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Introduction

The spread of laser instruments to many fields of human activity and the potential of
laser radiation to produce biological damage make certain that laser accidents leading
to human injuries will occur. Laser radiation is especially liable to cause accidents since
it may be projected over long distances, is often used in the open space, and is
sometimes invisible.

The potential of laser instruments to be harmful was realized quite early on in their
development, and stringent rules were imposed in most countries to minimize injuries.
Those regulations are obviously effective since laser injuries are as yet uncommon and
the reported cases number only in the hundreds. However, more accidental
laser-inflicted traumata are expected in the future as more people are potentially
exposed.

The situation is especially grave in the military where lasers constitute parts of weapon
systems to be used outdoors and are necessarily directed at other people. The hazards
are even greater when the potential victims are using collecting optics. The facts
regarding laser injuries are well known enough for some military planners to develop
laser weapons aimed at producing visual incapacitation of the enemy. Some of these
systems have been fielded and used. These potential weapons are based on the fact that
the eye is the body organ most vulnerable to laser radiation, especially in the visible
and near-infrared wavelengths. This vulnerability is a result of the eye’s dioptric
apparatus focusing the light on the retina, thus increasing the energy concentration
many thousandfold. Consequently, almost all of the laser accidents reported thus far
involved ocular, mainly retinal, damage.

The SPIE conference was a unique opportunity for people of all spheres of the laser
world to exchange data and opinions in this multidisciplinary, rapidly expanding field.
The conference focused its attention on the extent of the problem of laser-inflicted eye
injuries, methods to minimize the occurrence of laser-related accidents, and developing
currently nonexistent methods of therapy. Almost all relevant aspects were covered in
the conference, including means of diagnosing and quantifying laser eye injuries,
detailed descriptions of cases, the mechanism by which laser damage is produced, the
sensory sequelae of the traumata, and the developing treatment of injuries using the
new modality of neuroprotection. A new type of goggles that can potentially prevent
laser injuries on the battlefield was presented. Other types of radiation which constitute
eye hazards were described, as were the safety practices required in medical settings
where many types of lasers are commonly used.

Michael Belkin, M.D.
Bruce E. Stuck
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Database structure for the Laser Accident and Incident Registry (LAIR)

James W. Ness, Stephen W. Hoxie,
Harry Zwick, Bruce E. Stuck, David J. Lund
USAMRD-WRAIR, Brooks AFB, TX 78235

Elmar T. Schmeisser
University of Kentucky, Lexington, KY 40536

ABSTRACT

The ubiquity of laser radiation in military, medical, entertainment, telecommunications and
research industries and the significant risk of eye injury from this radiation are firmly
established. While important advances have been made in understanding laser bioeffects
using animal analogues and clinical data, the relationships among patient characteristics,
exposure conditions, severity of the resulting injury, and visual function are fragmented,
complex and varied. Although accident cases are minimized through laser safety regulations
and control procedures, accumulated accident case information by the Laser Eye Injury
Evaluation Center warranted the development of a laser accident and incident registry. The
registry includes clinical data for validating and refining hypotheses on injury and recovery
mechanisms: a means for analyzing mechanisms unique to human injury; and a means for
identifying future areas of investigation. The relational database supports three major
sections: (1) the physics section defines exposure circumstances, (2) the
clinical/ophthalmologic section includes fundus and Scanning Laser Ophthalmoscope images,
and (3) the visual functions section contains specialized visual function exam results. Tools
are available for subject-matter experts to estimate parameters like total intraocular energy
(TIE), ophthalmic lesion grade (Wolfe Grade), and exposure probability. The database is
research oriented to provide a means for generating empirical relationships to identify
symptoms for definitive diagnosis and treatment of laser induced eye injuries.

Keywords: laser-eye injury, database, laser-eye accident, laser safety, laser-ocular trauma
1. INTRODUCTION

The study of bioeffects resulting from laser eye exposure is concerned with the explanation
and description of change in visual function and morphology subsequent to laser exposure.
One method toward this end is to compare the visual function and morphological outcomes of
subjects randomly assigned to conditions that are systematically varied along specified
parameters. For example, analogues of laser eye exposure are developed through
systematically varying laser exposure conditions and comparing subsequent visual function
and morphology against control conditions.” In addition, aspects of visual function loss can be
modeled by systematically augmenting or suppressing the visual system with various visual
stimuli and comparing visual performance across treatment and control conditions.? These
examples represent a nomothetic approach to discerning laser bioeffects. This approach
emphasizes the treatment of subjects as groups in which individual differences are relegated

SPIE Vol. 2974 e 0277-786X/97/$10.00




to the status of error variance. The strength of this approach is in directly testing an a priori
principle against rival positions. The extent to which the principle withstands the rigor of this
method determines the generality of the principle. The weakness of the approach is in the
conception of a priori principles in which to invest and in defining the parameters of the
experiment in a manner that renders internally as well as externally valid results.

In contraposition to the nomothetic method is the evaluation of laser bioeffects through a
comprehensive evaluation of visual function and morphologic change within each laser eye
accident case. This is an idiographic approach to discerning laser bioeffects and is the focus
of the US Army Laser Eye Evaluation Center.>* This approach emphasizes the uniqueness of
laser induced damage and repair processes within an individual. The emphasis on the
contribution of individual differences to the outcome illuminates general principles through
symmetries in the data across each case. The strength of this approach is in the rich
description of naturally occurring laser induced damage and repair processes from which
externally valid hypotheses can be derived. The weakness of this approach is in the lack of
control over antecedent conditions. This lack of control over antecedent conditions diminishes
the strength of relationships with consequent change in visual function and morphology.
However, the richness of the idiographic approach in generating hypotheses in conjunction
with the rigor of the nomothetic approach in testing hypotheses provides a formidable scientific
method from which to study laser bioeffects.

Throughout the 20 year history of the Laser Eye Injury Evaluation Center a number of
specialized visual functions tests and imaging technologies have been developed.>® This
effort has culminated in a comprehensive laser eye examination designed to evaluate the full
extent of visual function and morphology in order to resolve abnormalities resuiting from laser
eye exposure and to distinguish them from other eye injury and disease. Since 1991,
approximately 10 new acute laser eye accident cases have been evaluated per year (Flgure
1). With a detailed accident interview, a x 7
precise description of the physics of the
exposure circumstances, an
ophthalmologic exam complete with
fundus, scanning laser ophthalmoscope
and optical coherence tomography images, %
a battery of specialized visual functions >
tests and data from follow-up evaluations,
the complexity and extent of information
can only be managed in a relational
database format. The database
constructed to store this information is the
Laser Accident and Incident Registry
(LAIR) which was created USing Microsoft Figure 1. Cumulative number of acute laser eye accident cases referred
ACCGSS an d att ain abl e thr Ough the to the Laser Eye Injury Evaluation Center, Brooks Air Force Base,TX.
USAMRD-WRAIR Intranet.

1 P! 3 P

Cumutative Number of Patlents




2. LASER ACCIDENT AND INCIDENT REGISTRY

The purpose of the registry is to provide a research tool supporting the Laser Eye Injury
Evaluation Center's idiographic methodology. As a research tool, the information within the
registry must be empirical and reliable, and the registry must provide a facile means for
manipulating the empirical information. The data within the registry are empirical in that the
data sources for the registry yield observable and quantifiable results that are entered into the
database in their original form. For example, the registry does not draw any conclusions about
a contrast sensitivity curve such as reporting that the patient has a loss in low spatial
frequency sensitivity. The registry simply presents the source of the data (CS-2000, dual
Purkinje Eye-Tracker, Scanning Laser Ophthalmoscope), the patient's contrast sensitivity
function, and a group mean function from clinically normal controls. The empirical nature of
the database prevents the canalizing of the researcher’s conclusions toward a particular end
state. In this way, the registry is in contrast to a clinically oriented database which yields a
reliable conclusion through a deliberate amalgamation of the empirical data into a syndrome.

The Laser Accident and Incident Registry consists of 25 tables with case identification as the
primary table (Figure 2). This table contains a synopsis of the case, information about how to
contact the patient, and information about who entered the data. The data entry information is
used to estimate the reliability of the data entry
process. Initially, the reliability for data entry
will be based on 100% of the cases entered.
Each case is entered independently by 3 data
entry personnel. Percent agreement for each
table is then evaluated by dividing the number
of agreements for each dependent variable
within a table by the number of disagreements
plus the number of agreements and multiplying
by 100 to yield a percent agreement score.
The purpose of this reliability estimate is to
insure the fidelity of the data entry process and
to identify problems with the data entry forms
that may facilitate data entry errors. Once the
reliability estimate for a table is greater than or
equal to 95%, reliability estimates for that table will be randomly sampled every fifth entry.
Every fifth entry will be sampled unless a new data entry person has entered the data, the
table has been changed, or the reliability estimate for a table drops below 95%. Any
discrepancies in data entry will be reconciled with the original data source. This data entry
reliability scenario optimizes entering the data in a timely manner with ensuring the reliability of
the data entry process.

Figure 2. Data relationships in the Laser Accident and Incident Registry

Several tools are available for manipulating the empirical information within the registry. The
obvious tools are links to the programs within the Microsoft Office suite. For example, the data
for the various visual functions tests, like the contrast sensitivity functions, are stored in an



Excel spreadsheet that is directly accessible through the graph of the function within the
database. Thus, the data are stored in a format easily exportable to a statistical package or
statistics can be performed on the data using the functions available in Excel. Structured
interviews are stored as Word files which can be parsed in any manner or searched for key
words. In addition to the links to the programs within the Microsoft Office suite, there is an
image analyzer that has tracing and area calculation functions. Total intraocular energy,
probability of the injury as an actual laser induced injury and ophthalmic grade of lesions can
be estimated through available algorithms which are based on standard laser safety and
clinical estimates.”®®

3. RESULTS

Although not all of the laser accident and incident information from the US Army Laser Eye
Injury Evaluation Center has been entered into the database, some potential research

y hypotheses have already been
identified. For example, the database
has revealed a nominal classification
of laser eye injury that correlates with
visual function.” Patients who were
accidentally irradiated by neodymium
Q-switched lasers show a range of

b e ophthalmoscopically resolvable laser
Figure 3a. An uncomplicated laser  Figure 3b. A complicated laser eye injury from induced injury from similar retinal

injury from an accidental Q-switched  an accidental Q-switched Neodymium laser R

Neodymium laser exposure. The exposure. The lesion is nasal to the fovea in exposure. This range of damage
lesion is temporal to the fovea inthe  the patient's right eye (20° SLO field). . .

patient's right eye (20° SLO field).  Snellen acuity = 20/100 suggested a classification based on

Snellen acuty = 20/15 the location of the injury (foveal or

parafoveal), and on the degree of complication associated with the injury (uncomplicated,
intermediate, or complicated). The degree of complication is based on the severity of
secondary sequelae associated with the 07
lesion (e.g.; scarring, traction and nerve - =0 Sootoma,
fiber layer anomalies) (Figure 3). The ' E}égﬁezg;“
classification system led to the

hypothesis that there are separable
contributions to visual function loss
associated with laser induced retinal
lesions. Part of the loss in visual function
may be due to primary damage
mechanisms and part of the loss may be
attributable to secondary sequelae. This
hypothesis was directly tested in a series 1 10 100

of experiments using a dual Purkinje Eye- Spatial Frequency at Gap (cyclesidegree)

Tracker (Figure 4) Note that the contrast Fiaure 4. Landolt ring contrast sensitivity functions for clinically normal subjects under baseline

and simulated parafoveal scotoma conditions compared with functions from three patients

SGnSlthlty function for the modeled visual showing a range of complications associated with their parafoveal lesion.

