold injury data cannot be extrapolated from large retinal
image diameters to a 10u retinal image, temperatures that are known to be
safe for a 10u image can be considered. These conditions are outlined in
this section. A moderate fever temperature (= 102 F) can be considered safe
for vision over a protracted period of time. While injury may not occur un-
til the temperature rise exceeds 2°C, it is possible to adopt a criterion
stating that, "safety cannot be assured for temperature elevations exceeding
2%c." Solving the steady state heat conduction equation for the same geometry
as was described for equation 1 yields a relationship between the retinal temp-
erature elevation and the transpupillary laser power as follows (24, 25).

Ugg 34%%? (MT+ud-u+ u'lzn(/l FuZ  + u)) (2)

Ugg = steady state temperature rise(deg. Cent.)

= fraction of light absorbed in p.e.
P = transpupillary power (cal/sec)
2a = retinal image diameter (cm)
22 = thickness of p.e.(cm)
u = %/2
K = thermal conductivity (cal/sec-deg-cm) (assume water)
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To obtain a safe value of P for the He-Ne laser, the following worst-
case conditions are assumed: no attenuation in the anterior ocular media;
A = 100%; 10u retinal image diameter; heat dissipation not aided by choroidal
blood flow; and USS = 2°C. Then, from 2quation 2, the maximum safe total
laser power that can enter the pupillary aperture at 6328A is P = 70u W. If
A is taken to be 40%, P = 180u W. The_2 results should also hold within an
order of magnitude for other lasers in the visible spectrum. Kohtiao et al
have reported d measured temperature elevation of 7.8°C for threshold injury
in yabbits when exposed to a 25 mW, He-Ne laser for 2.5 seconds. The retinal
image diameter was reported to be 250u . Figure 3 shows various calculated
or measured temperature elevations required for injury over a range of pulse
durations. The value reportad by Kohtiao et al is the lowest measured or cal-
culated value of temperature elevation reported and recorded in figure 3.
If this value is adopted as representing the temperature eievation for thresnoid
injury (and there is no satisfactory reason for doing so), then based on equa-
tion 1 with A = 100% and a 10u retinal image diameter, a transpupillary power
of about 270u W would cause threshold injury. For A = 40%, P= 700u W would
result in threshold injury. Thus, a 1 milliwatt laser could possibly pro-
duce injury.

Other threshold injury temperature elevations can be considered. Ffigure
4 shows several graphs of the transpupillary power required to raise the cen-
tral temperature in a 10 micron image diameter through elevations ranging
from 2°C to 63°C for pulse durations ranging from 10'4 sac &0 TO'] sec.
Threshold area in figure 4 corresponds to the range of temperatures wnich are
associatad with injury in figure 3.

V. Summary

In summary, then, for the model presented:

1) For a 10, retinal image diameter and CW irradiation in the visisie,
steady state conditions are reached before the human avoidance re-
action time of approximatzly 0.1 sec.

2) There is little reliable time-temperature data available that can
be utilized to establish threshoid injury temperatures in the retina.
Rates of heating and cooling and rate dependent reactions must be
considered.
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4)

However, a 2°C temperature elevation can be considered safe for
laser hazard estimates.

Based on the model presented, a 10u retinal image diameter and a
safe temperature elevation of 2°C, this analysis indicates that

on a worst-case basis less than approximately 70u W of transpupil-
lary power is safe for He-Ne lasers at 6328A. If one assumes that
about 8°C temperature rise will cause threshold injury, then from
270u W to 700u W of transpupillary power will be injurious.

If the threshold for injury were a function of temperature elevation
per se, then the region of threshold injury would be less than the
region jrradiated.

Light scattering, particularly for small image sizes ( =10u), will
result in a higher irradiation threshold for injury than tiose dis-
cussed above. An increase in incident retinal energy density for

threshold injury as the image size is decreased has been discussed
in an article by King and Geeraets (17).
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Safety Note: Toxic and Explosive Hazards Associated with Lasers
by DONALD MucKEEN.* SAMUEL FINE® und EDMUND KLEIN**

There is a considerable body of literature concerning laser
hazards.!™ As a result. those working with lasers are aware
of the harmtuyl effects of both laser radiation and hazards
associated with slectrical circuitry. However, other hazards
exast which are associated with ancillary materials used in
laser studies as weil 1s with cthe active laser media. These
could be 2ncountered erither dunng manufacture of the
equipment or Juring :ts use. With the increasing number of
gas, liqud and solid-state lasers available.® attention should
be directed to hazards associated with materials used in
laser systems and in iradiation studies, as well as o
slectnical and radiational hazards. The purpose of this
report, theretore, is to provide intormation regarding the
hazards associated with such matzrials.

In this report,” elements and compounds presently used
etther in the manutacture ot lasers or in conjunction with
their operution have besn separated into :ix j-oups. The
scope of sach group extends from the relatively innocuous
to the extremely hazasdous. The majority of these sub-
stances mught not be considered dangerous when used
under proper ventydaton or in the usual smafl quantities.
However, :t s concervapie cthat dangzrous [ivels might be
rzached during manuracture of the laser umit.f the systam
were 10 122K, ot 1 the manuficture or durming Of matenals
used :n laser siudies.

Operating hazards are generaily acute {single exposure)
whereas manutacturing hazards are acute or hronc.
requiring repeaied exposuras ovar days or years.

For Jfiscussion purgoses, the ziements or compounds
itvolved nave oeen Droken down nto SIX categories,
namely’

Geroup | - Relanvely [nnocuous Matenais

Group I - [nflammable or Explosive Substances

Group {11 = {rmtants to Ocular or Respiratory Tract

Geroup IV = Anowai Agents

Group ¥ - Protemn Poisons

Geoup VI - Matenals injurious to Hematoporetic

Systems ot Livers

‘Where cossibie. materials ire :r2ated :n .ncreasing order of
nazardousness. Trese .istings are iollowed Sy TLV (thresn-
ald iimit value).**® Compounds with a systemic 2ffect have
a lisung of the usual mode2 of entry :nto the hody
(tnhaiation, :ngesuon. percutaneous).

Group [-Relatively innocuous Materiais

Argon (Ar), helium (He), xenon (Xe). krypton (Ks),
neon {Ne), utrogen (N), carbon dioxide (CO-), suifur
hexafluonde (SF¢). FC-25. FC-75, magnesium (as
Mg™. iluminum oxide {Al;04). and gallium (Ga).

Aszen, heiium, xenon, krypton, and neon aire generallv
innocuous—that s, when the concentration in ar reacnes

*Department of 3iophyncs and Bromedical Enpineenng, North-
eastern L, Bosron, Mass.

**Cepartment of Dermatology, Roswell Park Memorial [nstitute,
Buffalo, Vew York

*Supported by Conrrac:s DA-49.[93.MD.2436, 2337, Surqical Re-
searcn Branch, Med. Res. ind Dev. Command, Office of the Surgeon
General, Dept. of the Army. NASA Grant NGR 22-011-007.
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50 percent there 1s uir hunger. At a concentrauon of 75
percent concentration any Of these gases is fatal by simpie
sutfocanon.” Sulfur hexarluoride is also pharmacologically
inert when pure® and s listed as a simple asphyxuant.’®
Nitrogen exerts 3 narcotic iction when present it pressures
above several itmospheres.® The TLV for carbon dioxice s
3,000 ppm.® The respiratory center is stimulated ar 50.000
ppm. At several hundred thousand ppm death resuits. A
fluoninated hydrocarbon, FC.25-used as a2 tugh dielecine
strength coolant in some lasers—is pharmacologicaily nert,

Magnesium s zeneraily an innocuous caton. aithougn
upon rapeated exposure [ ievels 1pove 13 mg/ cubic meter
some febriie reactiuns were noted. Simuiarly. repeated
inhalation of aluminum oxide in concentrations above 30
mppct (mllions ot particles per cubic soot) did produce
nodular silicosis.’  Gailium (Ga) has a iow order of
toxiaty?

Group 1l-Inflammable or Explosive Substances

Acetone. nitrobenzene, tofuene. Xyiene. benzene. deu-
terated benzene. methyl. ethyl and propyl lcohols:
pyridine, cyciohexane, niphthalene dus¢, Jeutenum,
hydrogen. onygen. ethyl c¢ther (ether). iodine vapor
with ammonia or acetylene. ozone. styrofoam or
simidar plastic substances when used with liqud
nitrogen or lLiquid helium, liquid N+~in open con-
tainers,

The expiosive and intlammabie nature of these substancss
are well document2d ®? Benzene ind cyclohexane reac:
with oxidizing agents and burn with i¢nd tumes. When
Reatad, pyndine emuts cvanide fumes. -Naphthalene dust
tand presumabiy | Bromo-naphthaiene) 15 moderately
dangerous when ¢xposed 1o !lames.” Ozone 2xplodes when
shocked. on exposure 10 3 tlame or to reducing agents.
The lower senes U alcohols arz lammatle. When
styrofoam Oor similar piastic ‘oams ire used 1s insuiaung
mat2rials with cryogenic substances such 15 tiquid heljum or
dquid mitregen. (he oxvgen :n the 2ntrapped r Secomes
Squid. Thus iquid oxvgen :noitimsie JORtact with ine
plastic <reates 1 potentiai Somb.’ Hydrogen or deutenum
at levels or < 0 "4 percant s highiy exgiosive. L:quid
nitrogen in open sontuners wul cecome contaminated with
O from the ur—icqwring a bluish coior. This muxiure :s
potentially explosive.

Group III-lrrirants to Ocular or Respiratory Tract

The are earths: dysprosium 1 Dy), erbium (E?), europi-
um (Eu). gadoimum (Gd). holmum (Ho), lanthanum
(La), neodymum (Nd), praesodymium (P:), samanum
(Sm), thulium (Tm), terbium (Td), yeerium (Y),
ytterbtum (Yb); methyl alcohol. alumnum oxide dust,
banum compounds. boron trifluoride, ethyi alcohot,
icetone. moiybdenum, sidica, silicon carbide, styrene
monomer. telilurium, acrylates, teflon, toluene, xyiene,
suifur, acrylonitnies, zinc owde, vinylidine chlonde,
pipendine when heated. tin, TTA plasucs, ozone,
sulfur oxudes. rutrogen oxudes, chioroform, formaide-
hyde, acrylonitnles, pyrndine, chromium. antumony,
ammonta. bderyllium from fire-bnck. mickeli, phos
phine, sabine, sejenium, bromine, chlorine, iodine,
hydrofluonc acid.

-144- from _ases rocus/iceToser 1568

S




S .

e

-

The rare zarths—dysprosium, erbium, europium, gadolini-
um, holmium, lanthanum, neodymium, praesodymium,
samarium, thulium, terbium, yttrium, ytterbium-—used in
solid-state lasers can cause 1 high degree of conjunctivitis
and can cause opacities following contact with the abraded
cornea. When injected into experimental animals these
elements produced fatty liver and human exgosures to
vapors have produced itclung and conjunctivitis.’

The threshald levei value (TLV) for aluminum oxide
dust is 350 mppct. Extensive exposure to this dust has
produced nodular silicosis.” Inhalation of barium com-
pounds produces dermal and nasai irritation.’  Boron
influoride (TLV | ppm) in a1, can cause pneumonitis. The
TLC (threshold limit concentration) for ethyl alcohol s
1.000 ppm. At 1,000 ppm, acetone causes respiratory tract
urnitauon, conjuncuvitis and corneal erosion; it is also a
central nervous depressant at this level.’ Molybdenum
produces transient respiratory imtation it 3 mg/cubic
meter for the soluble compounds and at |5 mg/cubic meter
or the tnsoluble ones. Silica dust produces silicosis at levels
excesding 20 mopet (amorphous).