0.5
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field defect is concordant with that of the patient classified as uncomplicated and that
concordance diminishes with complication. Data from a recent accident case and results from
other nomothetic studies have supported the hypothesis.®

4. DISCUSSION

The Laser Accident and Incident Registry (LAIR) is a research tool with laser accident and
incident information supplied by the US Army Laser Eye Injury Evaluation Center. The
database has proven useful in directing investigations of laser bioeffects. As more accident
case information is added to the database more subtle laser bioeffects may be revealed. The
database is research oriented to provide a means for generating empirical relationships to
identify symptoms for definitive diagnosis and treatment of laser induced eye injuries. Once
reliable symptoms can be identified, a clinical database for acute exposure can be established
which can be used as an expert system to facilitate diagnosis and treatment of acute laser
induced eye trauma.

Referrals to the US Army Laser Eye Injury Evaluation Center are normally accident cases with
ophthalmoscopically resolvable trauma and with the contingency certain that a laser induced
the trauma. Therefore, the database is wanting in those cases in which the contingency is
uncertain or in those cases where there is no ophthalmoscopically resolvable injury. To
account for the contingency issue, at least in acute cases where the injury is
ophthalmoscopically resolvable, the unit has developed a probability index of laser exposure. ®
This index is based on several factors including exposure geometry, feasibility of the patient’s
account of the incident, and the ruling out of disease or other trauma that could have caused
the ophthalmoscopically resolvable anomaly.

Although the database captures the acute cases, it falls short on chronic low-level laser
exposure cases. Chronic low-level effects are difficult to capture because visual function loss
may not be allied with an ophthalmoscopically resolvable anomaly associable to laser
radiation. Long-term vision problems could be experienced by persons subjected to the
continuous viewing of low-level laser radiation, such as holography, ranging, pattern making,
and other military, medical and industrial laser applications." Laser ocular effects at or below
ophthalmoscopically visible criteria may be a function of direct absorption of the energy in
more superficial retinal layers. Moreover, repeated exposures may effect, in a cumulative
fashion, the ability of the retina or visual system to recover.” In order to capture these effects,
the database will have to be expanded to high risk occupations for chronic low-level laser
exposure, such as soldiers on the battlefield,” as well as continuing to expand the database in
animal analogue data on chronic low-level laser exposure.
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Morphological evaluations of Q -switched Nd:YAG laser injury of human retina
David K. Scales(1), Steven T. Schuschereba (2), David J. Lund(?), and Bruce E Stuck(2)

(1) Wilford Hall Medical Center, Lackland AFB, TX and (2) U.S. Army Medical Research
Detachment of the Walter Reed Army Institute of Research, Brooks AFB, TX

Abstract

Depiction of the cellular and immune responses in the human model is critical to design rational
therapies preventing/limiting cellular destruction and ultimately functional visual loss following acute
laser injuries. We report the light and electron microscopy histologic findings in a controlled ocular
human laser exposure. Following informed consent, the normal eye of a patient scheduled to undergo
exenteration for invasive carcinoma of the orbit was exposed to both continuous wave and Q-switched
lasers. Four hours prior to exenteration, argon G lesions (514 nm, 280mW/100msec) were placed in the
superior/temporal quadrant and Nd:YAG lesions (1064 nm, 1.2-2 mJ/20 nsec) were placed in the
inferior/temporal quadrant. After enucleation, the retina was prepared for routine light and transmission
electron microscopy. Histology of the argon G lesions showed primarily photoreceptor and RPE
photocoagulation damage. Neutrophil adhesion was limited within the choroid and no neutrophils were
observed in the subretinal space. In contrast, the 4 hr Nd:YAG lesions showed extensive retinal
disruption, hemorrhage within subretinal and intraretinal spaces, neutrophil accumulation in the retina,
and an extensive neutrophil chemotaxic and emigration response in the choroid. Severe laser injuries
elicit a significant neutrophil response by 4 hr, suggesting that neutrophils should be an early stage
therapeutic target.

Key Words: laser, injury, retina, photoreceptors, neutrophile, human, histology, argon, Nd:YAG
2. Introduction

Directed energies research is essential for the design and implementation of medical treatments for
ocular laser injuries. Accurate depiction of human cellular and immune responses following laser
exposure is critical to both design rational therapies and to avoid or limit cellular destruction, ultimately
preventing or reversing functional visual loss. Information regarding human histologic tissue responses
in acute laser injuries is difficult to acquire. Only one previous report on experimental non-macular
Nd:YAG laser injury in humans has been reported and only one report with macular 1 injury” exist. We
report light and electron microscopy histology findings in a comparison series of controlled ocular
human Q- Switched (Nd:YAG, 1064 nm) and Continuous Wave (Argon, 514 nm) laser exposures.
Histologic analysis revealed that acute stage inflammatory responses are critical considerations in the
early therapeutic management of these injuries.

3. Method

Following obtained informed consent, a normal human eye of a patient scheduled to undergo
exenteration for an invasive morpheaform basal cell carcinoma of the medial canthal region was exposed
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to both visible continuous wave and near infrared Q-switched laser energy. Clinical Argon green (514
nm) and Nd:YAG (1064 nm) lasers were used. Four hours prior to exenteration the patient’s eye was
subjected to both continuous wave (CW) argon and Q-switched Nd:YAG pulses. The Argon G
(280mW/100msec) 200 micron (200 micron slitlamp delivery via Volk Quadrasphenc fundus contact
lens) spots were placed in the superior/temporal quadrant above the patient’s macula. The Nd:YAG
(1064 nm, 1.2-2 mJ/20 nsec) spots were placed (via a macular Haag-Streit -64.5 diopter contact lens) in
the inferior/temporal quadrant. After enucleation, the retina was prepared for routine light and
transmission electron microscopy. Semi-serial plastic sections through the centers of the laser injuries
were obtained and evaluated.

4. Results

4.1 Argon Light Microscopy

Light microscopy of the argon lesions at the choroid revealed vascular occlusion of the choriocapillaris.

Neutrophil adhesion was limited to within the choroid and no neutrophils were observed in the
subretinal space. The choroidal vasculature shows extensive polymorphonuclear cell (PMN) adhesion to
the vascular endothelium and migration into the interstitial space. The choroidal vasculature revealed
occlusion (Figure 1, A)

Light microscopy of the argon lesions in the RPE and outer retinal layers revealed significant heat-
fixation of the photoreceptor and RPE layers. There was an artifactual separation of the RPE from the
intact Bruch’s’ membrane with a zone of separation (edema and fluid accumulation) between the heat
fixed mass of photoreceptors and the anterior outer nuclear layer. Serous exudate accumulated at the
edge of the lesion. The inner retinal layers appeared histologically normal.

4.2 Argon electron microscopy

Electron microscopy of the choroid (Figure 1, B) revealed vascular endothelial cell (VEC) disruption.
PMNss were adherent to the site of disruption and were noted to have emigrated beneath the VEC. Both
PMNs and platelets were noted not to be degranulated. Disruption of VEC, elaboration of adhesion
factors/integrins following injury leads to vascular permeability.

Electron microscopy of the outer nuclear layers (Figure 1,C) showed extensive destruction of the outer
nuclear layer. The outer nuclear layer revealed nuclei in various stages of condensation, pyknosis, and
fragmentation. The photoreceptor synaptic endings were also pyknotic and the inner segments were
highly vacuolated. The overlying inner retinal layers were normal in appearance.

4.3 Nd:YAG light microscopy

Light microscopic histology of the lesions (Figure 2, A) at the level of the choroid revealed widespread
PMN adhesion to the choroidal VECs in large numbers with PMN emigration from the choroidal
vasculature into the choroidal interstitial space. Extensive platelet thrombi within the choroidal vessels
were seen.
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Light microscopic histology of the lesions within the RPE showed complete disintegration of the RPE
near the lesion center. There were breaks in Bruch’s membrane and the underlying choriocapillaris.
These breaks together with the involvement of the underlying choriocapillaris lead to significant
subretinal hemorrhage.

Figure 1, A: Light microscopy of the argon lesion.




Figure 2, A: Light microscopy Nd:YAG lesion.
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Figure 3, A: Electron microscopy of outer Figure 3, B: Electron microscopy of choroid
nuclear layer (Nd:YAG). (Nd:YAQG).

Figure 3, C: Electron microscopy of partially degranulated PMN in
outer nuclear layer (Nd:YAG).




There was associated bleeding within the overlying retina with focal intraretinal hemorrhage as well.
Whether this intraretinal hemorrhage was due to traumatic communication with the subretinal space or
due to separate retinal vascular injury was not clear.

Light microscopic histology of the lesions (Figure 2, A) in the retina exhibited obvious intraretinal
hemorrhage and breakdown of the “blood-retinal barrier”. There were pyknotic nuclei dispersed along
the lesion periphery. Fragmented nuclei were seen within the lesion center. Marked PMN infiltration
into the outer retina was present by four hours following injury.

4.3 Nd:YAG electron microscopy

Electron microscopy revealed fragmented RPE (Figure 2, B) with dispersed melanin granules and PMNs
in the subretinal space. There were fractured melanin granules in the subretinal space and these were
noted to have been phagocytized melanin granules by monocytes. There were extensive infiltration of
PMNis into the outer and inner segment zone (Figure 3, A). The choroid (Figure 3, B) showed PMNs
lining up along the margins of a choroidal vessel. Several PMNs appear to be adherent to the damaged
VEC. PMNs were also noted to have emigrated beneath the VEC into the choroidal interstitial space..
There were pyknotic nuclei within the outer nuclear layer. A serous exudate accumulated between the
outer segments and within the subretinal space. The morphologic integrity of the outer segment was
highly disrupted possibly due to: a) release of proteases, collagenases, elastases, and peroxidases from
PMNs (Figure 3, C), b) products (free iron) from red blood cell degradation, c) ischemia from choroidal
vascular occlusion and reperfusion injury (lipid peroxidation), and d) direct thermal and mechanical
effects from the Q-switched exposure.

5. Discussion

Comparison of the light microscopy of the CW argon and Q-switched Nd:YAG reveal several
interesting observations. The CW lesion resulted in heat-fixed RPE cells compared to the almost total
disintegration of the RPE by the Q-switched exposure. The melanin granules were dispersed in the Q-
switched injury. Light microscopy also revealed that the PMNs were markedly adherent and infiltrating
the interstitial space of the choroid of the Q-switched injury. PMNs were also infiltrating the outer retina
in the Q-switched exposures while they were not observed in the retina of the CW exposures.

The CW argon lesion resulted in a large area of coagulation within the choriocapillaris compared with
very little to non-existent coagulation within the choriocapillaris of the Q-switched lesion. In the Q-
switched injury, the deeper vasculature of the choroid was markedly invested with PMNs and platelet
thrombi while the CW lesion was comparatively less involved. Subretinal and intraretinal hemorrhage
with PMN infiltration was seen following the Q-switched pulse, while the CW lesion produced no
visible hemorrhage at this power density. Subretinal hemorrhage seemed to be associated with the
severity of the Q-switched lesion and the disruption of both Bruch’s membrane and the vessel walls of
the choriocapillaris.

Electron microscopy of the Q-switched lesion evidenced fragmentation of the melanin granules as a
result of the laser exposure. This release of morphologically altered melanin and subsequent phagocytic
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inclusion in such antigen presenting cells as the monocyte may lead to enhanced immune cell interaction
and recruitment. The RPE of the CW injury were heat fixed. In the acute Q-switched exposure, PMNs
were noted to be present in large numbers in the choroidal vasculature, as well as the subretinal space
and intraretinally. The acute CW lesion had comparatively less PMN involvement and no leukocytic
infiltration was seen subretinally or intraretinally. The large numbers of PMNs seen in the Q-switched
injury reflects more extensive injury and may lead to enhanced tissue loss within primarily laser
damaged layers and secondary damage to previously uninvolved or adjacent “bystander” cells in the
retina.

6. Conclusion

We have documented human immune and histologic responses to acute continuous wave Argon 514 nm

‘and Q- Switched Nd:YAG 1064 nm laser ocular injuries. Histologically, one of the earliest cellular
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responses in both CW and Q-switched injuries of the human eye consists of an intense acute
inflammatory response consisting of neutrophiles. Q-switched Nd:YAG injuries are the most commonly
encountered laser accidents.” The Nd:YAG induced injury reported here accurately modeled the typical
ophthalmoscopic and morphologic appearance of accidental Q-Switched injuries seen at our institution
and reported in the literature.>* That the severe injury of the Q-switched pulse elicits a significant
neutrophil response by 4 hr, suggests that neutrophils should be one of the primary therapeutic targets
during the early stage of medical treatment. Therapies designed to interrupt these initial events may
prevent secondary damage by PMNs, preserve tissue, and prevent functional visual loss.
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Bilateral photic maculopathy after extracapsular cataract surgery - a case report
Steven Chalfin

Department of Ophthalmology
University of Texas Health Science Center at San Antonio
7703 Floyd Curl Drive, San Antonio, TX 78284-6230

ABSTRACT

A 42 year old Caucasian female underwent uncomplicated extracapsular cataract extraction with
posterior chamber lens implantation in the left eye, using a Zeiss model OpMi-6 operating microscope.
Her postoperative course was unremarkable and she achieved a corrected visual acuity of 20/15+3. A
lesion consistent with a photoretinal injury was noted inferior to the fovea. Seven months later the
patient underwent cataract extraction in the right eye. Special care was taken to minimize light exposure
during the procedure, including reducing the microscope illumination, minimizing operating time,
intraoperative pharmacologic miosis, and using a corneal light shield. Despite these precautions, the
patient developed a photoretinal injury almost identical to that in the contralateral eye. Postoperative
corrected visual acuity was 20/15+3. Recent studies have reported incidences of retinal photic injuries
from operating microscopes between 0 and 28% of patients. Several risk factors have been identified,
including light intensity, intensity of the blue light component, and exposure time. The occurrence of a
retinal photic injury in this patient despite precautions, development of bilateral cataracts at a young age,
and a strong family history of early cataracts may indicate an inherited susceptibility to light induced
damage. The American National Standards Institute (ANSI) is developing a product performance
standard which will be applicable to operating microscopes used in ophthalmic surgery. The as yet
undetermined role of individual susceptibility to retinal photic injury should be considered in the
formulation of this standard.

Keywords: phototoxicity, photic maculopathy, operating microscope, cataract surgery

1. INTRODUCTION

1.1 Historical perspective

Light-induced thermal damage to the retina as a consequence of solar exposure was first studied
by Verhoeff, et al! in 1916. Noell, et al®, in 1966, first described the phenomenon of nonthermal retinal
phototoxicity. Ham, et al** later confirmed that the mechanism of retinal damage varied with
wavelength. As illumination sources for ophthalmic instrumentation, particularly surgical microscopes,
became more intense, iatrogenic clinical phototoxicity became inevitable. McDonald and Irvine’ first
reported this phenomenon in 1983. In the 1980s and 90s a number of authors published case series

involving phototoxicity from operating microscopes used during cataract extraction”".
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1.2 Significance of this case
This is the first reported case of bilateral photic maculopathy following cataract surgery. The
occurrence of a second retinal photic injury in this patient despite precautions, development of bilateral

cataracts at a young age, and a strong family history of early cataracts may indicate an inherited
susceptibility to light induced damage.

2. CASE REPORT

2.1 Patient history

A 42 year old Caucasian female presented with a history of painless, progressive visual loss in
both eyes over a three to four year period. Her vision had worsened rapidly in the previous five months,
and she complained of significant difficulty with glare. She was unable to perform her job as a secretary
during that time. Her past ocular history was otherwise negative. Her family ocular history was
significant for cataracts in her mother and an older sister, both requiring cataract extraction in their
forties. Her past medical history was negative. She was not taking any medications, and had never been
on steroids or photosensitizing medications. The patient denied past exposure to ionizing or non-ionizing
radiation.

2.2 Physical examination

The general physical examination was within normal limits. Eye examination revealed best
corrected visual acuity of 20/50 in the right eye and 20/50-2 in the left eye. Under normal ambient
lighting, the visual acuity dropped to 20/200 in both eyes. External examination, ocular motility, and
pupillary reaction were normal in both eyes. The anterior segments were normal in both eyes. Dilated
examination showed moderately dense nuclear sclerosis and posterior subcapsular changes in the lenses
of both eyes. Fundus examination showed normal optic nerves and vessels in both eyes. The maculae
were ‘blond’, with minimal pigmentation of the retinal pigment epithelium. Laboratory studies failed to
disclose an underlying metabolic etiology for this patient’s cataracts.

2.3 Postoperative course

The patient underwent uncomplicated cataract extraction on her left eye. Her uncorrected visual
acuity was 20/20-1 within six weeks following surgery, and her best corrected visual acuity was 20/15+3
with a refraction of -0.50-0.50x035. An oval area of pigment mottling and atrophy measuring
approximately one disc diameter in size, consistent with the appearance of a photoretinal injury, was
noted just below the inferior vascular arcade.

Seven months later, the patient underwent cataract extraction in the right eye. Because of the
photoretinal injury to the left eye, the surgical technique was modified to minimize retinal light exposure.
The patient’s uncorrected visual acuity was 20/25 within seven weeks following surgery, and her best
corrected visual acuity was 20/15+3 with a refraction of +0.50-1.00x160. As in the left eye, an oval area
of pigment mottling and atrophy measuring approximately one disc diameter in size was noted just



below the inferior vascular arcade. Intravenous fluorescein angiography showed transmission and
blocking defects in the area of pigment mottling as well as late staining, characteristic of a healed
photoretinal injury.

3. METHODS

3.1 Surgical technique

The same basic technique was used for cataract extraction in each eye. The operating microscope
used for the surgeries was a Zeiss model OpMi-6, equipped with a halogen fiberoptic central illuminator.
UV and IR absorbing filters were installed, but no blue light filter was available for this microscope.
0.5% Mydriacil and 2.5% Neosynephrine drops were used for pupillary dilation. Anesthesia was
achieved by retrobulbar injection of 3 to 5 cc of a mixture of 0.75% Marcaine, 2% Xylocaine, and 150
units of Wydase. A bridle suture through the superior rectus muscle was used to infraduct the eye. A
superior conjunctival peritomy was performed, followed by a mid-limbal groove incision. A viscoelastic
(Healon) was injected into the anterior chamber and an anterior capsulotomy was performed. The
groove incision was opened with scissors and the lens nucleus was removed by expression. The wound
was closed with interrupted nylon sutures and residual cortex was removed using an automated
irrigation-aspiration handpiece. Additional viscoelastic was injected to inflate the lens capsule, and a
Cilco model S2-B intraocular lens was placed into the capsular bag. Residual viscoelastic was removed
with the irrigation-aspiration handpiece. The remainder of the wound was closed with interrupted nylon
sutures. Conjunctiva was reposited over the wound. Subconjunctival injections of Gentamycin and
Dexamethasone were given. The eye was patched with Maxitrol ointment.

For the surgery on the patient’s second eye every effort was made to reduce retinal light
exposure. The light output of the microscope was reduced to the minimum level necessary to visualize
intraocular structures. A corneal light shield was in place for all portions of the procedure not requiring
intraocular visualization. Immediately following lens implantation, Miostat was injected into the anterior
chamber to achieve pupillary constriction.

3.2 Spectral irradiance measurements

Following the patient’s second surgery, the spectral irradiance of the operating microscope was
measured at maximum output, at the plane of the patient’s pupil by Byrnes, et al'’. Measurements
integrated over several wavelength ranges are listed in Table 1. The total measured irradiance of the
microscope at maximum output between 250 and 800 nm was 55.4 mW/cm’. The illumination level used
for the patient’s second surgery was estimated to be 50% of maximum output.

3.3 Surgical times

Duration of exposure to microscope illumination was recorded on the operative report. The
preimplantation exposure was calculated from the narrative portion of the operative report.
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Table 1. Operating Microscope Spectral Irradiance

Wavelength (nm) Irradiance (mW/cm®)
250-320 <0.005
320-400 0.34
400-500 6.8
500-700 40
700-800 83

4. RESULTS

4.1 Exposure times

Total illumination exposure time and preimplantation exposure time are listed in Table 2:

Table 2. Exposure Times

Total exposure (min) Preimplantation exposure (min)
Left eye 80 40
Right eye 65 31

4.2 Photic maculopathy

Photic retinal injuries developed as a result of operating microscope light exposure in both eyes
of this patient. Morphologically, the lesions were quite similar. Fortunately, in both eyes, their location
was extrafoveal, and the patient’s visual acuity was normal. This location was a result of the surgeon’s
customary practice of using an superior rectus bridle suture to infraduct the eye, combined with inferior
angulation of the operating microscope 10 to 15 degrees'’.

5. DISCUSSION

5.1 Risk of photoretinal injury

Khwarg, et al’, in a retrospective study of cataract surgery using the same model microscope,
reported the incidence of photic maculopathy to be 7.4%. The most significant associated risk factor was
mean total operating time (124 min in the maculopathy group vs. 73 min in the non-maculopathy group,
p<0.0001). Byrnes, et al'®, in a prospective study of photic maculopathy using the same microscope used
for this patient’s surgery, reported the incidence of photic maculopathy to be 28%. In this series, the
authors found, using stepwise logistic regression analysis, that the only statistically significant risk factor




for development of a photoretinal injury was the preimplantation exposure time (p=0.0099). In a later
series’, using a different model microscope with 40% lower irradiance, and with shorter operative
times, none of 37 patients developed fluorescein angiographic evidence of photoretinal injury.