Styrene moromer produces comunctivitis and irritation
of the respiratory tract.*? Tellurium TLV is 0.1 mg/cubic
meter. When this level is exceeded pulmonary irritation can
be producsd.’ The acrylates (thermoplasucs) produce
irritation to the skin ana 2yes.® Tetlon (tetrafluoroethyl-
ene) has 3 TLV of 0.05 ppm in air. When heated to over
200°C. it produces pulmonary ¢dema and “polymer fume
tever.” Toiuene and xylene at leveis over 200 ppm oroduce
Jdermanus, bronchitis and pneumonitis, canjunctivitis and
corneal burns.® Sulfur produces similar irritations. Thio-
pneumocontosis has 1iso besn reported.® The TLV for zinc
oxide 15 3 mg/cubic meter in aur. [nhalation of soncentra-
uons 2xcesding this leve! produce i1 release of endogenous
ayrogens rom leucocytes, ur the rajease ot a fustamine-iike
substance from the aiveolus of the lung or the formation of
1 metai protainate causing “meral tfume fever.” or an
irritation of the upper resoratory tract.?

Vinytidine chloride. 2 plastic (TLV 25 ppm n airy, can
produce irritation on inhalatton. When pipenidine is heated
0 decomposition, it vields caustic nitrogen oxide fumes.”
Tin oxides produce siight cough or dyspnea.® TTA plastics
should de used under exhaust ventuaaon. Exsosure leads o
dermatitis and seasiuzation.'' The TLV for ozone s 0.1
opm.” A high concentration lauses wrritation of the eyes,
preumonia and pulmonary edema. The symptoms may
sersist ror 5 months® and can e iethal 1n 1 few munutes in
concentrations over 1,700 ppm.'? Qzone is produced by
sient electrical discharge and bv :intense uitraviclet radia-
ton and 1s a powertul oxidizing agent.® Suifur oxides (TLV
3 ppm) are corrosive, forming sulfuric icid when in
intimate contact with moist tissues.’

Acrvionitriies cause dermatitis and can cause death

from cvamde reiease.> The TLV for acrylonitnles is 20
pom. Pyridine (TLV 3 pprm) acts as an irritant on inhalation
or ingestion causing skin erythema, asthmatic breathing,
and paralysis of eye muscles and vocai cords.® Chromium
and its compounds (TLV 0.1 mg/cubic meter in air) 1s toxic
by inhalauon. ingestion or percutaneous absorption.’ The
hexavalent salt is most toxic: it can result in bronchogenic
carcinoma. This form of chromium is often 2ncountered in
chromic acid cleaming solution. Anumony (TLV 0.5
mgjcubic meter i air) acts as 2 local iritant; liver damage
and pneumoconiosis has been reported.’ Ammonua (TLV
100 ppm) causes respiratory tract irnitation, saiivaton and
bronchiai wrritation. [t is rapidly fatai at 5,000 to 10,000
ppm.”

Ei oblomi i i i Pt v b
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Inhalation of beryllium fumes arising from fire-brick
stops used with lasers 1s dangerous. It can cause pneumon-
itis, pulmonary fibrosis and granuiomatous changes in skin,
lungs, liver and spleen.® Nickel (TLV 0.5 mg/cubic meter 1n
air) is absorbed by inhalation and acts as an uritant to the
respiratory tract. It can act as a carcinogen. Phosphune and
stibine are poisonous, volatile compounds of phosphorus
and antimony, respectively.

Setenium and compounds (TLV 0.1 mg/cubic meter :n
ar) are toxic by inhalauon, ingestion or percutaneous
absorption. They are uritants which interfere with enzyme
systems. Bromine, chlorine and .cawne are irntants to the
respiratory tract. This group's sction may be looked upon
as a regcuon with the water or the tissues or from the
corresponding acid such as hydrobromic, hydrochloric, and
hydroiodic acid. [nvoived i1n protein destruction s, there-
fore, not only the initial heat of reacticn, but also the
production of a concentrated acid in intimate contact with
ussue. Hydrofluoric acid is violently corrosive.'*

Group [V-Anoxial Agents

Carbon monoxide. cyanides. suifides, icrytommies,
silicones heated above 200°C.

The specific anoxial poisons include carbon monoxide
(TLV 100 ppm) wnich causes chemucal asphyxiauon by
producing stable compounds with the hemogiobin of the
RBC, thus reducing the oxygen carrying capacity of these
ceils. The greater atfinity of carbon monoxide ‘or the
hemoglobin can result in slight oxygen starvation or at
tugher concentrations nearly instant death. Thers 1s consid-
erabie controversv concerming chromic etfects of carbon
monoxide.

Cyanides {TLV 3 mg cubic meter in air) or hvdrocyanic
iad (10 ppm in Air) cause nausea and possibie convuisions
and Jeath by cytotoxic anoxia.® The amon reacts withia
the cel prevenung the uunlization of oxygen. The com-
pounds can enter the body by inhaiation or ibsorption
through the skin. as well as by ingestion.

Hvdrogen sulfide or any sulfides in an ac:d medium
(TLV 20 ppm in ar) cause’ :mitial armtation of the
respiratory tract following inhalation.® At concentrauoes
of 500 ppm. dearn ensues in 30 munutes ‘rom the svsiemue
effect of amon.® In lesser concentracion, effecss such s
weakening ot the cardiac muscie and peripheraj neuntn are
listed.” The rotten-egg sdor of thus 3as prevents it from
peing 1 more common asghyxiant.

The plastic substances, acrvion:tfhies. Ravea TLV of 20
ppm. Their action :s that of the svanude 1mon.® They can
be readily absorbed through intact skin.'? Silicones decom-
pose at temperatures over -00°C. producing :carben
monoxide.?

Group V-Protein Poisons

Manganese (Mn) and 1ts compounds, indium (In),
anumony (Sb) and :ompounds. banum (Ba) and
compounds, nickel compounds. lead (Pb) und com-
pounds, arsenic (As). mercury (Hg). seientum (Se) and
compounds. telluntum (Te) and compounds.
Manganese and :ts compounds tTLV 5 mg/m*) absorbed by
inhaiation Of INgestion <an cause perrmanent damage to th.
central nervous system, parucularly to the extrapyramda.
moter systemn.®*

Indium has shown o 5c toxic when imected intd
arumals resgiung ir Jegenzrative changes o ‘weart and
iiver,'” tut as vet no effect in human beings has been
reported.”
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' Anumony and s compounds (TLV 0.5 mg/m’) are

absorbed Dby ingestion or inhalation.® The toxicity by
inhalation can produce parenchymatous myocardial degen-
2ration and death {rom thrombosis.’

Barium ind compounds (TLV 0.5 m_v,/mJ in air), can be
absorbed by inhalation or absorpuon. Soluble barium
compounds are irritants and can produce cyanosis, convui-
sions and paralysis.® Nicke! compounds have caused some
mental aberrations.* Soluble nickel compounds® have a
TLV of 0.5 mgm®. Nickel carbonyl 1s a caustc fuming
compound with 2 TLV of 0.05 ppm. In fatal cases, brawn
damage and lung hemorrhages were found:® absorption s
via inhalation ar percutaneously. Lead and lead compounds
have 3 TLV of 0.2 mg/m® in ur. The absorption routes are
by innalation or ingestion. They act by interfering with
enzyme systems causing neuromuscular and central nervous
system dysiunction.’ Arsenic (TLV 0.5 mg/m®) and us
volatiie form, arsine, (TLV 0.05 mg/m?) is absorbed by
inhalation, ingestion or percutaneously. The merai com-
bines with the suithydryl groups of tissues. Arsine s
oroduced oy the action of d:ilutz sulfuric or hydrochlorc
acids coming into contact with arsenic-bearing metals.
Changes in nerves, liver and bone marrow may be perma-
nent or ratal.}

Mercury metal (TLV 0.1 mg,/mJ in air) at room
tamperature 1s 2 vapor pressure 200 times the maximum
ailowable :oncentration.® Absorption is by inhalation,
ingestion or percutanzously ® [t produces dermatitis, con-
striction of visuai fields. atrophic iesion of cerebral cortex
and cersbellum and liver damage.?

Selenium compounds (TLV 0.] mgrm’® in air) are
absorped via inhalation, ingestion or percutaneously. Seleni-
um combines with sulihydryl groups thereby interfering
with enzyme systems.’ An especully dangerous selenium
compound i seiznium oxychioride, 2 fuming liquid.

Tellunium +TLV 0.1 mg/m? in air) causes red blood ceil
destruction.’ Hepatc aecrosis has been reported as well as
epittehial tubular damage to kudneys, on inhalation or
ingestion. Teilurium 15 2i50 absorbed through the skin.?

Group VI-Marerials Injurious to
Hematopoietic System or Liver

Cyclohexane, toiuene, nifrobenzene, xylene. toluidine,
hydrotluonc acid.

Cyclohexane (TLV 230 psom :n air) results in weight loss
and damage o0 the rematcpoies sysiem 3t high chronic
levels.® The route of ibsorprion :s inhalation: this com-
pound :s iiso listed 13 an uritant and depressant {or the
CNs.?

Toluene (TLV 2CO pom :n i) 1s absocbed by :nhaia-
tion. [t s an irritant, » central nervous system depressant
and causes damage :0 .ver. Nitrobenzene (TLV | ppm) is
fatai to guinea pigs n threr hours it 5,000 ppm.’
Absorpuion by inhalation, ingestion and percutaneousiy
causes hemoiytic anema and vellow atrophy of liver.? It s
1 lepressant for :ard:ac 1nd smooth muscie 4s weil as for
the centrai nervous systen.

Xylene and all 1somers—ortho, meta and para—(TLV
200 ppm) are absorbed 2y :nnalation or percutaneously.? It
is an irritant and depressant 1o the central nervous system
and 15 1 source of pessitie damage to liver and xudneys.
Ortho, meta and pary toiwdines . TLY 5 ppm) are absorded
by inhaiation. ing2st:on o7 p2rcuianecusly. They are depres-
sant for the CNS and cause formation of methemoziobin.®

ire ira nemolvtic substances injurious 1o

Arsine ind stibe
liver 1nd xidnevs.~
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Hydrofluonic acid (TLV 3 ppm in air) besides. being
extremely caustic ,can cause nephritis and degenerative
changes in the liver.® [t is absorbed by inhalation or
ingestion.

Extent of the Problem . . . and Some
Recornmended Saftey Procedures

The purpose of this paper 1s to alert, rather than to alarm.
It is obvious that the majority of substances listed are only
remotely hazardous when encountered in the low levels
used at present. Nevertheless, attention should te directed
to any potential source ot danger.

The frequency of icc:dents resuiting (rom any or (hese
substances could Se lowered by 1 program of education. A
safety engineer could be emploved to assess and adwvise on
areas of possible danger. Handbooks of industrial toxi-
cology and laboratory safety®™?-!1+!3 15 .quid be made an
integral part of the laser laboratory.

New empioyees could be zven data concarming the
nature of any dangercus items with which they might come
in contact. plus methods for sporopriate rirst aud (reatment.
Similarly, the nature of dangerous compounds and appro-
priate first aid measures could be attached 10 2ach new
container.” Color ind number codings couid be given
chemucals as suggested by the Nauonai Fire Protective
Association.'?