5.2 Predisposing factors

Using Byrnes” logistic model", the calculated risk of photoretinal injury based on this patient’s
preimplantation exposure times was 0.20 in the left eye and 0.13 in the right eye. Assuming no
predisposition to photoretinal damage, the risk of developing lesions in both eyes would be 0.026.

Several studies have shown a higher prevalence of cortical and posterior subcapsular lens
opacities in populations living in areas of high incident ultraviolet B radiation. While mechanisms of
photochemical damage cannot be assumed to be the same in the lens and retina, it seems plausible that
individuals susceptible to such damage would be so in both locations. This patient, her mother, and sister
all developed significant, bilateral cataracts at a very young age without an identifiable predisposing
factor (metabolic, pharmacologic, radiation, etc.). This familial predisposition to develop cataracts may
be related to a susceptibility to ocular photochemical damage.

Several authors have noted similarities between photic lesions and those of age related macular
degeneration (AMD)**"*. The higher prevalence of AMD in lightly pigmented populations is well
known. This patient’s skin was very lightly pigmented. She had blond hair and blue irides, and as noted
previously, her fundi were also minimally pigmented. The role of iris pigmentation in susceptibility to
retinal phototoxicity is controversial. Cavonius, et al'* showed that blue eyed individuals required a 50%
greater exposure to a Xenon arc source to produce a threshold lesion than dark eyed individuals. Byrnes,
et al' found no relationship between iris color and microscope-induced photic maculopathy. The role of
the retinal pigment epithelium (RPE), independent of iris pigmentation is also unclear. Whether the RPE
functions primarily as a source of energy absorption and free radical production, as a free radical
scavenger, or both is not known.

The microscope used for this patient’s surgeries, while intermediate in irradiance, was brighter
than seven of the ten operating microscopes measured by Sliney and Armstrong". Blue light and eclipse
filters were not available for this model microscope at the time of this patient’s surgeries. Surgical times,
although typical for standard extracapsular cataract extraction by a resident surgeon, were significantly
longer t};an would be expected for small incision phacoemulsification performed by an experienced
surgeon *.

5.3 Recommendations

Foveal photic lesions frequently result in permanent visual loss. Awareness of the potential for
photic retinal damage during ocular surgery is a key element in its prevention. The Food and Drug
Administration of the US Department of Health and Human Services recently published a Public Health
Advisory on retinal photic injuries from operating microscopes'. Additionally, several survey articles on
retinal phototoxicity have recently appeared in the ophthalmic literature'”"®. Reduction of the total
energy delivered to the retina by reducing microscope illumination, appropriate IR, UV and blue light

filtration, and shortening operating time are practical measures which should be employed in all cases.
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Additionally, angulation of the microscope to avoid illumination of the fovea, use of non-coaxial
illumination when practical, and eclipse filters or corneal light shields may mitigate phototoxic retinal
damage.

The American National Standards Institute (ANSI) is developing a product performance
standard for ophthalmic operating microscopes. When formulating this standard, the role of individual
susceptibility to retinal photic injury should be considered.
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Accidental macular burns caused by artillery laser rangefinder
Nikola Smiljanic, Branislav M. Djurovic
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ABSTRACT
Authors present two cases of macular burn caused by artillery laser rangefinder. Both injuries resulted from improper use of
laser device. One of them occurred during combat activities. Safety goggles were not used. Macular burns resulted in
permanent loss of central vision and visual acuity reduced to less than 0.1.
Authors present results of clinical and functional tests made during long follow up period and comment similar published
cases and ways of protection.

Keywords: eye injuries, military lasers, macular burns, accidents.
1. INTRODUCTION

Eye injuries by laser beam can occur by incidence during therapeutical procedure (fotocoagulation of the retina), as well as
during laser use in other, nonmedical purposes: industry, research centers, military activities &> % |

Since 1960, when laser was invented, dozens of laser beam eye injuries, mostly accidental, have been reported. The first one
was described by Rathkey in 1965. In 1985 Wolf ¢ cited all reported injuries caused by laser from 1965 to 1985.

Injuries caused by lasers used for military purposes are relatively rare and are almost exclusively caused by laser rangefinders.
In this study two cases of macular injury caused by laser rangefinder have been presented for the first time. One of them
occurred during combat activities.

The aim of this study is to point out the dangers related to use of powerful lasers, the necessity to recognize clinical picture
and course of this pathologicat condition, and particularly to emphasize the great importance of correct handling of laser
devices and means of protection .

2. CASE REPORTS:
2.1. First case

PS., 36 year old male, member of the army, injured his right eye while operating artillery laser rangefinder. The injury
occurred during careless adjusting of laser device, during which he didn't wear safety goggles. The patient describes the
moment of injury as a light blow, after which he noticed a "dense fog" in front of his right eye, and a few minutes later two
vertical dark lines in the central visual field. The same day he was admitted to hospital. At admission visual acuity was 0.30.

Examination found out a preretinal cloudlike opacity in vitreous. A large hemorrhage, surrounded by edema was present in

foveolar region. Other segments of right eye appeared normal. Left eye had normal visual acuity and no pathological
findings.
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Photo. 1. Fluorescein angiography - patient P.S.

Clinical testing: visual field (kinetic perimeter - Goldmann) of the right eye showed absolute central scotoma 3% in diameter,
with the surrcunding, ringlike relative scotoma. (Fig. 1). Amsler net of the right eye: absolute central scotoma surrounded by
zone of extensive metamorphopsia. (Fig. 2).

Fluorescein angiography, performed two weeks after the injury, showed profound perifoveolar spotlike fluorescence
accompanied with dark fovea phenomenon (Photo. 1). Absence of primary adaptation was noted (Goldmann-Weekers
adaptometer), while secondary was normal.
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Fig. 1 Visual field - patient P.S.

Vitreous opacity has withdrawn during treatment, and both the foveolar hemorrhage and the surrounding edema have
disappeared. A scar was formed which presented as a macular hole.




At dismissal from the hospital visual acuity of the right eye was 0.08. Patient f was followed for several years. The last
control examination showed visual acuity 0.04. The foveolar scar is completely formed with the central hole and melanin and
lipofuscin deposits at the edge.
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Fig. 2 Amsler net - patient P.S.

2.2. Second case

M.A. 27 year - old male, member of the army, was injured during combat activities while using ship artillery laser
rangefinder. The injury occurred accidentally, while attempting to repair malfunction. At the moment of injury he felt a light
blow into his left eye, and noticed a green membrane afterwards, which changed into black, and finally, after several hours,
into a red spot. He was admitted to hospital 9 days after the injury. Visual acuity of the left eye at admission was 0.30.
Examination showed grayish edema with centrally positioned spotlike hemorrhage of macula in regression.

Photo. 2 Fluorescein angiography - patient M.A.
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Clinical testing: visual field (kinetic perimeter-Goldmann) of the left eye showed central absolute scotoma 2° in diameter
(Fig. 3). Amsler net showed absolute central scotoma with the surrounding metamorphopsia (Fig. 4). Fluorescein
angiography: in arterio - venous phase punctate fluorescence in the injury zone could be noted. During venous phase those
puncta conflated (Photo. 2). Adaptometry (Goldmann-Weekers) showed absence of primary adaptation , while secondary

retained within normal values.

At the beginning of the second week visual acuity of the left eye was reduced to 0.10. The patient was followed for 3 years.
The last examination showed visual acuity 0.06. The central macular scar was completely formed with formation of foveolar

microhole.
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Fig. 3 Visual field - patient M. A.
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Fig. 4 Amsler net - patient M.A.
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3. DISCUSSION

Accidental eye injuries by laser beam are relatively rare, considering widespread use of laser devices in almost all fields of
human activity, including military purposes. Until 1985. there were 23 reports on laser eye injury and since then about 10
more. Only five of those were injured by lasers for military purposes, mostly rangefinders.

Laser beam damages retina either in a form of a burn (photocoagulators) or as disruption (pulse or Nd YAG lasers). The most
common injury site was macula which was presented as a sudden and permanent reduction of central visual acuity under
0.10.

According to intensity, injuries could be graded as following:
1. retinal edema,

2. retinal necrosis,

3. subretinal and/or retinal hemorrhage,

4. vitreal hemorrhage and/or full thickness retinal hole.

Presented patients were injured by laser rangefinder which is used as a part of BOFI system to measure the distance between
cannon and the target. The main principle used is to count the time (t), during which laser beam travels to target and back.
The system then automatically calculates distance through formula D=ct/2, where “c” stands for speed of light in atmosphere.

Laser type is Nd YAG with wavelength of 1.06 microns, impulse power 90 mJ, impulse width 20 ns and frequency of
repetition of 10 Hz. ' ’

Both patients were injured while carelessly operating the laser device without safety goggles. Distance from beam source was
less than 1 meter and maximum range of this laser is 20.000 m. In both cases injury was located in central part of macula
causing fourth degree damage. Injury resulted in reduction of central visual acuity to 0.1, absence of primary light adaptation,
occurrence of metamorphopsia and central absolute scotoma.

Isolated cases of similar injuries were reported. @343)

The possibilities of treatment and protection are some of the topics initiated by this type of injury. Strictly following
instructions for use and wearing safety goggles are cornerstones of protection.

Applied therapy (cycloplegics, corticosteroids, polivitamins...) was absolutely inefficient.
4. CONCLUSION

To our knowledge, this is the first paper presenting more than one patient injured by military laser device.
Injuries occurred solely from careless use and lack of protective gear.

There is no evidence that any form of therapy can be beneficial. The best and so far the only way to deal with this type of
injury is prevention: insisting on strictly obeying instructions for use and wearing safety goggles.
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Macular pigmentary alterations after repeat viewing of argon laser trabeculoplasty
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ABSTRACT

We evaluated retinal morphologic and visual functional changes in two individuals accidentally
exposed to argon laser “flashback” from an incorrectly placed laser protective filter while viewing a
routine argon laser trabeculoplasty. These exposures, measured in the absence of a patient’s eye, are in
the region of the maximal permissible exposure (MPE). The patients were followed with serial visual
function testing, scanning laser ophthalmoscopy (CSLO) and chromatic contrast sensitivity. The first
individual received 54 monocular exposures. Acute examination revealed inferior and central Amsler
grid abnormalities. These distortions matched the CSLO evidence of pigmentary changes in the
corresponding retinal field. Initial contrast sensitivity showed high spatial frequency loss which
increased during the ensuing 1.5 months. Chromatic contrast sensitivity revealed high spatial frequency
loss for long wavelength test targets (“yellow”) and broad spatial frequency loss with short wavelength
targets (“blue”). The second individual received fewer exposures (4-6) bilaterally. Both eyes showed
foveal morphologic alterations with non-selective changes in Moreland anomaloscopic matches,
indicative of macula edema. We have shown a correlation between ophthalmoscopic and functional
measures of spatial vision. Progressive loss in contrast sensitivity and spatial chromatic functional loss
were associated with the more severe exposure while minimal changes were observed with fewer
exposures.

Keywords: laser, repetitive exposure, human, contrast sensitivity deficit, nerve fiber layer, scanning
laser ophthalmoscopy,

1. INTRODUCTION

Human laser accidents have generally involved single acute exposures. Repeated exposure human laser
accidents are relatively more rare. Concern has been raised regardmg retinal injury from chronic
repeated laser exposures in the routine use of ophthalmic Jasers.! Previous work has demonstrated that
multiple exposures at suprathreshold doses may result in severe morphologic alterations with both
intraretinal and ep1ret1na1 scar formation and subsequent retinal hole formation, retinal tractional
changes, and detachment.” Human laser accident cases with multlple foveal exposures have also been
shown to affect both static and dynamic contrast sensitivity peaks. ? Investigations into the morphologic
and functional effects of repeated laser exposures at lower or non-thermal levels are lacking.

Single or more recently bilateral exposure effects at doses that produced no visible damage yet
produced secondary effects have been documented Non-human primate investigations have
demonstrated the possibility of such effects.” Rhoades showed a discrete bullseye maculopathy which
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developed after (time) that was associated with repeated Q-switched exposure at levels between the
MPE and ED50 for burn in an animal model.* This maculopathy appeared prominently as a circular
area of window defects during fluorescien angiography. These animals showed no change in the visual
acuity measurements performed and further functional testing was not performed. Lower level laser
exposure work showed prolonged functional effects with spectral sensitivity measurements.”®
Measurements of contrast sensitivity have required repeated Q-switched exposure to affect achromatic
acuity and contrast sensitivity measures to any permanent degree. Morphological change has always
been apparent first in these kinds of studies.

Prolonged, or repeated exposure effects represent an area of environmental laser impact that at present
has not been well investigated. Early work on threshold effects in non-human primates suggests that
repeated effects may induce lower thresholds. Prolonged repeated exposure to non-human primates
demonstrated significant loss in visual spectral sensitivity.5’6 Recent investigations in Q-switched
pulses4 demonstrated altered macular regions even though exposures were below threshold damage
levels. Animal investigations have long suggested that prolonged exposure to both coherent and
incoherent light can cause photoreceptor and morphologic alterations,’ as opposed to others,® who have
proposed that these low-level, non-thermal induced changes are resident in the melanin of the Retinal
Pigment Epithelial cells. The possibility of such effects in humans has most recently been described by
measurement of visual functional changes in ophthalmologists where chronic repeated low level
exposure to clinical Argon laser photocoagulators may have induced such changes.9

In the present report we have examined two ophthalmic technicians who were accidentally exposed to
multiple pulses from an incorrectly placed laser filter device while viewing argon laser trabeculoplasty.
We have documented their progressive morphologic and functional changes following exposure.

2. Methods

Two unique cases of repeated accidental laser exposure occurred while two separate individuals were
observing a routine argon laser trabeculoplasty (ALT) procedure as part of an ophthalmic introductory
training program. The laser observation tube had been incorrectly placed in front of the laser filter
allowing the observer tube to receive unfiltered laser energy as “flashback™ energy from the procedure.
These exposures, measured in the absence of a patient’s eye, are in the region of the maximal
permissible exposure (MPE). The first individual received 54 monocular exposures. The second
individual received fewer exposures (4-6) bilaterally.

Both individuals were evaluated for visual field changes using Amsler Grid and Humphrey visual
fields. Color vision was assessed with both the Farnsworth 100 hue and Raleigh and Moreland
anomaloscopic matches. Contrast sensitivity was measured for sinewavegratings as well as Landolt ring
test targets. Chromatic contrast sensitivity was measured against a “blue” or a “yellow” background.
The luminance of the “yellow” background [1.83E-3 Iu/(cm2*ster)] was approximately 1 log unit
higher than that of the “blue” background [2.64E-4 Iu/(cm2*ster)]. Contrast sensitivity was measured in
the presence of each chromatic background for landolt ring targets varying in spatial frequency from 0.5
to 20 cycles per degree. All test targets were of the identical chromatic makeup as the backround used
(i.e. “yellow” landolt rings on a “yellow’ background). Serial confocal Scanning Laser
Ophthalmoscopy images of the macular morphologic changes were obtained.




3. RESULTS

Figure 1. Acute CSLO picture and Amsler Grid recording from Case 1

S

SLO Confocal Image Amsler Recording Chart

v

Figure 2. 3 month near IR CSLO image Case 1.

The first
individual
recetved 54
monocular
exposures.
Figure 1 shows
a composite
image of the
macular region
imaged with the
CSLO short
wavelength
(488) Argon
laser source and
a corresponding
Amsler grid
measurement in

this eye. An area of punctate pigmentary disturbance was observed in the superior and nasal regions of
the macular pigment accompanied by inferior and central Amsler grid abnormalities with mild grid
distortion. Snellen visual acuity measured 20/30 acutely but subsequently recovered to 20/20 after one

week.
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Clinical examination, performed acutely by an experienced vitreoretinal surgeon, both with the 90
diopter and direct macular contact lens biomicroscopy utilizing white, red-free, and cobalt blue light
failed to reveal any morphologic foveo-macular alterations. Detection of acute and chronic
ophthalmoscopic alterations were only possible with CSLO examinations. These were initially only
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Figure 3. Sinewavegrating target contrast sensitivity case 1.

observable in the inner
retinal layers with the 488
nm imaging source,
suggesting disturbance in
the macula luteal pigment
itself. Over an
approximate 3 month time
frame (87 days post
exposure), CSLO imaging
of the affected area
appeared more profound
and could be imaged in
the outer retinal and
retinal pigment epithelial
layers with the near IR
CSLO diode laser
source(Figure 2). Near IR
examination revealed
increased reflectance in
the previously affected

supra foveo-macular area as well as a new demarcated area of reflectance in the superior-nasal macular

region suggesting subsequent nerve fiber layer involvement.
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Figure 4. Chromatic spatial contrast sensitivity curves for normal and case 1.
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During this time contrast
sensitivity measured with
sinewave grating targets
(Figure 3) showed a
selective loss of high to
mid-spatial frequency
sensitivity. This selective
loss of the higher spatial
frequencies was followed
over time and revealed
progressive loss in those
involved frequencies.
These changes appeared
to stabilize in the higher
spatial frequencies after
22 days post exposure but
still showed some
variability in the mid-




spatial frequencies. There were no observed changes in the sinewave grating contrast sensitivity in the
unexposed contralateral eye. In case 2 the sinewave grating contrast sensitivity remained stable.
Chromatic contrast sensitivity made in case 1 measurements made at 2 to 3 months post exposure
showed significant loss relative to normal subjects measured under comparable conditions (Figure 4).
Landolt contrast sensitivity measured against a uniform gray background was uniformly suppressed
across all spatial frequencies. For normal observers tested against a yellow background the peak
sensitivity shifts from 3 to 6 cycles/degree. This is contrasted by the patient’s suppression curve in
which the presence of the yellow background more severely affects the mid and high spatial
frequencies, indicating a possible selective spectral laser effect in the long wavelength cones. This was
contrasted by a relative lack of observed effect (relative to normals) when a blue background was used.
Unlike the yellow, the blue background produces further suppression of the contrast sensitivity function
but is relatively uniform across the spatial frequencies relative to the gray background. This is in the
presence of lower overall luminance (dimmer) than either yellow or gray backgrounds. This suggests a
non spatial chromatic interaction for the blue background in both the normal and the laser accident case.
However, the lower sensitivity of the laser accident case relative to the normal for the blue background
may indicate blue cone system loss independent of selective spatial frequency laser effect.

87 Days Post

Figure 5. Serial Humphrey visual fields (10-2) case 1.

The Humphrey visual field
(HVF 10-2) testing showed
inferior field loss of
sensitivity in the superior
and nasal macular retinal
region. (Figure 5) These
changes, noted as early as
14 days after the exposure,
were consistent and
essentially non-progressive
over the 3 months of
observation. This early loss
in the visual field confirms
the early SLO observed
alterations in the macular
pigment and finding of
mild grid distortion and
partial scotoma noted in the
Amsler grid evaluations.
The persistence of the

visual field deficits supports the functional visual loss also suggested by the loss of contrast sensitivity.

The second individual, receiving fewer exposures (4-6 ) bilaterally, was noted to have bilateral mild
foveal morphologic changes in the 488 nm CSLO. Acute functional testing was normal (visual acuity,
contract sensitivity) except for a vertical shift in the Moreland match indicating macular edema. This
vertical shift in the Moreland match subsequently developed in the other eye at two weeks. The patient

was asymptomatic and elected no further evaluations after that time.
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4. Discussion

This report correlates progressive focal morphologic and selective functional changes for repetitive
non-thermal laser exposures in two humans. Findings both morphologic and functional selectively
progressed over the period of observation in case 1. Case 2 who received only several pulses bilaterally
showed some change in the Moreland match that appeared to change over time as well. All tests
correlated with other tests (convergent validity). Conventional clinical ophthalmologic examination
techniques failed to identify these morphologic changes. Identification of the morphologic retinal
changes was possible with the employment of spatial, confocal imaging techniques (CSLO). Layer
specific involvement of the inner retinal (macular pigment) layer was present and this finding was
maintained through out the period of observation. Later changes compatible with progressive changes
in the nerve fiber layer were observed.

Differential, progressive, and selective loss in the higher spatial frequencies was noted without shifts in
the peak sensitivity in the yellow (long wavelength cones) versus blue (short wavelength cones)
background contrast sensitivity functions. The selective nature of the observed progressive functional
changes in these repetitive non-thermal human exposures are similar in nature to previously reported
non-human primate repetitive non-thermal exposure experiments performed at this institution.'® Earlier
work in diabetic clinical photocoagulation showed tritan defects that were presumed to be due not to the
direct thermal effects but rather due to the non-thermal exposure associated with coherent scatter within
the media during treatments.'! The selectivity of the observed findings reflect the ascertainment that
only specific layers of the retina appear to be involved in this type of injury. These progressive finding
are consistent with a slow mechanism evolving over time following repetitive exposures. This slow
mechanism may relate to subsequent nerve fiber layer loss in the papillomacular bundle reflecting
changes in the long wavelength cone system.

These morphologic and functional findings suggest that damage due to repetitive and cumulative laser
exposures at non-thermal levels may be present but not suspected or detected if conventional clinical
examination techniques are used. Compete evaluations of suspected cases of repetitive and non-thermal
laser injuries should employ specific spectral confocal imaging techniques and chromatic, spatial-
selective visual function testing. Concerns for similar changes following repetitive environmental or
occupational laser exposuresl’9 and subsequent progressive, cumulative changes in long wavelength
cone system, nerve fiber layer, and papillomacular bundle are credible.
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ABSTRACT

The dose-response relationship for producing different grades of burns on skin produced by single Er-glass
laser pulse(A=1540 nm) were determined for energy densities within the range 0.5-35 J/cm? and pulse duration 100
ns and 2.5 ms. The persistent lesions on skin were subdivided into four morphologically different groups vs. radiant
exposure of laser pulses. Histological investigation were made at I- and 3- days post-exposure. Different methods
of tissue preparation were tried to obtain better contrast of laser induced changes in skin tissue. At the 1-day post-
exposure we observed on the histological samples coagulation of surface tissue, epidermis and dermis of skin
depending on radiant exposure. 3-days histological samples revealed tearing of tissue detrit and active epitalization
of damaged tissue.