[n short, it all possibie chemical hazards in each laser
laboratery area were sought out, assessed, appropriate
measures taken and 3 program of educaution roilowed.
hazards resulting from these nonw-iecirical and non-radia-
uonal sources could be eliminated.
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Analysis of the Effects of 10,6 Micron Radiation on Some

Materials Commonly Found in 002 Laser Protective Devices

Studies have been carried out on the hazards asscciated with the 10.6 y radiation

emitted by a COy gas laser (1,2). Although radiation at this wavelength can cause savere

skin burms and may ignite clothing and hair, injury to the eye is of grimary concern,
especially injury to the cornea which is the initial site of interaction with the eye (2).
Injury to the cornea may heal by the formation of opaque scars, which can impede vision.
injury to the lens, without ccrneal perforation, has also been observed foilowing 10,6 g4
irradiation cf the eye (2).

Protective devices which have not been specifically designed for use against radiation
at 18.6 y have been used by many investigators in the laboratory1 . These devices include
cellulose acetate goggles and face masks, and welder's goggies and masks with glass inserts,
Wren the expected hazard is due to low power density radiation, some investigators rely on
2vesiassaes for protection.

This repert contains the results of an examination of the materials contained in the above
Jdavices, This e2xamination was performed to determine the degree of protection these matsrials
furnish,

The examination cf protecrive materials would have been considerably simplified if it
hac beex possible 1o prepare a definitive list ¢f the required properties of an adegquate safety
davice, Unfortunately, a list of this type is difficulr to prapare since the device could ke
amployed under unfcrseeabie circumstances, including unusual temperature and humidity

conditicns, Tnere are some properties, however, wnich must be inciuded in any such list,

Since this paper was jnitiated, a COZ laser safety goggle has become available from the

American Optical Ccmpany. A consideration of this device is given at the end of this report.
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These are:

a) The protective material should not transmit intensities of C02 laser radiation

that are injurious to the underlying region, i.2., the absorption coefficient
2
should be high at 10.6 4 .

b) Materials which reflect radiation in sufficient power cdensities to be a hazard
at 10,6 g should not be exposed to the laser beam3 .
c) Any intense visible light generated from the protective materials which may
constitute a hazard should be prevented from reaching the eye.
d) The materials employed should give an indication of being irradiated as a
waming to the wearer before protection fails.
e) Materials which emit dangerous or unpleasant substances when irradiated
should be avoided except when the emission is used as a warning (see (d) above).

) The protection time should be sufficiently 1ong‘.1

g) The material should give an indication if its protectiveness becomes inadequate

under either use or storage,

h) The device should be comfortable, and not awkward.
1) The device should not impede communication.
i The device should neither impede vision nor fog under normal use.
; k) The device should protect at all angles of incidence.
1) Any destructive or hazardous reaction in the device initiated bv C02 laser

irradiaticn should stop when the irradiation ceases,

The power densities necessary to cause long or short term threshold ocular injury are
under investigation. However, materials of reasonable thickness are presently available
which transmit virtually no radiation at 10,6 microns. Some of these materials may

initially be employed in safety devices.,

(98]

e.g., many metals are highly reflective at 10,6 microns, {16).

This time must be much longer than the human reaction time, usually taken as 0.1 sec.

(A safety factor of 100 is considered minimal).

-150-




Scme of the safety cevices presentiy empicyed have been studied with regard to the
agcve sgecifizations, For axampie, ccrrective g.asses have metal rims or hinges which
raflzct tha radiaticn, They 3o nct pretect mcre tnan the eye araa, do not offer protection
at aii angies of incidence and may fcg. Face masks usuaily protect the face and often the
fcnt ¢f the scaip, but sometimes have expcsed metai parts, ars usually awkward, and
impede both communicaticn arnd peripheral vis:en.

Czllulose acetars 3oggies 4o not protect the nair and (ower face, usually impede or
distcr vision, and may te uaccomicrtable.,

Welder's gozg:ies and masks cften have heaviiy tintad glass inserts whizh impede vision.
The 3cggies proisct only the eye area; the masks are usuaily awkward. uncomfortakle, and
impecde ¢communicaticn., Thne masks generaily have _arge opaque areas wnich reduce the
risual flaid,

-~
L

hus, it ls apparent that zach cf the above devizes, whern used specificaliy fer

Iy

grotaction agalast CO2 .aser radiaticn, has one cr more innerent disadvantages, However,

Fh

ress dlsadvastages 4o nst przcolude the use cf these devicses until. a more specializad

salzty devize is

O

onsTucted, as long as the prespaciive nhazards and disadvantages are
rezognizzd and adequare preparaticns at2 mads o minimize them.,

A ccrmpiets lnvestigaticn o a safety device far COZ laser radiation muszt inciude a

cernsideration cf the interacticn of the radiaticn with beth the transparent and cragque

matsrials witnin the devize, Mcst cf the materials employed in safety devices

z,9., selizics2 acetate, firerzlass, rubbser) intsract with 10,6 y radiatien in a reiatively

simgie mannar by suming or melting., Scms of these materials have been investigated and ;
The resuits are presented pelzw, Giass however dces niot r2acl in a simple manner., [t is {
w2li knowr that giass may fracture if heated non-unifermly, without shecwing evidence of

meiting or burning, Consideralie atientlcn was therefcre direcred towards interaction of

COZ Laser raslaticn with jizss, Raciaticn at 0.6y (s apscrbed essentialiy at the surface

2f mcst types of glass. When {radiated by a COZ iaser, there are thrz2e ways in which the
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1) tne iaser beam may be non-uniform.

2) the beam may be smaller than the exposed giass, or. if the beam
is larger, only a portion of the giass may be irradiatad.
3) a poition of the glass in the safety device may be covered by

other materiai,

Sirce the glass portion of most safety devices is suppcrted by opaque material which
ccurers the edges of the glass, non-uniform irradiaticn of the surface is the rule rather
:naxn the exception,

Wheazn giass is heatad rnon-uniformly, thermal gradients result, These gradients
iammdice thermal stresses (8) which may lead to fracture (11,12). This type of fracture in

giass is scmewnat different from the types usually reportad in the literatur Most of the

awisting li“erature on the fracture of glass is directed towards one or more of the foliowing

arsas:
1) The interacticn <f glass with pulsed lasars which emit radiation at
6943A or 1,06 u (4,5,i4).
2} The rezction of glass o machanical shock after specified uniform
thermal treatment (7,9).
3} The meczhanical flaws which ceontribute to glass fracture (3,6,11,12).
Thez Zr3t and second areas apoly cnly marginally to C.W,, CO, gas laser irradiatien.,

ks oot 2di in the third arsa indicate that exgerimentaiicon on g.ass Taciure wiil
1223, &% cest, %o general rasuiis which are for the mest gart qualitative., An impertan
zonciusisn which is drawn Tom the rzports in the third arsa is that cna of the most
signifizant facters which influsnce the facturs of giass under arny type <I stress is the
nce of microscopic flaws at the surface cf the glass. These fiaws may be caused
sizner tv the way in whizh the glass hes been worked (i,e., geoiishing, grinding) cr.

in many instances, by the way the glass {s nocrmally handled in the labcratery. Itis
sxnesied, than, that if the glass is not subiect to special care, simiiar giass samples,

tasted ia similar ways, may behave very differently. In general, we have found this tc be
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the case. However, we have found that there were general recommendations that could be

stated if glass was used as a part of a safety device, These recommendations are presented

towards the end of this report.

Initial testing was carried out on crown glass microscope slides because they are

similar in size and chemijcal structure, and new slides from the same package probably have

similar histories with regard to production and handling. It was expected that these

similarities would minimize the spread of the data.

In preliminary studies on microscope slides it was noted that when held by metal clamps,
the glass would often fracture along a path from the irradiation site to the clamp, lbrespective

of near edges. However, when held by wax, samples of glass would usually fracture along

a path that went from the irradiation site to the nearest two edges. The latter type of

fracture was also noted when the glass was supported by string. Therefore, it was assumed

that the metal clamp was grossly affecting the experiment and for that reason wax was used

to support all subsequent samples.

In the first set of tests, the power density incident on the glass sample was held fixed
at 20w/ cm 2 while the diameter of the irradiating beam was varied. Table 1 summarizes
the results on 1" x 3" x 1/25" microscope slides when the irradiation zone was centered
at the center of the surface of the slide.

From the table, it is evident that the glass fractured more quickly as the diameter of
the irradiation site increased. It was also opserved that the samples always fractured
across the 1" dimension, i.e., from the irradiation site to the nearest edge,.

When 2" x 3" x 1/25" slides were irradiated, the slides were again observed to
fracture more quickly as the irradiation diameter increased. Similar results were obtained
on subsequent testson protective glass, such as filter lens by Jackson products
(41/2" x5 1/4" x 1/8") filterweld plate by the American Optical Company
(4 1/2" x 2" x 3/32") and (4 1/2" x 5 1/4" x1/8") and AIRCO lenses 115/16" in diameter
x 1/8" thick. Noting that the irradiation time necessary to fracture a sample increased as
the spot size decreased, the spot diameter was reduced still further. A spot size was
found at which the sample did not fracture during ten minutes of irradiation. In addition,
smaller spot sizes would not fracture the glass within 10 minutes. The power was then

varied and at each power, a spot size was found below which the sample would not
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fracture for long irradiation intervals. The above experiments were repeated with the

irradiation site close to an edge of the samples; all samples that were irradiated in a manner
which would previously fracture the glass, were observed to fracture in a shorter time
interval, Furthermore, it was observed that at some power densities and spot diameters for
which no effect was observed on central irradiation, the sample fractured when irradiated near
an edge.

Although in all the above experiments, there were no alterations of the irradiated glass
samplie which could be seen on direct visual examination until fracture occurred; at higher
power densities {(of the order of 100 w/cm 2 ) the glass was observed to alter at the irradiation
site. This was first noted as a distortion of objects seen through the sample. At these higher
power densities, the glass did not fracture on irradiation, unless the irradiation site was very
ciose to an edge. However, the sample frequently cracked on cuoling. In general, it was
found that for a given irradiation site and spot diameter, samples which would fracture at

power densities insufficient to cause observable change previous to fracture, would either

not fracture at higher power densities or would take longer to fracture at higher power densities.

However, the giass which did not fracture on irradiation at the higher power densities would
frequently crack on ceoling,

The obsearved changes in the samples which were irradiated at the higher power
densities indicate that the glass within the altered region had reached a temperature beyond
its annealing pcint. This annealing temperature is dependent primarily on the composition of
the glass.

When glass has been heated to beyond the annealing point, all thermal strain within
the annealed regicn is relieved, but permanent residual sirain is formed when the glass
subseguentiy ccols. For a given ambient temperature, this residual strain increases as the
tamperaturs reached beyond the annealing point increases (12). It appears that suifficient
sarmanent strain had veen instituted to crack the cooling glass in some cases, but not in
othzrs, Tre samples that reached a lower annealing temperature on irradiation at lower
sower dernsitias did not usuallv crack while those irradiated at the higher power densities
1sually did,

‘Nhen the annealed samples that had not cracked cn cooling were examined, a

distorticn was usually noted when objects were viewed through the irradiation site.
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These samples usually expicded viciently after a shcrt period if re-irradiated near the old
{rradiation site, evan at power densities that would nct normally fracture the sample. In
particular, ncrmal eyeglass lenses were markedly explosive under these conditions.

It is well-known that thermal strain induces stress patterns in giass samples during
{rradiation. Stress patterns due tc residual strain can result post-irradiation if annealing
had occurred. The development of these patterns was foliowed photographically and visually
using poilarized light., In all samples examined under pclarized light, these stress lines
were cbserved tc form at the irradiation site and tc expand in an outward direction. One of

the following four prccesses was observed:

1) The lines eventually reached a stationary configuration. Direct
observation of the sample gave no evidence that irradiation was
taking place. The lines disappeared rost-irradiation. No evidence

of the irradiation could be detected in the samplie after it had ccoled.

2) The lines avertually reachad a stationary configuration. The
glass cracked during cooling. Residual lines were still present
in the region swrrounding the cracks whizh indicated that some

residual stress was still present,

3) The lines reached a staticnary configuration. The glass did not
fractiire on cceling, but the stress pattern did rot altogether disappear
wr.en the gilass cooled, This phencmenon was sometimes acccmpanied
by an observable depression in the antarior surface of the glass after

<COL.AG,

a3

4) The glass fractured during irradiaticn while the stress lines were

expanding or after they appearsd tc peccme stationary.

The samples which did not lose all the induced swess pest-iradiation were more
likely to fracture or even to expiode during re-irradiaticn.

Furthermore, it was cbserved that for those sampies in which the stress lines were
confined within the edges, the sample did rnot usuaiiy fracture on {rradiation, whnile if the

stress lines reached the edge, the sampie was mcre likely tc fracture. This observation
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indicated that the rzascn the smalier spot diametzsrs and cernter iradilatidon 2xperiments
aiscussses cariiar usually did not cause fracture, wnile the larger spcts and edge irradiation

12, was tha: in the .atter cas2, ne strass .Lines wers mor2 .ikely ¢ reach tne adges of the

Hewerer, as menticnzd abcve, scma sampies were ¢observed to fracture during
rradiaticn ev=sn tncti3h the stress 1in2s were confined o well with:n the edges, and the
racdiation site appsared t¢ enneal. This phencmencn se2ems ¢ be scmewhat clarified by
the cke2rvation that was rncted eariier {n this regert, i.e., that the surface cendition of the
3ilAass may sTongly inflisnge tha result of irradiation, The samgples that fractured under
coaditicns thar 4id ret asrmally cause fractire mav rave nad surface defects, Scratches
We2 ShOWT T TSsult In Tacturs uncder irraqiaticn conditicns which weuld not nermally cause

Zacture, Samplas waich did not fratiure were Lradiatad {oF o~w 1) min. at an arbitrary

gower dansity wrich caussd annealing at tns radiaticn site, A scoratch was msn made on
the fgar suriacz with & steel stylus without Cctherwlse paitoding the experimen:i. The

5&mzslzs always fractited shertly afier veing scratcinaed, Sampies were alsc scratched prior
S ~racdiaticn, AT powsr densities that ceusad annsaning. thase sampi2s invasiably fraciured.

At sufiizianily nizh powar deasifias, all 3lass sampies were gbssrvad to emit a brighs

n
S5:ni# tne maxdmum powar sutgut ¢f the CO L lassr empleyes was 20 watis. studies

T32CChARIy 1iZhT erission wers carmied cul using a {couses bpam. When glass sampiles
w2rs TIRCET 2t ths focal polnt of an IFTRAN I iens. an intenss whitdk Light was preauced
from tn2 Iradiation site. This light was gainfil tC cdserve a% a distarce of 3 feet from
The scurte. ant apgearad to resili in temperary impaitment of visual acuity and carsistent
aller-images ,scotematic glare; in a porticn <f the visual field. As sxpectad, clear glass 3
agpeadrsd 2qualily bright when viewed from front ¢r tack: tinted giass wansmittad less light
as th=s ¢ptical density increased, Only a full rec jlow was cbsarvad at the tack when

snade #5 giass® was imradiates under the above condiwas.

- - G el mme Y - 1 - -y . -
Croiizal 2ansity Tetwsen 1,90 and 2,36, ransmissizsn psak in the gree=n.
: K S
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There appear to be hazards associated with this source of intense visible radiation.
If this scurce were near the eye, as in a normal protective devica, an appreciable fraction
cf the iight woulid be transmitted through the giass (unless adequately filtered) and enter
the pupil. This might resuit in a hazardous power density at the retina. Kohtiao, et al.,
{15) have reportad findings which indicate that a retinal power density of 54 w/crn2 incident
on the retina due to direct viewing of the sun through a 3mm pugillary aperture is hazardous.
Lesions have besen observed in retinal studies on people who have giver a history of direct
viewing of the sun (17).

To determine the power density on the retina caused by the emission from glass.
the foliowing procedures were carried out.

The laser beam was focused on the surface of a glass sampie to a small spot size.
This caused visible light to be emitted. A magnified image of this secondary source was
obtained and the size of the sousce was determined tc be 0.2 mm. This was done by
inserting a lens and a screen behind the source. The lens formula was then utilized to find
the scurce diameter when the image diameter was measured on the screen.

A 7 mm aperture was piaced 2 ¢m behind the seccndary source. This aperture was
used to simulate the dark adapted pupiliary aperture. The lignt passing through this aperture
was ccliected by a iens and focused. The pcwer at the focal point was 15 mw. The retinal
pcwer dansity preduced by 15 mw entering the eye and fecused to 0.2mm is approximately
S0 w/cmz. This power density is similar to that which has teen indicated to be hazardous
(15),

As previousiy mentioned, cther protective materials have been considered. A 1/4"
thick piece of ceiluiose acetate piaced at the focal point of an IRTRAN II lens was penetrated

in azcut 0.8 seconds by a 15 watt CO, beam, It smoked and appeared to melt, gave orf

2
an acrid odor, but emitted no evidan: visible light. At lower power densities, correspondingly
ionger times were required fcr penetraticn, For example, at apout 10 w/cmz, gpenetration
ccecurrea after 15 sec, with little ér no odor or smoke. At lower power densities. the

material meited and was slowly "ablated" from the surface in a manner that might not be
cbserved urnless the irraciaticn site were in direct view. This indicated that at low pcwer
densities, irradiaticn of this type of protective shield might not be noticed until after the
pretection failed. Fiberglass weiders' masks acted in a similar way at lcw pcwer densities.

syt at high power density a flame appeared at the irradiated site,
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RECOMMENDATIONS

If glass is used as part of a safety device, the following guidelines should be
observed.
1) the dimensions of the glass should be large in comparison

with the dimensions of the beam.

2) the edges of the glass should be covered for several centimeters

by opaque material to prevent irradiation close to the edge of the

glass.

3) the glass should be checked for stress by polarized light before

being used.

4) care should be taken to minimize surface scratches and bruises

by rough handling.

5) the glass should be sufficiently tinted (or a tinted back-up
plate should be employed) to reduce both scotomatic glare and

the possibility of retinal burns due to secondary emissions.

A safety goggle produced by the American Optical Company for use with CO, lasers

was studied, It consists of 3 sections: (1) a mask consisting of a rubber frame supporting
gquartz (Vycor) and plastic plates (2) an adjustable plastic headband (3) two spring loaded
metal cennecting units between the mask and headband to support the mask. The transparent
section of the mask is made of quartz plate and a plastic back-up plate with an air space
between them.

The quartz was irradiated at all power densities, spot diameters, and lccations which
nad fractured glass plates of similar dimensions. Although the antericr surface of the plate
was scarred by high power densities (~~10 3 w/cm 2 ) fracture could not be induced. The
sampile remained intact even when the posterior surface was cooled with liquid freon while
the anterior surface was being irradiated.

Observation-under polarized light during irradiation yielded stress pattern formations

identieal to those found in glass under similar circumstances. Post=irradiation observations

-158-




" shewed that residual scess was fcrmed in the gquartz but the patterns were aiways much
smaller than thcsa2 roted in glass, indicating that the sttess was more lccalized than that
found in glass., Although residual stress lines were present, re-irradiation of the quartz
(Vycor) did rot resuit in Zacture.

Light emission under high power density irradiation was noticeably less than that
obsarved with glass,

The mibber portion cf tha mask was then examined with regard to protecticn against
COZ laser radistion. Tre material was a flexibie rubber meid, reinforced with @ metal
strap to hold !ts shape, Tiis metal {s not acrmaily exposad tc the beam. The rubber
smcked, emitrad a stroag cdor, and was evensually penetrated when irradiated at the followin

power densities,
1) Por ai.,5 cm iradiation diameter { ~9,5 w/cm I, the rubber
was penetrated in 24 saconds,

2) For a 2.5 mm irradiation diameter ( ~~565 w/cvn2 , the rubber

was penetrated in 5 ssconds,

3) At best focus cf the IRTRAN II lens, (~~10,000 w/cm 2), 2 seconds

elapsed tefore penetraticn.

The characteristics of the American Cptical Company safsty goggle can now be

ccmparad with the requirements for protective devices listed at the beginning of this report.

A) ail matariai in the mask itseif has a high absorption ccefficient at 10,6
&s raquired,

B) the metal ccnnecting units located at the tamples and used to support
trhe mask are exposed to the beam and may be refiective at this wavelength,

However, the hazards due to the ected beam may be reduced by the

ra
shape of the reflect ting surfaces. &
C) there i{s an untinted piece of plastic behind the quartz which tegether
with the intervening air space acts as a heat insulator., This does not,
howevar, affect the secondarv light which is emitted from the quartz

wader high power density irradiation.
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D! the mubber smokes and yieids an odzr under irradiation,
affording a wasming of irradiation; the quartz will exhibit a lccal
change in index of refrastion, and may glow, under sufiicient
pcwer density, thus providing a warning., Hcwaver, tnere wiil be

no warning provided at low power density.

E} the smoke emitted frem the irradiated rubber does nct seem to

gontain hazardcus materiais.

F) although the quartz insert offers exceilent protaction for
protractad periods of time, consideraticn shouid be given to
incr2asing the protection time of the rubber frame

G) the protection time provided by the Vycor (quartz) was adequate
under the conditicns of irradiaticn. However, the rubber charred
and blisterad and was penetrated under irradiation.

.

H} the device is gquite comfortable, and not awkward.

I) thers is n0 communicaticn impediment,

7t "stunnel vision" oniv is possible. Redesign of ‘he mask may permit

extension of tha "visual fleid".,
X) the sye proiestion aiforiad by the quariz appears, under preiiminary
investigatsn, to be adequate ior use with a 20 wat: CO, laser,

The mikher mask san be genetrated in 3 seconds with the highly

A prelimirary investication of the reflection of 10,6 radiation om a flat glass plate
7] E]

-

=d a fiat gu3rtz plate was performed, Bcth samples wers (tradiated with an ™ 1.5 ¢m

beam ccataiiaing 12 watts power at an anqgle of incidence of 45% . No reflection was
coserved f£om the quartz piate using Thermcfax paper, No heat was feit by an experimeniey

wnan he sassed his Rand through th2 alr at the exgected locaticn cf reflected radiation,
I contrast, tha flat glass plate was orserved *o re=fizct enough cf the radiation tc both
rermofax paper and caus= a sensation of heat, It is estimated that 0.2 -

0.3 w/om® was refiected under the conditicns dascrikted abeve Tom the glass plate.
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fccussd b2am and may no* te acequate urder 21l circumstarce,

Protecticn at ail angies of incidence is assured by tctal enciosure
of the protected area. The protected area is apgroximately that
=~overed by a skin diver's facemask, lzaving the rest of the head
and hair unprotacted which, as was previousiy ncted, may represent

a hazard,

L) all reaction in the marterial apgears to step when irradiation ceases.