Keywords: Medical applications of lasers, Er-glass laser, laser damage of skin.

1. INTRODUCTION

This work was a development of investigation on laser safety for skin using 1540 nm laser radiation!. The
goal was to classify super-threshold modifications on skin such as surface damage, coagulation and ablation and
estimate their possible medical applications.

Since Er-glass laser systems were oriented for military applications(range finders, laser radars, etc.) and
had not been wideused in medical practice, it was very little information on its medical applications and especially
for skin treatment. The absorption coefficient of water-contained tissue(cornea, skin ,etc.) at 1540 nm ( «=10 cm)
is in between to that of at 1064 nm of Nd-laser(c= 0.4 cm-!) and 2120 nm of Ho-laser(a=40 cm!). There are many
works have been published so far on medical applications of Nd and Ho lasers. Intermediate tissue absorption at
1540 nm could be interesting for optimization of different skin modification made with Nd and Ho lasers. As a
result of considerable progress in laser and crystal growth technologies Er-glass laser system both with flash lamp
and diode pumping could be developed for medical applications.

The research reported was undertaken to receive experimental data on super-threshold interaction of 1540
nm laser radiation of an Er glass laser with skin in the wide range of laser energy fluences and pulse duration.

2. METHODS
2.1 Laser System
In experiments we used 1540 nm Erbium-glass laser radiation in a wide range of energy densities and pulse
duration produced by an original laser system operating in both free-running and Q-switched regimes. The basic
optical setup is presented in Fig.la.

The active rods of the laser were made of Er-activated phosphate-based glass which was designed and
produced in General Physics Institute!. In order to enhance its efficiency under flashlamp pump operation the glass
was co-doped by chromium and ytterbium ions. The rods used in the laser system had diameter of 6-7 mm, length
85-90 mum and AR coatings of both ends. The single-lamp pump cavity had narrow (1-1.5 mum) channels for water
cooling of Xe flashlamp and glass rod. Narrow channels are required to reduce pump radiation absorption by
water in the spectral band of ytterbium absorption (0.85 - 1.05 micrometers). This peculiarity of laser cavity design
has made it possible to avoid cooling of the laser head by deuterised water and thus to reduce the cost of the laser
system.

In the free-running regime the laser head was supplied with a flat 65% reflectivity output mirror. The
output energy reached 6-8 J in multimode and the plug efficiency - 1.5 - 2 %. The pulse duration was about 3 ms.
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running and FTIR modulator for Q-switching), PED- pyroelectric detector, PM-power meter, E-
electrodes.
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To obtain Q-switched regime the laser output mirror was substituted by a frustrated total internal
reflection (FTIR) optical shutter in combination with two highly reflecting at 1.54 micrometers flat mirrors?
(Fig.1b). This kind of shutters has been chosen due to its high optical damage threshold, low insertion losses in
combination with low ( 100 V) driving voltage and insensitivity to laser beam polarization state. Our shutter
consisted of a pair of truncated fused silica pyramids having a rigid connection with each other. The gap of about
0.5 micrometer wide between the pyramids can be rapidly collapsed to zero with the help of two piezoelectric cells
mounted on the truncated facets of each pyramid. The output energy of Q-switched laser reached 0.5 J in
multimode beam and pulse duration was about 100 ns. In experiments laser output parameters was monitored by
pyroelectric detector PED(pulse duration) and by power meter PM (output energy)(Fig.1).

A tilted lens L is used to compensate non-uniformity of the pump and thermo-induced lens and
astigmatisms in the laser rod. The density of the laser radiation on the target can be varied with the help of either
pump vanations or neutral filters, and also by changing the size of illuminated spot by varying the optical power of
the focusing lens. The aiming and focusing of the laser beam on the target was made with the help of a pilot He -
Ne laser beam coaxial with the Er-glass one. The beam shape on the object plane was round with diameter 2-10
mm for free running and 2-4.5 mm for Q-switched modes. The corresponding maximum energy fluence was up to

35 J/em? for free running and 20 J/em? for Q-switch modes.

2.2 Animals

In experiments we used white domestic pigs free of visible pigmentation. Pigs were selected because of
histological resemblance of their skin to that of man. The pigs were 1.2-2 months old and weighted 8-16 kg.

One day before the experiment the bristle on the animal's back and sides was removed with hand clippers
and then shaved. No visible skin reaction(reddening, cuts, etc.) was observed on the skin at the time of experiments
because of hair removing. The depilated area was divided into a grid of squares about 15x15 mm in size. A side of
the animal could have up to 90 cells.During experiments we did not used any anesthetic agents, since we assumed
possible influence of anesthesia to the skin reaction.

2.3 Experimental procedure

The main task of the study was determination of lesion threshold and supra threshold effects on animal
skin made during single pulse exposures and histological investigation of the damaged skin. The study included
investigation both with free running and Q-switched laser pulses.

The experimental set was started up with preliminary estimation of the ranges and values of dose which
produce visible Jesions. We started with maximum energy fluence determined by laser output parameters and then
decreased the dose by step of 0.5-1 J/cm? . Five cells on the animals were exposed by the pulses with the same dose.

The skin reaction data was obtained by visual examination the areas exposed at several minutes, one-hour
and at 24 hours post exposure. In general, the one-minute reaction at a given radiant exposure level served as a
guide in determining whether increased radiant exposure levels should be given. In general, a very mild
erythematous reaction at one-minutes will probably fade at one-hour. This level would represent the lowest level to
be used. A definite well demarcated erythematous reaction on the skin at one-minutes will probably be present at
one-hour examination.

At one-hour post exposure, each area exposed was again visually controlled and photographed. The
number of "reactions” (this could be erythema, papules, blanching, etc.) were determined at each exposure level.
The burns were categorized independently by two investigators. A similar examination and photographs were done
at 24 hours post-exposure. Experimental data were processed by the probit method of Litchfield and Wilcoxon?.
This data, expressed as a percentage of the reactions observed at each exposure level, was plotted on probability
scale and the radiant exposure at the 50 percent probability level was taken as the ED50 level.

In the subsequent experimental sets probability of specific skin response in the range of transient reaction
was determined more accurately. To do this we exposed up to ten cells with the same fluence close to threshold
range in order to have more accurate statistical data. To obtain truly data and estimate deviation of individual
reaction we conducted experimental set on three animals and then the results were averaged.



3. RESULTS
3.1 Morphology
Clinical analysis of the skin damaged by 1540 nm laser radiation showed that laser radiation produced
lesions of different grades of heaviness. We classified observable skin reaction into following five types, assuming
that at minimum persistent lesions(no.2,3) only superficial epithelium structures of skin are damaged in the most of
the cases.

1. Diffusive, transient erythema that appeared within a minute post exposure and usually extended beyond the
limits of exposed area. Within several or dozen minutes(< | hour) the diffusive reddening decreased in size
disappeared entirely. This was the functional reaction of blood vessels to laser action.

The persistent lesion(erythema) of round flat form(which does not come over the surface of the skin) and red
color. Its size corresponded to the size of laser beam.

3. Erythema as described in the previous grade with infiltration(inflation). The nidus protruded over uninjured

4. Coagulation of subepidermal layers of dermis. The round almost flat nidus of white color with the very thin red
circle of inflammation.

5. Coagulation of deeper layers of dermis. The round nidus of white color with strong protruded inflammation.

18]

In the first set of experiments(Free running, t=2.5 ms, the spotsize diameter 5.5 mm) the radiant exposure
ranged from 1.1 J/cm2 to 23 J/cm?2.

EDS50 at 1 hour post exposure was found to be 5.7+1.2 J/cm2. 282 burns were processed. ED50 at 24 hour
post exposure 6.5 J/cm2.

The skin reaction No. 3(erythema with inflation) started at 8 J/cm?.
The skin reaction No.4 (flat coagulation) - 13 J/cm2.
Coagulation of dermis - 22 J/cm2.

In the second set of experiments(Q-switch, T=100 ns, the spotsize diameter 2.5-3.5 mm) the radiant
exposure ranged from 1.7 J/cm2 to 16 J/om2. ED50 at | hour post exposure for persistent erythema was found to be
3.0+1.1 J/em?. 266 burns was processed. ED50 at 24 hour post exposure 3.5 J/cm? .

We did not clearly distinguish burns described in the No.3 of skin reaction.
The flat coagulation was at 9 J/cm2.

An example of skin damages is shown in the Fig.3. The deviation of individual sensitivity of animals and
skin at different places (back, belly) in the both sets was within 15 % of obtained data..

3.2. Histology

Histological investigation was conducted at 1- and 3-days post-exposure. Different methods of tissue
preparation and coloring was used. Classification of damage grades was done not only by estimation of deepness
of the damage but also by the state of subepithelium blood vessels net.

Histological study at 1-day post exposure generally confirmed our classification of damaged skin. Analysis
of histological samples at 3-days PE revealed fast epitalization of the damaged area. In the case of bumns of III-
degree(No.4 in skin reaction classification) it was found that new epitheliumn intruded from adjacent undamaged
skin underneath the area of necrosis( showed by arrow in Fig.4b). We observed that epitalization developed not
only from surface vicinity but also from inside, out of hear matrix. Thus hair-skin showed fast regeneration of
damage.

4. DISCUSSION

The skin response resulting from exposure at 1540 nm is considered to be a result of temperature elevation
of the tissue. The clinical description of skin burns at 1540 nm is fairly coincides with that of at 10.6 um of CO2
laser456. Histolological investigation also showed that morphological changes of skin exposed to 1540 nm laser
radiation is similar to that of contact burn and exposure to 10.6 um radiation. The geometry of the experiment and
estimation of the cooling of the exposed volume suggests weak influence of heat dissipation in our experirnents,
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Fig.3. Histological cuts of the damaged skin. @- 24 hours post exposure, b- 72 h PE
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especially for short pulses (< 1 ps) (Fig. 4). The penetration depth 4 of laser light at 1540 nm to water is about 1
nam(the absorption coefficient o ~ 10 cm-! 73, in the first approximation we consider that true for the skin too. The
smallest laser beam diameter on skin was 2 mm and the largest 10 mm (long pulses: free running). Characteristic
cooling time ¢, of the layer thickness / could be estimated from formula s ~ (y f)¥2 , where y- thermal diffusivity
of water (y = 1.4 103 cm?/s). For water layer 1 mm thick which is equal to penetration of laser light into water 1, is
equal 10 sec . The cooling time is much longer than pulse duration for both laser pulses(100 ns and 2 ms), only in
the latter case some weak heat dissipation could be considered. If again to use water substance as a model for our

experiment, the equivalent temperature rise AT = E/(Shc,) is 8°C for short and 15° C for long pulses at
ED50 dose; 20°C and 34°C respectively for coagulation. (E; - laser energy, S - laser beam cross section, Cp -

specific heat, ¢, = 4.2 J/(Kcm?)). Thus, the absolute temperature of the animal skin is higher than 42-43° C which
is close to the temperature of protein denaturation. The greater value of ED50 for longer pulses we explained by
the influence of heat dissipation during the laser pulse.