Hcwever, there is residual stress in the quartz.

SUMMARY

A ccrnsideration of glass, plastic, and quartz has been made with regard to their
relative efiaztiveness as protection against CO 2 laser radiation, It is shown that both
piastic and glass can be made inaifective as safety materiais eitaer by penetration of

the beam, or by fracture upcn iLrradiation with a 20 watt CO, iaser.

urthsrmere, glass can te stressed with liftls or nc visible indication in such a way
that it wiil explode viciently under ctherwise "safe" irradiaticn, Gilass can underge
irraciatizn withcout giving visual indicaticns which would ctherwise serve as a warming.
It may smit 2azardcous white light due to inC sscencs when iradiated kty high cower
densities. It may r=fiect nazardcus amounis cf radiaticn,
Y7cor, on the cther hand, could not be made ¢ {ail under irmadiation with a

20 wat: CO , laser, It weuld not Zacttre ncr be penetratad, ncr rethin suificient siess

t> facture upen re-irmaaiation at these powar levels, It refiected less radiation than
giass during a preiiminary study. Although it weuid become incardascent under high
pcwer density frradiation, the emitted light was much less =right than that emitted from
glass on similar irradlation.

A rubber mask, made ‘¢ hecid the quartz plate was aisc tested, It afforded some
arctect io and considerable waming cf irradiatucn by smoking and yisiding an acrid cdor,
Hcwever, if is felt that this type mask shecuid have its protecticn preperties improved.

Celluiose acetate and fibarglass cf the kind fcund in chemical joggles and welders'

masks, respectively, act.d much itke the ru:kber discussed akove

ety R
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TABLE I.

Qccurrence of Fracture on Irradiation of 1" x 3" x 1/25" Microscope j

Slides at Constant Power Density With Various Irradiation Diameters

No. of Time Interval During Which

Power Power Density Diameter Tests Fracture Occurred

(watts) (watts/cm® ) (cm) (sec)

12 20 0.9 5 7.4 - 18,5 8.1 sec(average)
7.7 20 0.7 10 8 - 15 10.6 "

5.6 20 0.6 10 15 - 29,6 21 "

3.2 20 0.55%x0.4 8 27 - 64 47 "
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IMPLEMENTATION OF PROCEDURES AND
TECHNIQUES FOR

SAFE OPERA’E‘ION OF LASERS
Yy

Dr. Samuel Fine
Professor of Biomedical Engineering
Northeastern University
Boston, Massachusetts

The material that I am about to present is not my own alone. In its develop-
ment, I have collaborated with five other people, one of whom is in attendance at
this conference. My co-authors are:

1 Dr. Edmund Klein, Roswell Park Memorial Institute; -
2 George R. Peacock, Northeastern University; 1
3 Dr. Ben S. Fine, George Washington University and Armed Forces
Institute of Pathology;
4 W. Peter Hansen, Northeastern University;
5 Dr. Martin S. Litwin, Veterans Administration Hospital at West Roxbury,

Mass., and Harvard Medical School at Boston.

The development of protective devices and safety measures in the laboratory
and in the field are based on two different principles. In the laboratory, perscnnel
can, in principle, be completely isolated from the laser system. In practice, how-
ever, one strives to reduce the probability of accidental exposure of personnel to
the point where economic feasibility and certain practical problems are the limiting
factors. The alternative to not providing a physically-safe environment and not
establishing rigid safety rules is the occasion of accidents and their concomitant
medico-legal costs. The problem of establishing safe field conditions reduces o
one of providing individual protection. This type of protection is typified by safety
clothing and goggles.

Consideration of the mechanisms of laser interaction with biological systems
has led to a tentative outline of a program for the control of laser hazards and the
management of laser accidents(1,2). This program is outlined as follows:

1 8. Fine, et al, "Mechanisms and Control of Laser Hazards and Management
of Accidents, ' Second Conference on Laser Technology (Illinois Institute
of Technology), April 1965;

2 R. G. Daniels and B, Goldstein, "lLasers and Masers - Health Hazards

and Their Control,'" Federation Proceedings, Supplement 14, January-
February 1965,
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Control of Laser Hazards

General Administrative Procedures
Persounnel
Laser Hazard Control Officer
Deputy Laser Hazard Control Officer
Laboratory Laser Hazard Control Officer
Medical Supervision
Records
Laboratory Design and Operation
Protection Standards and Dosimetry
Management of Laser Accidents
A. CONTROL OF LASER HAZARDS
1. General Administrative Procedures
a. Personnel
~ (1) Laser Hazard Control Qfficer

The laser hazard control officer should be responsible for all factors
associated with laser safety within the organization. He should be responsible only
to senior management or the chief executive officer of the organization, and carrcy
authority regarding laser safety that can be countermanded only by the chief execu-
tive officer.

He should have full records concerning all studies using lasers carried
out within the organization, as well as information concerning personnel and the
characteristics of the equipment. He should be responsible for monitoring laser
equipment or associated experiments, assessing hazards to the extent feasible, and
providing safeguards. That he may be able to assess potential hazards prior to their
introduction, information regarding proposed experiments should be forwarded to
him in writing.

He should provide information regarding the installation of new laser
systems, and be present during their initial operation and any subsequent modifica-
tions of significance involving experiments in progress.

He should be responsible for providing instructions to all personnel
associated with laser studies, and be notified of and responsive to any laser acci-
dent that may occur.

-166-

-

A L+ e . naing oo




The laser hazard control officer may be a medical oifficer trained in
laser hazard control, or an engineer interested in general safety with cognizance
of laser hazards. ‘ ‘

(2) Deputy Laser Hazard Control Officer

Sipce the laser hazard control officer may be ahsent or unavailable at
times, a deputy laser hazard control officer should be appointed.

(3) Laboratory Laser Hazard Control Officer

Each laboratory area should have an individual designated as a safety
officer to report to the laser hazard control officer on matters concerning laser
safety. This safety officer should be responsible for day-to-day safety within the
laboratory and the maintenance of adequate records regarding compiiance with
safety standards. The latter is important since, if no such records are kept re-
garding experiments, pertinent information related to an accident will not be avail-
able.

b. Medical Supervision

The purpose of medical supervision is to deal with the medical and medico-
legal aspects of laser hazards. Since the long~term hazards are unknown, a balance
must be achieved between possibly applicable procedures and those which can be
considered practical.

Medical supervision should include an initial medical examination. The
history should emphasize previous radiation exposures ard aspects associated with
the eyes and skin. The physical examination should give more than usual attention
to the eyes and skin, and should be accompanied by laboratory studies. Follow-up
studies should be carried out periodically probably at from three-month to one-year
intervals and following an actual or suspected accident. The time interval will de-
vend on the equipment used and the studies being carried out.

(1) Radiation Exposure History

A history should be obtained of previous exposures to laser radiation,
to high intensity radiation in the radio frequency or microwave regions, and to
ultraviolet, x-ray, gamma-ray, and nuclear radiation. Records of previous radia-
tion exposure should be obtained.

(2) General Medical History

Particular attention should be paid to a previous history of injury,
infection, inflammation of the eyes, or visual disturbances. Attention to the skin
should include information regarding allergy, photosensitivity, previous surgical
excisions, and abnormal wound healing.
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(3) Physical Examination

The physical examination should include a complete ophthalmologic
and dermatologic evaluation, carried out by persons with considerable experience
in these areas. For example, the ophthalmologist must have knowiedge of other
types of radiation injury in addition to knowledge related to the effects of laser
radiation. .

The eye, of course, should be subjected to the usual tests: visual
acuity, refraction, slit lamp examination, and careful ophthalmoloscopic examina-
tion under full mydriasis with both white and red free-light. Screening of the critical
areas of the macula and fovea by either routine tangent screen examination or cam-
pimetry is too tedious and generally not practical. But a rapid method for screening
this important central area, and one that may be carried out quickly and simply by
a technician or trained aide, invoives the use of an Amsler grid. Here, a negative
screening adds to the strength of a negative routine type of examination. These
special tests may be reserved for the evaluation of lesions detected by other means.

Fundus photography is probably not, in general, useful as a routine
screening procedurs unless an ophthalmoscopically~-detectable lesion or other eye
pathology is found. The photographic recording of this lesion may then be of con-
siderable value. Fundus photography may, however, provide a baseline for evaluat-
ing the progression of any visible lesion that may develop. Evaluation of a foveal
lesion should be done with great care, since eclipse burns frequently produce oph-
thalmoscopically-detectable lesions in the foveal area with no apparent defect in the
central visual acuity.

In the dermatologic examination, particular attention should be directed
toward the presence of keratoses and skin malignancies as well as benign dermatoses,
particularly those reiated to photosensitization. "

(4y Laboratory Studies

Laboratory studies should include a complete blood count, routine
urineanalysis, and blood smear for medico-legal as well as medical purposes.

¢. Records

Adequate records should be kept regarding personnel, characteristics of
the laser facilities in the organization, operation of laser facilities, and accidents.

2. Laboratory Design and Operation

The attention that should be directed toward laboratory design and operation is
dependent on the energy, power levels, and wavelengths used. If high-energy or
high-power equipment is used, the operations area should be separated from the
charging bank or power supply and from the laser output area. Under these cir-
cumstances, interlocks are required to prevent individuals {rom entering laser
firing or capacitor bank areas when banks are being charged or units {ired. Infor-
mation concerning the laser beam interaction can be obtained through the use of
closed-circuit televisica systems or still cameras focused on either the interaction
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or the meter measurements necessary in the beam area. A sign indicating that the
area is a laser laboratory should be posted at the entrance to any such facility.

A dual set of visual signals that switch from green to red can be used to ephance
safety during the operation of laser equipment. This enhances the reliability of the
safety system, since oune visual signal such as a light must be on and the other off
at all times. With a single signal, it is unknown whether the lager is "off" or the
light has burned out. In some cases, auditory signals may detract from rather than
add to safety, particularly since dual auditory systems are impractical.

There should be sufficient isolation between various laser units in the same
area to prevent the exposure of personnel to radiation from lasers other than the
one with which they are working. Enclosure of the laser head, the irradiation site,
and the space between them (when feasible} will assist in the reduction of hazards.

To minimize pupil diameter and consequent light absorption by the eye, the
room should be well lit. Painting or coating of the walls with a material that resists
fire and absorbs at laser wavelengths will be of value. Full reliance should not be
placed on laser glasses during operation, since the interaction of the beam with
material may result in backscattered radiation at wavelengths other than those of
the incident radiation, for which the attenuation factor of the glasses may be low.
This is particularly significant: the effects of long~term cumulative radiation ex-

‘posure are unknown. Another factor that limits the effectiveness of glasses is the

way radiation is scattered in no mathematically-predictable manner but rather, in
some instances, predominantly in a specific direction. Glasses that have been
exposed directly to unusually-high-intensity radiation should be discarded, since
their effectiveness may have been degraded without producing obvious gross defects;
for instance, we have observed delayed spallation of goggle filters. Consequently,
not looking at the beam or back-scattered radiation is preferable to depending on
glasses. A good safeguard is to follow a count~down procedure during the operation
of the laser.

Because the beam is invisible at ultraviolet and infrared wa.velengths(s),

the problem is accentuated. Either the beam should be enclosed or the area so
arranged that a person canneither pass through the direct beam, or be exposed to
scattered radiation. The solution may be to use shielding. In this event, of course,
the area should be monitored before and after shielding to determine the radiation
distribution. This problem is particularly acute with continuous, high~power lasers,
since coustant monitoring of the area by an individual throughout the on-time of the
beam is impractical. With semiconductor lasers, the problem of strong off-axis
peaks must be recognized. In both these cases, monitoring is required to determine
the radiation levels in all regions of the room.

Although definitive information concerning hazards associated with the capacitor
discharge system is lacking, sufficient data have heen accumulated on electrical

3 Fine, 8., Kline, E., Litwin, M., Peacock, G., Hamar, M. Hansen, W.P.,
""Biological Effects of High Power Continuous N, - COg2 Laser Radiation at
10.6 Microns', Federation Proceedings, Vol. 25, No. 2., Part I, March-
April, 19686.
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hazards to indicate the marked dangers inherent in the high-energy system. Even
though interlocks and discharge resistors on the capacitor bank are used, it is im-
portant to note that time constants are involved and that the discharge system may
fail. Manual discharge through a grounding rod should therefore be used as a back-
up safety measure prior to contact with the capacitor bank. Such grounding rods,
with visible grounding, should be associated with each bank.

In addition to the foregoing, special consideration should be given to the choice
of original cables. The cable chosen should be specified as corona-free in addition
to having adequate dielectric stength for the laser with which it is to be used. Al-
though actual observation of the cable and continuity tests are very important, the
single most-important test is the 'hi-pot" or dielectric strength test. These tests
can be made with readily-available testing apparatus or the cabie manufacturer’'s
testing facility. The dielectric tests will indicate the present strength of the insula-~
tion and the corona test the presence of corona. If corona is present, it causes
ozone, which is highly corrosive to some dielectrics and may cause ultimate failure
of the cable. To be on the safe side, a cable that shows the presence of corona
should be replaced.

Since the cables between the power supply and laser head carry high current at
high voltage, they should be placed so that accidental contact with them cannot occur.
Equipment such as oscilloscopes should be placed so the observer will not have to
turn or face toward the beam when the bank is being charged or the laser fired.
Meters for measuring high voltages, and oscilloscopes associated with the laser
equipment and experiments, should be so arranged and protected as to present
minimal hazards to the investigators.

The placement of firing buttons must be sufficiently remote from the charge
and hold buttouns to preclude the accidental or inadvertent discharge of the laser.
Unless automatic recharge of the capacitor bank is required for experimental pur-
poses, charging should be under manual control.

Capacitor discharge may occur through other than the usual discharge circuit,
including that due to capacitor breakdown. Hazards associated with this can be
minimized by the use of distance and mechanical shielding between the operator and
the bank. Discharge of a2 bank due to capacitor breakdown may be accompanied by a
loud sound. This can be minimized by sectionalizing the bank and by sound-damping
techniques.

There are three possible problems relative to interlocks:

1 No interlocks on the equipment;
2 Interlocks which do not have 2 manual override as part of their design;
3 Interlocks which are automatically reset on closure of cabinets or

equivalent equipment following disablement for repairs; that is, interlocks
with a built-in manual override. ’

Having no interlocks on the equipment is probably undesirable. Yet, it must
be conceded that in this event no reliance will be placed on safety features which
could malfunction and leave a bank dangerous at any time.
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Interlocks without a manual override must be cheated or jumped to allow for
servicing. If the jumper is not removed, an undesirably hazardous coadition is
introduced. An interlock with a built-in manual override that automatically resets
on closure is the type needed in all laser systems. It permits service personnel to
troubleshoot the equipment with the door unlocked, or experiments to be carried

out where necessary.

Safety regulations associated with laser systems are dependent on the type of g
the system used and the eavironment in whicha it is located. The degree of pre- j
caution necessary will depend on a2 number of factors, including wavelength, con-
tinuous or pulsed operation, energy and power available from the laser, and at-
mospheric conditions. With pulsed, single-shot systems, the unit is essentially
safe except when charged (unless a charge has been left on the capacitor bauk).
The individuals associated with the pulsed laser system must be instructed to
charge the capacitor bank, or equivalent system, only when the laser is to be used,
and to fire it immediately or discharge it promptly and completely. Under no
circumstances must they undertake other tasks while charging and firing of the
laser. They must not answer telephones, carry on discussions, or engage in simi-
lar tasks at such times. '

Since the hazard with pulsed lasers is present only when the bank is being
charged and the laser fired, the type of hazard for pulsed, single-shot operation is
similar for lasers at all wavelengths in the ultraviolet, visible, and infrared regions.

High PRF and continuous lasers pose common problems, since they may oper-
ate for considerable periods of time without sufficient attention being directed
toward the prevention of individuals entering the area and the location of individuals
within the area. This problem is particularily acute with lasers operating in the
ultraviolet and infrared, or invisible, portions of the spectrum. Under these
circumstances, the laser area must he considered hazardous at all times -~ in a
manner similar to that of an area containing radioactivity.

As well as the usual room-entry interlock technigues, a secoud set of barriers
similar to those for radioactive or high voltage areas can be used. These barriers
may consist of a white tape barrier, or its equivalent, in conjunction with appro-
priate signs at the same distance. These will act as a second precautionary bar-
rier, thus limiting accidental exposure. A monitoring approach similar to that
used for radioactivity can be employed for continuous, or high PRF lasers, partic-
ularly for those operating in the invisible portion of the spectrum. This approach
can consist of sufficiently-sensitive area detectors appropriately located at the
barrier region, and hand-held survey detectors which can be used to monitor and
measure the radiation present within an area. The detectors should have the re-
quired sensitivity over the wavelength band of interest, and be capable of discrimi-
nating against the background radiation present.

“ For COg lasers, thermofax paper is changed to brown at energy densities of
| the order of 1 joule/ecm2. Thermocouples will readily detect milliwatts/em2, and
thermopiles microwatts/cm2.
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Protective face shields should be located outside the entrance to these areas,
particularly where continuous or high-PRF units are used in the ultraviolet or
infrared region. These protective face shields should be worn by all personnel
within the area and should be returned to the shield rack upon leaving.

Consideration can be given to color coding and signs at entrance ways to in-
dicate the class of laser being used. This would keep individuals generally associ~
ated with these systems, but not directly involved, aware of the types of units
being used. ' ‘

With high-power, continuous lasers such as the CO3, fire resistant material
is mandatory. Asbestos sheet or cloth has been found suitable for rapidly and
flexibly shieiding the walls in areas not completely fireproof. The use of several
asbestos sheets will permit the top sheet to be replaced after it has burned through,
before the underlying sheet is damaged, thus limiting the fire hazard. The presence
of flammahle material must also be restricted.

Figure D-1 shows a focused COg2 laser beam in the process of igniting cloth.
The ignited cloth continues to burn, thus bringing up the question of whether one
should wear a lab coat or its equivalent which can be rapidly unfastened. The
advantage in wearing a lab coat is that, should it catch fire, it can be removed
more readily than standard street clothing. Extinguishers capable of combating
such fires must be available.

Figure D-2 shows an accidental burn on a hand 42 hours post-irradiation with
a COs laser. In accidents of this type, severe injury could result from high-voltage
equipment in the immediate vicinity on pulling the hand away. Extreme caution
must be exercised, in this respect, when setting up equipment.

Windows should be covered to prevent the transmission of [aser radiation at .
visible wavelengths through the window. With ultraviolet and infrared lasers, con-
siderable care must be taken with windows that could be opened inadvertently and
thus allow the beams to pass freely to the outside.

b,

e . .‘

————'—
Figure D-1. Ignition of Standard Figure D-2. Accidental Burn of
Military Cloth on Irradiation at 10.6 Hand from 002 Laser 42 Hours

Microns after Irradiation
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Laboratories should be well ventilated, since insufficient ventilation may lead
to the accumulation of noxious gases, particularly when these are being used in a
coantinuous-flow gas laser. While this problem is minimized in a sealed system,
it is not eliminated; the system may crack and release the enclosed vapors. Examples
of these gases are chlorine, bromine, lead, mercury, carbon monoxide, and hydro- i
gen cyanide. The toxicology cf the gases and other materials utilized in experimental :
systems should be investigated, usually by a literature search, previous to their ,
being studied as laser media. |

A second reason for adequate ventilation relates to the liquids and gases used
to purge and cool lasers. Both liquid nitrogen and liquid helium have been used for
cooling lasers, including solid-state and semiconductor units. This may result in
the formatioan of liquid oxygen which can combine with dirt and grease to form an
explosive hazard. Styrofoam and similar materials should not be used in liquid
nitrogen or liquid helium transfer lines because of the possible explosive hazard
associated with the production of liquid oxygen.

In coajunction with the use of cryrgenic liquids, it is important that adequate
relief valves be prescent in the system to prevent the buildup of pressure on boil-off.
It is also essential that procedures be adopted to prevent an explosive or inflaromable
gas mixture from being connected to a laser system in lieu of the desired gas mix-
ture. To minimize the hazard of such an error, and of the trace contamination of
tanks, it is desirable to operate the laser system several times at low voltage
levels following the connection of 2 new tank to the system.

Good ventilation will also minimize the scattering hazards associated with dust
or smoke in the atmosphere.

Other factors include the usual ones of resting responsibility and authority in
one individual (laboratory laser hazard control officer) insofar as making certain
that the area is secure prior to operation of the unit. He should be responsible for
charging the bank and firing the unit. Working in pairs is important. The safety
procedures, precautions to be taken, and techniques for mouth-to-mouth resuscita-
tion, along with the names, addresses, and telephcne numbers of the physician,
laser hazard control officer, and ophthalmologist should be posted.

3. Protection Standards and Dosimetry

Due to the incompleteness of our knowledge concerning biological effects,
particularly with regard to long-term effects, it is impossible to set firm stand-
ards at this time. A useful guideline for protection insofar as immediate or short-
term effects are concerned is the minimal threshold dose of radiation required to
produce injury.

Considerable attention has been directed toward determining the threshold
doses of pulsed laser radiation for damage to the eye, particularly with respect
to injury to the retina-choroidal layers. Biological variability, including heter-
ogeneity, pigmentation, and blood supply, and the extrapolation of studies on ani-
mals to man are factors that must be considered. The threshold value obtained
will depend on the method used. Such methods include ophthalmoscopic examination
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and photography, microscopic studies, histochemical and enzymatic techniques,

electron microscopic investigaticn, and the measurement of electrical changes by
electroretinography. Studies on the eyes to determine threshold effects have been

carried out by Doctors Ham, Geeraets, Fine, and Zaret who are present at this

conference. In general, the threshold dose at 6943 A non-Q-switched, milli- '
second exposure, for damage to the retina is in the range of 0.5 to 1 joule per cm?

incident at the retina. The energy required to produce threshold lesions appears

to decrease with decreasing pulse durations.

In our studies, the threshold dose for gross visible damage to the skin of mice
appears to be of the same magnitude as toat for the eye. The histology may differ
due to reflectivity, scatter, and diathermanous properties of the skin of the mice,
as wel as biological factors. A lower skin threshold dose was obtained at high-
peak-power levels with Q-switched systems as compared to thresholds at longer
pulse durations.

These data, in conjunction with a safety factor of at least 100, provide guide-
lines for radiation protection standards at the ruby wavelength.