5. CONCLUSIONS

In this study we experimentally determined reaction of porcine skin(in vivo) to exposure by 1540 nm
radiation of Er-glass laser. The persistent lesion of the skin in the range up to 35 J/cm? was classified. The ED50
value for minimal lesion was found to be 5.7 J/cm?2 for millisecond and 3.0 J/cm? for nanosecond laser pulses. The
skin coagulation starts at 13 J/cra?2 for millisecond and 9 J/em? for nanosecond pulses.

Histological investigation generally confirmed our classification of skin burns by 1540 nm radiation and
proved thermal mechanism as the main of skin damage. It was found fast epitalization of damaged skin. The
results of this work might be used for possible applications of 1540 nm radiation for surface skin
operations(cosmetic surgery).
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In vivo confocal scanning laser ophthalmoscopic characterization of retinal pathology in a
small eye animal model

H. Zwick, R. Elliott, S.T. Schuschereba, D. J. Lund, B.E. Stuck
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Walter Reed Army Institute of Research
San Antonio, TX 78235

ABSTRACT

We have used confocal scanning laser ophthalmoscopy (CSLO) to evaluate acute laser retinal
injury in a small eye animal model. The snake eye is optically unique, combining a high
numerical aperture with a clear ocular media and a cornea covered with a hard dry spectacle.
These optical qualities allow detailed resolution of photoreceptors, retinal nerve fiber, and
retinal capillary blood cells in an intact vertebrate eye. We demonstrated that acute laser
exposures capable of damaging the photoreceptor matrix may also alter blood flow at more
anterior levels of the retina. Changes in photoreceptor density and orientation were indicated
in the early post exposure seconds at high dose acute Argon laser exposures. An increase in
photoreceptor reflectivity was observed in surviving photoreceptors and was enhanced with a
near IR CSLO imaging source. Q-switched exposure failed to show this enhancement,
possibly because of greater subchoroidal involvement associated with acoustic damage
processes.

Keywords: laser, numerical aperture, small eye optics, confocal ophthalmoscopy,
photoreceptors, blood toxicity.

1. INTRODUCTION

Numerous investigations have demonstrated significant damage to photoreceptors induced by
laser exposure." Acute human laser injuries that are definable by laser exposure generally
involve penetration of the entire retina including subretinal choroidal vasculature.?
Hemorrhage, retinal scar formation, and retinal nerve fiber layer damage are often associated
with high dose acute laser injuries. Lower level exposures may be restricted to photoreceptor
alteration or damage in the absence of injury to other layers. Recent evidence supports
involvement of the vascular retinal network in mediating inflammatory products released by
acute laser injury.> While the damage process may involve complex biochemical events
leading to cell death, data suggest that reorganization of the photoreceptor matrix may play an
important role in visual function recovery from acute laser exposure.*

For these reasons, we have employed a unique combination of imaging technology and
animal model selection to clearly image the photoreceptor matrix in vivo. We have used
confocal scanning laser ophthalmoscopy (CSLO) to evaluate acute laser injury to the retina in
a small eye animal model. The snake eye is optically unique, combining a high numerical
aperture with a clear ocular media and a cornea covered with a hard dry spectacle. These
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optical qualities allow detailed resolution of photoreceptors, retinal nerve fiber layer, and retinal
capillary blood cells in an intact vertebrate eye.

2. METHODS

Images of the Checkered Garter snake
(Thamnophis m. marcianus), the Great
Plains Rat Snake (Elaphe guttata
emoryi) and the Western Coachwhip
(Mastcophis  flagellum  testaceous)
retinas were recorded and digitized
from a Rodenstock confocal scanning
laser ophthalmoscope (CSLO). The
optical powers of these eyes are
estimated at 445, 370, and 205
diopters, respectively. A 0.1 diopter
change in these eyes corresponds to a
0.5, 07 and 5.0 micron shift
respectively, in focal depth at the retinal
plane.* An air-cooled Argon laser (488
and 514nm) provided acute laser
exposures ranging from 152 to 1000
: : pjoules Total Intraocular Energy (TIE)
Figure 1a. CSLO image of Checkered Garter snake for 10-100msec puise widths. A Q-
retina showing large, 7-9u and small cones 2-4p. switched Neodymium 532nm laser was
: used at energy levels from 6 to 18
pjoules. Retinal spot size was about 35
microns. Anesthesia was achieved with
a combination of Ketamine and
Xylazine in a ratio of 3.5:1.

3. RESULTS

Figure 1a is a CSLO view of the
Checkered Garter snake retina imaged
at the photoreceptor matrix showing
large, small single, and small secondary
cones. Large cones are about 7-9u
and small cones are about 2-4u. A
retinal flat mount from the Western
Coachwhip is shown in Figure 1b.
These cones are 7-9u in diameter in
the absence of their natural ocular

Figure 1b. Histological flat preparation of snake optics. Outer segments of these

photoreceptors, 7-9p.

45




46

Temporal development of a 1000pjoule exposure from
pre-exposure 1, 21 and 35 seconds post-exposure.

photoreceptors are dlsplayed toward the top of this |mage where photoreceptors have been

photoreceptor layer at 21 seconds post-exposure.

flattened in more sagittal
position (arrows).

Figure 2 shows the temporal
development of a 1000 pjoule
exposure from pre-exposure 1,
21 and 35 seconds post-
exposure. During this time
period the exposed photo-
receptor region developed an
annulus of highly reflective
photoreceptors, enlarged photo-
receptors, as observed in the
center of the lesion site, and
alteration in  photoreceptor
orientation outside the lesion
site, characterized by a “rope-
like” appearance of some



regions of photoreceptors apparent at 35 seconds post exposu

ol e S sy

Figure 4. Temporally developing lesion imaged at the
photoreceptor layer at 35 seconds post-exposure.

re.

Figures 3 and 4 show fuller
views of the photoreceptor
images at 21 and 35 seconds
post-exposure. The areas of
suggested change in receptor
orientation are indicated by
arrows. Photoreceptors
adjacent to the region of
highly reflective photo-
receptors appear as though
they might be lying on their
sides in a more sagittal than
tangential position, as
compared with comparable
photoreceptor regions at 21
seconds post exposure.
These changes in orientation
are characterized by more
subtle change in the

photoreceptors superior and to the left of the developing ring of reflective photoreceptors,

appearing as a more sagittal than transverse view of individual

Figure 5. “Sticky” blood cells at 55 seconds post 1000pjoule
exposure.

photoreceptors (see arrows).

Figure 5 shows the
corresponding effect of a
comparable 1000 pjoule
exposure imaged in the

- anterior vascular retinal layer.

Blood cell flow through the
optic disk of the snake (Conus
Papillaris) showed immediate
evidence of slower moving
blood cells becoming very
apparent at 55 seconds, where
at least 5 blood cells were
observed in very slow
movement through the central
vessel of the Conus Papillaris.
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Figure 6a. Argon lesions imaged at 488nm

Figure 6b. Argon lesions imaged at 780nm
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Figure 6a presents five exposure sites with annular rings of highly reflective photoreceptors,

produced by equal energy lesions. Lesion diameter
clearly decreases as energy is maintained constant at
500 pjoules by halving the power and doubling the
duration of the exposure. The same five lesions were
imaged with the 780nm laser diode (Figure 6b),
revealing an increase in photoreceptor reflectivity within
the central region as well as an increase in the number
of reflective photoreceptors, observed in the upper two
exposures of longer duration.

Figure 7a and 7b show a comparison of Q-switched
532nm and Argon (488 and 514nm) exposures in the
same retina made about 15 minutes apart producing
two different lesion sites as a function of imaging
wavelength. The Q-switched lesion at the left was
induced by a 12 pjoule Q-switched 532nm single pulse,
while the Argon laser exposure was made at 500
pjoules. These figures show a differential relationship
for photoreceptor reflectivity within the Argon and Q-
switched Neodymium laser site. At 488nm, both lesion
sites show similar reflectivity(7a). The Q-switched
532nm exposure site darkens and enlarges when
imaged with the 780nm source(7b). A significant
number of low reflecting and enlarged receptors are
observable in this site.

2t

Figure 7a. Argon and Q-switched
exposures imaged at 488nm.

Figure 7b. Argon and Q-switched
exposures imaged at 780nm.



4. DISCUSSION

We have demonstrated an enhanced capability to image in vivo laser-induced retinal cellular
pathology in both the posterior and anterior retina by combining the high numerical aperture
and high spatial resolution of the snake eye with the CSLO’s ability to traverse retinal depth.
We have observed a new type of lesion based on in vivo changes to the photoreceptor. The
most characteristic feature of these changes is an increase in photoreceptor reflectivity in the
annulus surrounding the center of the exposure site, where photoreceptors may have
disappeared, become enlarged and at lower doses enlarged and reflective.* Moreover, when
these exposure sites are imaged in the near IR (780nm) versus the visible (488nm) the
number of reflective photoreceptors increases, suggesting that the higher absorption of retinal
labile and non-labile pigments in visible light masks additional structural damage to the
photoreceptor.

On the other hand we have shown in Figure 7, that Q-switched 532nm and Argon laser
induced damage to the photoreceptors display differentially when imaged with visible (488nm)
and near IR (780nm) laser sources. The enlarged darkened area shown for the Q-switched
exposure may reflect deeper subretinal as well as damage to the photoreceptor structure
revealed with visible imaging source. These differences are a consideration in comparing such
lesion sites, as Q-switched exposures more easily penetrate the subretina and induce
hemorrhagic effects because of acoustic shock wave properties.

Also unique to this investigation of laser induced retinal injury is the ability to image the
damage process at anterior as well as posterior retina. We have shown alteration to the
anterior blood cell flow following acute Argon laser exposure. While slowing of blood cell flow
occurs within the first several seconds post exposure, it rapidly decreases, revealing blood cell
“stickiness” after about 1 minute post exposure. Such effects may develop vascular blockages
in areas of lesion sites visible several days post exposures as cells “sticking” to vessel walls.*
The recruitment of “sticky” blood cells may induce secondary damage to the photoreceptors
and neural elements by release of chemotoxic compounds associated with laser induced
photoreceptor damage.®

In summary, we have demonstrated the ability to image in vivo laser induced retinal
photoreceptor damage, showing unique changes in cellular reflectivity, and characterizes laser
induced pathophysiology in the vascular system. These changes we see in living tissue may
be absent in fixed histological preparations. Visualization of these dynamic celiular
interactions are essential in understanding the morphological reorganization of the retina in
response to acute laser injury or low level repetitive injury. Our understanding of how the
receptor mosaic reestablishes itself after injury, if it does, and the role of blood cell behavior
with regard to the induction of injury are essential in assessing the permanency of functional
loss.
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Variation of Retinal ED;, with Exposure Duration for Near-IR Sources
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ABSTRACT

wavelength laser exposure and for 1064 nm laser exposure. The data base, extending from sub-
nanosecond exposures to kilosecond exposures, can for the most part, be fit to models based on thermal
interactions, thermal-mechanical mechanisms, and photochemical processes. Exceptions to this fit occur
between 1 and 100 microseconds where the damage mechanism transitions from exclusively thermal to
thermal-mechanical. Disagreement exists as to whether this anomalous dip of EDj, is real or is an
artifact of the data. We determined the laser-induced retinal EDj, in Rhesus monkey eyes for several
exposure durations from 12 nanoseconds to 1000 milliseconds at 755 nm using a dye laser, an
alexandrite laser, and a Ti:Sapphire laser. These data do not show a dip in ED,, in the microsecond time
period

Key Words: Laser, retina, damage threshold, Ti:Sapphire, near infrared, time dependence
1. INTRODUCTION

In recent years, a number of tunable lasers have become available which in composite span the
wavelength range from 700 nm to 1000 nm and the temporal range from femtoseconds to continuous
operation. Interest in this spectral range bas been driven by the fact that it includes the emission
wavelengths of most semiconductor lasers and light emitting diodes (LEDs). Laser diodes and LEDs are
so pervasive in commercial optoelectronic products that the probability for ocular exposure of any
individual is near unity. One would assume that a predictable relationship between EDj, and
wavelength would be documented for the visible and near-infrared based on early data and tissue
absorption characteristics. Such is not the case. Lund reported variability in the relationship of EDs; to
wavelength in the region between 700 nm and 900 nm. and showed evidence for nonlinear laser/tissue
interaction mechanisms.