Order of magnitude calculations indicates that direct viewing of even a 1-milli-
watt gas laser at 6328 Ais extremely hazardous. Consequently, considerable care
should be taken in the adjustment of even low-power gas lasers,

Standards with respect to high~voltage electrical equipment should comply with
acceptable standards of electrical engineering, including those of the ASTM, ASA.,
and IEEE, as these are referenced in electrical engineering handbooks. The spec-
ifications set by the.appropriate agencies must be complied with for the systems to
be used in the field. '

It is necessary that the equipment designed or purchased by a company comply !
with uniform standards adopted by that company. For example, interlocks asso- ;
ciated with all laser equipment should be of one type, grounding rods should be in- i
corporated in the equipment, and grounding techniques for cabinets should be con- ;
sistent and satisfactory. The laser hazard control officer should be kept informed
of all purchases proposed or pending, so that some of these requirements may be
incorporated in the specifications.

Dosimetry of two types is desirable: 1) Incorporating a photodetector to allow
for tbe instantaneous measurement of radiation intensity for protective purposes
and, 2) recording cumulative exposure for medico-legal as well as medical pur-~
poses. These two types of dosimetry are used for personnel exposed to x and gamma
radiation. (Dosimetry protection for a single pulse is not feasible because of the
short pulse duration.) Further development of adaptive {ilter glasses may provide
some protection. The former type of dosimeter can, however, provide information
regarding radiation intensity at a point, for succeeding pulses, or for continuousiy-
operating units. Although a number of problems are associated with the latter type
of dosimeter, it offers a means for maintaining exposure below maximum permis-
sible dose levels. Although soft x~rays have been produced at the focal region of
a Q-switched laser pulse, the x-ray energy and intensity are low. Most laser sys-~
tems operate at relatively low voltage (<5 kv) with little associated x~ray hazard.
However, the nitrogen laser operating at voltages in excess of 20 kv has a hard
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tube modulator or equivalent system associated with it. This may result in x~rays.
The source, quality, and intensity of the x rays associated with systems of this

type should be investigated and precautionary measures instituted. These can be
minimized by the usual three factors: shielding, distance, and time. It is im-
portant to note that film badge units and other types of x-ray detectors are responsive
only over a range of wavelengths. The appropriate detector must be selected to
cover the range of interest.

B. MANAGEMENT OF ACCIDENTS

First aid should be restricted to minimal, essential manipulation of the patient
as required to arrest hemorrhage, cover the affected region with sterile gauze,
and immobilize the affected region, particularly in the event of fracture following
electric shock. In the case of respiratory arrest, mouth-to-mouth artificial res-
piration should be immediately begun and continued until medical attention is ob-
tained. The equipment, techniques, and knowledge necessary to apply controlled
countershock in the short period available if ventricular fibrillation occurs and to
attempt pacemaking are unavilable in the field. Consideration can be given to the
maintenance of cardiac output by external message. All accidents should receive
immediate medical attention. An ophthalmologist should be on call at all times.
A general physician, also on call at all times, should be available for accidents
- involving regions other than the eye.

Since specific treatment of the laser-induced injury is not available, medical
management of the immediate injury will follow the usual procedures for the treat-
ment of traumatic lesions of comparable degrees of severity.

Retinal damage, as previocusly mentioned, is irreversible and medical care
consists mainly in evaluating the damage and preventing possible complications.
Surface burns due to ultraviolet light are generally cared for simply with topical
medications, but a severe iritis or irridocyclitis resulting from the impact of strong
radiation on the iris may require the use of cycloplegics and perhaps even systematic
steroids to control the inflammation.

For lasers operating on either side of the visible spectrum, corneal damage
becomes a considerable problem; in the near ultraviolet only superficial burns
treated in the usual manner of anesthetics and antibiotics may be sufficient. In
the infrared and far infrared, damage may te very marked and produce not oniy a
keratoconjunctivities but severe keratitis leading even to a dense corneal scar.
This is often accompanied by an iritis, both of which can be treated with topical
and systemic steroids as well as cyclopegic drugs such as atropine and homatropine.
The latter form of damage to the cornea, and perhaps iris and lens, may occur with
the new COj lasers coming into widespread use (Figures D-3 and D-4). Cataract
production due to 2 rise in local temperature by absorption in the pigment epithelium
of the iris in contact with the lens is a distinct possibility when whole white light is
used, or perhaps with carbon dioxide lasers. This damage is theoretically and
perhaps, backed by some experiments, more serious to the lens where the iris
provides no heat shield. The periphery of the lens is more protectad by its not
being in contact with the pigment epithelium of the iris which provides a heat shield.
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Figure D-3. Irradiation Damage from Figure D—¢. Irradiation Damage from
COg Laser at 5 Watts for 1.0 Second COg Laser at 9 Watts for 1.0 Second
(25 joules/cm2) (45 joules/cm?)

The problem of COjy laser damage to the eye is accentuated by the fact that
lasers of this type are easy to build and make operational. Since relatively little
sophistication is required to construct a CO laser that will operate at power levels
from 5 to 20 watts, one can expect a great number of markadly hazardous units to
be operational in the near future., Figure D-5 shows a 22-watt COp laser built in
our laboratory in three weeks from readily obtainable materials.
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Figure D-5, Twenty-watt C02 Laser Designed and Built at Northeastern
University




Followup should be carried out with particular attention to delayed anatomical
and functional disturbances of the eye and to the possible late manifestations of
chronic inflammatory changes in the skin and deeper structures. The delayed ef-
fects in the skin and subcutaneous tissues may include scarring, atrophy, indolent
ulcers, persisting sinuses, chroric granuloma, and possibly malignant transforma-
tions. Treatment of these late sequelae should be in accordance with established
dermatological methods of management.

Accidents involving particularly sensitive sites such as joints, cranium, super-
ficially~located blood vessels, and nerves require the immediate attention of ap-
propriate medical specialists. Experimental findings indicate that trauma to these
regions cannot be assessed on the basis of the extent of the superficial injury;
consequently, the patient should be carefully followed in the event of injury to these
regions.

Each accident should be reported to the laser hazard control officer as well

as to the attending physician. Abstracts of the medical records should be made
available to the lazer hazard control officer. '
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55. Hansen, W.P. and Fine, S. "Melanin Granule Models for Laser Induced
Retinal Injury," Applied Optics, Vol. 7, No. 1, pp. 155-159,
January, 1968.

56. Aaron, A., Fine, S. and Schetzen, M. "Safety Improvement for Unattended
Lasers," Laser Focus, February, 1968.

57. Lobene, R.R., Raj Bhussry, B. and Fine, S. "The Interaction of Carbon
Dioxide Laser Radiation with Enamel and Dentin," Journal of Dental
Research, Vol. 47, No. 2, pp. 311-317, March-April, 1968.

58. Cohen, E. and Fine, S. "In Vitro Effects of Laser Irradiation on Human
Gamma Globulin," Federation Proceedings, 27:1, 473, March-April, 1968.

59. Parker, G.S., Bavley, H.A. and Fine, S. "Report on Massachusetts Laser
Survey," Laser Focus, 11:30-32, May, 1968.

60. Parker, G.S., Bavley, H., Fine, S., Powell, C. and Keene, B. "Laser
Survey in Massachusetts," Health Physics Society Annual Meeting,
| Denver, Colorado, June 16-20, 1968. (Abstract.)

‘ 61. Fine, B.S., Fine, S., Feigen, L. and MacKeen, D. "“Corneal Injury
Threshold to Carbon Dioxide Laser Irradiation," Vol. 66, No. 1,
pp. 1-15, July, 1968, American Journal of Ophthalmology.

62. Cohen, E., Klein, E. and Fine, S. "“Effects of Laser Irradiation on Some
Serologic Properties of Human Gamma Globulin," accepted for
publication.

63. MacKeen, D., Fine, S. and Klein, E. "Toxic and Explosive Hazards Associated
with Lasers," Laser Focus, pp. 47-49, October, 1968.

64. Fine, B.S., Berkow, J.W., Fine, S. "Corneal Calcification," Science,
Vol. 162, pp. 129-130, October 4, 1968.

v




65.

66.

67.

68.

69.

70.

71.

72.

74,

75.

76.

77.

Hansen, W.P. and Fine, S. "“Application of Thermal Models to Retinal
Threshold Injury," presented at Laser Industry Association meeting,
October 24-26, 1968, published in Proceedings of the Laser Industry

Association Convention, 1968.

Bock, F., Laor, Y., Fine, S. and Klein, E. "Exploration of Potential
Carcinogenic Effects of Pulsed Laser Radiation," presented at Laser
Industry Association meeting, October 24-26, 1968, published in
Proceedings of the Laser Industry Association Convention, 1968.

Fine, S., MacKeen, D., Feigen, L. and Fine, B. "Anterior Chamber
Measurements on CO, Laser Corneal Irradiation," Proceedings of the
Annual Conference on Engineering in Medicine and Biology, Voi. 10,
p. 6, November 4, 1968.

Feigen, L., MacKeen, D. and Fine, S. "A Method for Detecting and
Measuring Frequency of Surface Vibrations Using a Helium-Neon
Laser," Review of Scientific Instruments, Vol. 40, pp. 381-382,
February 2, 1969.

Geeraets, W., Fine, B.S. and Fine, S. "Ophthalmic Studies on C0p
Laser Irradiation," Acta Ophthalmologica, (Koberhavn), Vol. 47,
pp. 80-92, 1969.

Laor, Y., Simpson, C.L. Klein, E. and Fine, S. "Patholegy of Internal
Viscera Following Laser Radiation," American Journal cf Medical
Sciences, Vol. 257, pp. 242-252, April, 1969.

Litwin, M.S., Fine, S., Klein, E. and Fine, B.S. "Burn Injury After
Carbon Dioxide Laser Irradiation," Arch. Surg., Vol. 98, pp. 219-222,
February, 13969.

Fine, S. and Klein, E. "Lasers in Biology and Medicine," Laser Focus,
pp. 28-36, July, 1969.

Fine, S., Bushor, W. and Cos, M. editors. Proce-dings of the Laser
Industry Association Meeting, October 24-26, 1968.

Fine, S. and Klein, E. "Lasers in Biology and Medicine" published in
Development in Laser Technology, Society of Photo-Optical Instrumentation
Engineers.

MacKeen, D., Fine, S., Feigen, L. and Fine, B.S. "Anterior Chamber
Measurements on COp Laser Radiation," Investigative Ophthalmology,
Vol. 9, No. 5, pp. 366-371, May, 1970.

MacKeen, D., Edlow, J., Fine, S., Kopito, L. and Klein, E. "Calcium
and Magnesium in Focal Hepatic Lesions," Federation Proceedings,
Vol. 29, No. 2, March-April, 1970.

Klein, E., Laor, Y. and Fine, S. "Interaction of Laser Radiation with the
Skin," Abstract-Laser Journal, Vol. 2, No. 1, January-February, 1970.
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78. Fine, S., MacKeen, D., Berkow, J. and Fine, B.S. "Biological Studies
with Laser Protective Materials,” American Journal of Ophthalmology,
Vol. 71, No. 4, April, 1971.

79. Campbell, J. and Fine, S. "Heat Sensation Thresholds for C02 Laser
Radiation," Radiation Research, 43 (1), 1970.

80. MacKeen, D., Fine, S., Aaron, A, and Fine, B.S. "Cataract Production
in Rabbits with an Ultraviolet Laser," Laser Focus, April, 1971.

81. Fine, S. and Hansen, W.P. "Optical Second Harmonic Generation in
Biological Systems," Applied Optics, October, 1971.

82. MacKeen, D.L., and Fine, S. "Effect of Suprathreshold C0O2 Laser
Irradiation of the Weanling Rabbit Eye on Lenticular Ascorbic
Acid and Reduced Glutathione,"” Federation Proceedings, Vol. 32,
No. 3, Pt. 1, 1973.

83. MacKeen, D., Fine, S. and Fine, B.S. “Prbduction of Cataracts in
Rabbits with an Ultraviolet Laser” - Ophthalmic Research, 5:317-324,
1973.

84. MacKeen, D., Cohen, J., and Fine, S. "Simultaneous Corneal Surface and
Anterior Chamber Temperature Measurements on CO» Lasar Irradiation,”
Federation Proceedings, Vol. 33, No. 3, Pt. 1, March, 1974.
(Abstract.)

85. MacKeen, D.L., Szabo, G., and Fine, S. "The Effects of UV Laser
Radiation at 325 nm on the Skin," The Yale Journal of Medicine,
1973 (Abstract).

Non-Laser Related

In addition, credit was given to non-laser related studies, in which the
principal investigator and his associate were involved. A number of these
were listed in the annual progress reports; several are listed below.

86. Fine, S., Klein, E., R.E., Hainish, H. and Aaronson, C. "“Bio-Engineering
in the Biological Sciences," IEEE Student Journal, January, 1964,
1:33-39.

87. Litwin, S.B., Cohen, J., Fine, S. and Aaron, A. "Rupture and Tensile
Strength Measurements of Fresh and Teated Canine Aortic Tissue,"
Proceedings of the Annual Conference on Engineering in Medicine and
Bioiogy, Vol. 10, p. 44, November 4, 1968,

88. Aaron, A., Litwin, S.B., Fine, S. and Sillin, L. "Pressure and Flow
Relations in Canine Aortic-Pulmonary Shunts,” presented at Second
International Conference on Medical Physics, Boston, Massachusetts,
August, 1969, published in Abstracts of Conference.

89. Aaron, A., Litwin, S.B., Fine, S. and Rosenthal, A. '"Determination of
Cardiac Qutput by Dye Dilution," in Proceedings of the 23rd Annual
Conference on Engineering in Medicine and Biology, Vol. 17, 19/0.
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90. Cohen, J., Litwin, S.B., Aaron, A, and Fine, S. "The Rupture Force and
Tensile Strength of Canine Aortic Tissue," J. Surg. Research,
December, 1972.

91. Litwin, S.B., Cohen, J. and Fine, S. "Effects of Sterilization and
Preservation on the Rupture Force and Tensile Strength of Canine
Aortic Tissue," J. Surg. Research, 1973.
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Laser-Related Presentations as Invited Lecturer, Pertinent to f
Contract to Which Credit Was Given

1.

10.

11.
12.
13.
14.
%5.
16.

17.

18.

Conference on Biological Effects of Laser Radiation, Washington, D.C. -
Sponsored by U.S. Army Medical Research and Development Command, 1964

Conference on Lasers, New York Academy of Sciences, 1964

Gordon Research Conference on Biological Effects of Laser Radiation,
1965

Conference on the Biological Effects of Lasers, National Institutes of
Health, Bethesda, Maryland, October 4-5, 1965

Gordon Research Conference on Biological Effects of Laser Radiation, 1966
Bell Telephone Laboratories - invited lecturer, 1966

The Martin Company - symposium on Biological Effects of Laser
Radiation, 1966

Boston Medical Physics Society - Lecturer on Biophysical Studies with
Laser Radiation, 1966

Seminar on Biological Effects of Laser Radiation, University of Texas,
Austin, 1966

Conference on Development of Lasers in the Biological Sciences,
Veterans Administration, Department of Medicine and Surgery,
Washington, 0.C., August 5, 1966

Presentation before the Physicians of the Association of American
Railroads, Montreal, June 4, 1967

e e

Gordon Research Conference on Biological Effects of Laser Radiation, 1967
(Session Chairman)

American College of Obstetrics - District I Meeting - Invited Participant -
Biological Studies on Laser Radiation, October 1967

Invited Lecturer on Lasers - P.R. Mallory & Co. - Leboratory for Physical
Sciences - Biological Effects of Laser Radiation, February, 1968

Brookhaven National Laboratory, Upton, New York "Biophysical Effects of
Laser Radiation", May, 1968

New England Chapter Health Physics Society, "Biological Effects and Hazards
of Laser Radiation", May, 1968

Case Western Reserve University, Cleveland, Ohio, Summer course on Laser
Technology and Applications, presented lecture "Lasers in Biology
and Medicine," July, 1968

G-APURSI Symposium (International Antenna and Propagation Symposium)

"Electromagnetic Waves (Lasers) for Biological and Medical
Applications", September, 1968
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19.

20.
21.

22.

23.

24.

25.
26.
27.
28.

29.

30.
31.
32.

33.

Rutgers University, New Brunswick, New Jersey, Participant in “Evaluation
of Laser Hazards Course", October, 1968

S. Fine - "Biological Studies Relating to Laser Irradiation, Particulary
with Respect to the Eye", Howe Laboratories, Massachusetts Eye and
Ear Infirmary, Harvard Medical School, December, 1968

S. Fine - "Control of Laser Hazards and Management of Accidents", National
Center for Radiological Health, U.S. Department of Health, Education
and Welfare, Rockville, Maryland, February, 1969

S. Fine - "The Application of Lasers to Biology and Medicine," Conference
on Trends and Directions in Biological Sciences of the Thirteen
Colleges Curriculum Program Biology Teachers, Clark College, Atlanta,
Georgia, March, 1969

S. Fine, Participation in Skin Laser Workshop, Second International Laser
Safety Conference, Cincinnati, Ohio, March, 1969

S. Fine, Lasers--Characteristics, Use, Hazards and Biological Effects,
Seminar Series, Environmental Health Engineering and Science, Graduate
School of Engineering, Northeastern University, March, 1969

S. Fine, Lasers--Characteristics and Uses in Biology and Medicine, Surgical
Seminar Series, Boston University School of Medicine, March, 1969

S. Fine, Use of Lasers in Biology and Medicine, Laser Applications Course,
Washington University, St. Louis, Missouri, May, 1969

E. Klein, and S. Fine, Tissue and Cell Effects of Laser Radiation--Gordon
Research Conference on Lasers in Medicine and Biology, June, 13969

S. Fine, "Lasers in Biomedicine," I.E.E.E. Student Branch, Northeastern
University, July, 1969

S. Fine, "Biological Hazards and Effects of Laser Radiation," in course
on Fundamentals of Non-Ionizing Radiation Protection, fiortheastern
Radiological Health Laboratory, August, 1969

S. Fine, Lasers in Industry, Associated Hazards and Protection, National
Safety Congress, Chicago, I1linois, October 28, 1970

S. Fine, Non-invasive Testing in Medicine, I.E.E.E. group on Engineering
in Biology and Medicine, Boston, Massachusetts, November, 1970

S. Fine, Uses and Hazards of Laser Radiation in Industry and in Atmospheric
Pollution Studies, 24th AMA (Clinical Convention, Boston, Massachusetts,
November 30, 1970

S. Fine, "Bioengineering", Massachusetts Epsilon Chapter, Tau Beta Pi
(Northeastern University), September, 1969




34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

. Fine, "Lasers in Biology and Medicine," a course on lasers and

. Fine, "Biological Effects and Medical Applications on Non-Ionizing

. Fine, "Biological Effects and Medical Applications of Non-Ionizing

. Fine, lectured at Raytheon Research Laboratory on Electrical Hazards

. Fine, "Biological Effects and Medical Applications of Non-Ionizing

Radiation", guest lecturer in summar session course, M.I1.T.,
July, 1975

. Fine, "Laser Biology", in Laser Fundamentals and Applications

course, Polytechnic Institute of Brooklyn Graduate Center,
September, 1969

. Fine and E. Klein, "Biological Effects of Laser Radiation," the

Theobald Smith Society, New Jersey, October, 1969

. Fine, "Lasers--Biological Effects and Medical Applications,"

Society of Photo-optical Instrumentation Engineers Meeting,
co-sponsored by the University of Rochester Institute of
Optics, Rochester, New York, November, 1969

. Fine, Session Chairman, Laser and Ultraviolet Contributed Papers,

Fourth Annual Midyear Topical Symposium, Health Physics Society
Meeting, Louisville, Kentucky, January 28-30, 1970

. Fine, Lasers in Industry, Associated Hazards and Protection, National

Safety Congress, Chicago, I11inois, October 28, 1970

. Fine, Non-invasive Testing in Medicine, I.E.E.E. group on

Engineering in Biology and Medicine, Boston, Massachusetts,
November, 1970

. Fine, Uses and Hazards of Laser Radiation in Industry and in Atmospheric

Pollution Studies, 24th AMA Clinical Convention, Boston, Massachusetts,
November 30, 1970

. Fine, "Lasers in Biology and Medicine," in course on Lasers and

Optics for Applications, Massachusetts Institute of Technology,
Cambridge, Massachusetts, July 30, 1971

. Fine, Guest Lecturer in Graduate Course 2.77, "Biological Effects

and Medical Applications on Non-Ionizing Radiation," Fall, 1971,
Massachusetts Institute of Technology

. Fine, "Medical Applications, Research and Safety," Boston Section

1.E.E.E. 1972 Lecture Series, February, 1972

optics for application, M.I.T., July, 1972

Radiation," guest lecturer for several sessions in graduate course
2.77, M.I.T., 1872-1973

Radiation," guest lecturer in graduate course at M.I.T., 1973-9974

and Emergency Management of Accidents, 1974




Most other conferences in which abstracts or papers were published i
are included in the preceding bibliography. :




10.

11.

Laser-Related Conference Organization and Planning; Pertinent to Contract
Boston Laser Conference, 1963
Boston Laser Conference, 1964

Institute of Electrical and Electronics Engineers - Member,
NEREM Program Committee, 1965

Institute of Electrical and Electronics Engineers - Member,
NEREM Program Committee, 1966

American Association for the Advancement of Science - Session Organizer
and Chairman of Session on Biological Effects of Laser Radiation,
1966

Laser Industry Association Convention, October 24-26, 1968

Course on “Fundamentals of Laser Radiation Protection” given to
personnel of U.S. Department of Health, Education and Welfare,
1968

Member, program planning committee on seminar series in applications
of physical chemical techniques in Biology and Medicine, EMB,
IEEE, Boston Section, 1969

Laser Industry Association Meeting - Los Angeles, California, October
20-22, 1969

Electro-Optical System Design Conference, September 22-24, 1970,
New York Coliseum. Planning of sessions, session organization
and chairman.

Major participant in the organization, planning, and instruction of
personnel, and field work related to the first major survey on
lasers and laser devices in the United States which was carried
out be the State of Massachusetts and Occupational Health and
Radiological Health, H.E.W., 1968.
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PERSONNEL RECEIVING CONTRACT SUPPORT AND GRADUATE DEGREES OBTAINED

Arnold Aaron Ph.D. in Engineering

Charles Aaronson M.S. in Engineering

John Campbell : M.A. in Psychology

John Caron M.S. in Engineering |
Joel Cohen M.S. in Biology %
John Donoghue M.S. in Engineering

Larry Feigen M.S. in Physics

James Forman M.S. in Engineering

Peter Hansen Ph.D. in Engineering

Karl Hergenrother Ph.D. in Engineering

Donald MacKeen Ph.D. in Biology

Note: The above individuals were supported in full or in part i
for contract related work while carrying out graduate ;
work. In some cases, the support was minimal. |

OTHER NON-GRADUATE DEGREE PERSONNEL RECEIVING SUPPORT INCLUDE:

James Blout
Francis Daniels
Evelina Gorman
Mary Laananen
Audrey Marino
Angela Reed

Grace Woods
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