A body of data relates the EDs, for laser-induced retinal damage to exposure duration for visible-

A body of data relates the ED;, for laser-induced retinal damage to exposure duration for visible-
wavelength laser exposure and for 1064 nm laser exposure. Green-emitting (frequency doubled
neodymium and argon) lasers and near infrared (neodymium) lasers show similar dependence of ED,,
upon ocular exposure duration (Figure 1). The data, extending from femtosecond exposures to 1000
second exposures, can for the most part be fit to models based on thermal interactions, thermal-
mechanical mechanisms, and photochemical processes. Exceptions occur, most notably for exposures in
the 1 ps to 100 ps duration range where the damage mechanism transitions from exclusively thermal to
thermal-mechanical. The data indicate that the ED,, may decrease as the exposure duration increases
from 1 ps to 100 ps. Disagreement exists as to whether this anomalous dip of ED;, is real or an artifact

SPIE Vol. 2974 e 0277-786X/97/$10.00 51




52

of the data. The purposes of this study were to determine the time dependence of EDs, for lasers
emitting in the deep red spectral region, and to relate this data to EDs, vs. exposure duration data for
green-emitting and 1064 nm lasers.
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Figure 1. The EDy, for laser induced retinal damage in Rhesus monkey as a function of the exposure duration for visible and
1064 nm radiation. All data are for minimum retinal irradiance diameter exposure and 1 hour observation time.

2. MATERIALS AND METHODS.

2.1 Lasers
A number of lasers were used to span the time domain from 12 ns to 1000 ms

12 ns duration pulses were generated by a Molectron Model DL-18 dye laser pumped by the second
harmonic output of a Molectron MY33 Nd:YAG laser

Three alexandrite lasers were used. The first emitted 200 ns pulses when operated in the Q-switched
mode or 50 ps pulses in the non-Q-switched mode.. The second emitted pulses of 175 ns duration in the
Q-switch mode. In the non-Q-switched mode, 6 us pulses were obtained by using the pockel cell switch,
as a shutter to gate the normal-pulse output duration. The third alexandrite laser emitted non-Q-
Switched pulses of 350 or 750 ps duration, switch selectable. The first laser was tunable over the range
from 730 nm to 780 nm. The wavelength of the other two was fixed at 755 nm.

10 ms to 1000 ms exposures were obtained from a Spectra Physics Model 3900 Ti:Sapphire laser
pumped by the 514.5 nm output of a Coherent INOVA 100 argon laser.
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Figure 2: Schematic of laser exposure system employed to expose the rhesus monkey eyes. The argon laser pumped the
Ti:Sapphire laser. An optical wedge directed a portion of the beam into a reference detector and a portion into a Wavemeter.
A shutter controlled the exposure duration. After passing through attenuators, the beam was directed by mirrors into the
target (animal eye or calibrated detector). The mirror in front of the fundus camera was translated to permit observation of
the target retina.

2.2 Experimental Technique

Figure 2 is a representative exposure system. A portion of the laser output was directed by a
beamsplitter into a Burleigh Model 4000 Wavemeter so that the laser could be accurately tuned to the
desired wavelength and the wavelength could be continuously monitored. A shutter determined the
exposure duration for continuous beam lasers or selected a single pulse from a pulse train for repetitive
pulsed lasers. A beamsplitter deflected a constant proportion of the pulse energy into a reference
detector while the remainder of the energy passed through attenuators and onto a mirror which directed
the laser beam into the eye to be exposed. The mirror was mounted on a translation stage so it could be
moved to permit observation and accurately repositioned for exposure. A fundus camera permitted
observation of the retina and selection of sites for exposure. The fundus camera, mirror, and laser beam
were aligned so that the laser energy reflected by the mirror passed through the center of the ocular pupil
and struck the retina at the site corresponding to the crosshairs of the fundus camera viewing optics.

Before the rhesus monkey was positioned, a calibrated detector was positioned to directly receive the
power that would normally enter the eye. The ratio of the power at this position to the power at the
reference detector was obtained with the attenuator removed. Subsequently, when the eye was exposed,
the power entering the eye for each exposure was determined by multiplying the power at the reference
detector by the ratio previously determined and by the transmission of the attenuating filter chosen to
give the desired power.

The alexandrite lasers emitted far more energy than was required for this study, and it was necessary to
greatly attenuate the energy reaching the subject animal eye. The laser beam was expanded,
recollimated, and apertured to limited the beam delivered to the eye. The laser beam diameter at the eye
position was 4 mm for all exposures.

53




54

R
o AR T 1

foomiese L e

350 microsecond pulse 750 microsecond pulse

Figure 3. Representative oscillographs of alexandrite laser emission at 6, 58, 350, and 759 us pulse duration. For each
duration, the emission consists of a series of relaxation oscillations which vary from shot to shot within an envelope which is
consistent in duration from shot to shot.

The beam divergence, and pulse duration were determined for each exposure condition. A silicon
photodetector (EGG Lite-Mike) and an oscilloscope were used to record the pulse durations. The
determination of pulse duration for the Q-switch pulses and the shuttered CW was straightforward, and
the full-width-half maximum (FWHM) values are reported. The emission duration of the non-Q
switched lasers required interpretation. Figure 3 shows representative oscillograph traces of the
emission durations used in this study. The number and shape of the individual pulses within the
envelope for the non-Q-switch emission varied from shot to shot, but the envelope duration remained
relatively constant. The duration of the exposure for these cases was defined to be the time from the first

significant pulse to the last significant pulse (The criterion for significance was the judgment of the first

author and was consistent throughout these measurements). For each non-Q-switched exposure
duration, ten shots were recorded via oscillograph and the duration of each shot determined. The
average duration of these ten is reported.

2.3 Experimental Subjects

Rhesus monkeys were sedated and anesthetized for exposure. Cycloplegia and full pupil dilation were
pharmaceutically induced in both eyes, and the eye to be exposed was held open by a lid speculum. The
cornea was periodically irrigated with physiological saline solution to maintain clarity. For each test, an
animal was positioned and 30 exposures were placed in an array in the extramacular retina. The initial
row of six exposures in each sequence were at a dose high enough to produce an immediate visible
retinal burn. Subsequent exposures were at lower doses so that the range of doses in the array varied by
about a factor of ten. The retina was photographed and the exposure sites marked on the photograph for
subsequent identification. The exposure sites were examined via direct ophthalmoscope one hour after



exposure and the presence or absence of visible alteration noted for each site. The response at each site
was correlated to the dose at that site. For each wavelength, the data obtained by exposure of four to six
eyes were statistically evaluated to determine the EDs,and associated 95% confidence limits.

3. RESULTS
The EDyys for retinal alteration in Rhesus monkeys were determined for 10 exposure duration at 753

NM. The criteria was the presence of an alteration visible via ophthalmoscope one hour after exposure.
These data are presented in Table 1 and Figure 4.

Table 1
ED,, FOR LASER INDUCED RETINAL DAMAGE IN RHESUS MONKEY AT 755 nm

PULSE EDj, 95% LIMITS SLOPE
DURATION i mj
12 ns 93 8.02-10.9 1.64
175 ns 115 10.1-13.0 1.49
200 ns 11.8 9.98-14.0 1.84
5.9 us 35.9 31.1-41.5 1.75
58.1 s 58.5 52.4-65.4 1.47
321 ps 118 107-127 1.40
761 ps 135 119-153 137
10 ms 440 431-449 1.10
100 ms 2470 2310-1650 1.21
1000 ms 11900 11030-13030 1.29

4. DISCUSSION

The 755 nm ED,, does not conform to the exposure duration dependency shown for the green and
infrared laser exposures. Between 200 ns and 750 ps, the EDy, varies approximately as t** where t is the
exposure duration . There is no evidence of a dip in the EDj, vs exposure duration curve between 1 and
100 ps. Rather, there is an orderly transition between a region of constant energy below 200 ns and a
region above 1 ms where the ED, varies as t*”°. In attempts to explain the dip in the EDj,, it has been
argued that in the region of transition between laser/tissue interaction mechanisms, energy might be
dissipated in the weaker mechanism and not contribute to eventual tissue damage. The data of this study
would support the argument that energy is not dissipated, but is conserved, and all the energy contributes
to tissue damage regardless of which interaction mechanism it encounters.

The 755 nm data is compared to the ED, data for green emitting lasers and 1064 nm lasers in Figure 5.
The data for all three wavelength regions are similar for short exposures and for long exposures, and the
ratio of EDy,s is consistent with predictions based on the optical properties of the Rhesus monkey eye
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ED,, vs EXPOSURE DURATION
ALEXANDRITE & Ti:SAPPHIRE LASERS - 755 nm
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Figure 4. The ED,, for laser-induced retinal damage in Rhesus Monkey retina are plotted for 10 exposure durations. The
ED;, is given as the Total Intraocular Energy (TIE) which is the total energy incident at the cornea within the ocular pupil
diameter. The laser sources were a dye laser, 3 alexandrite lasers and a Ti:Sapphire laser, all operating at 755 nm., These
data are compared to the MPE at 755 nm.

The lines of Figure 5 through the visible and 1064 nm data simply connect constant ED50 to constant
slope. These data do not preclude an orderly transition as exhibited by the 755 nm data. Neither do they

necessarily support such a transition.

VARIATION OF EDg, WITH EXPOSURE DURATION
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Figure 5. The ED, for laser-induced retinal damage in Rhesus Monkey retina at 755 nm (squares) is compared to the ED, s
for exposure to green-emitting lasers (diamonds)and 1064 nm lasers (triangles).. The EDy, is given as the Total Intraocular
Energy (TIE) which is the total energy incident at the cornea within the ocular pupil diameter.
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This study used a wavelength of 755 nm because that is the wavelength of the nontunable alexandrite
lasers used to obtain some of the exposure durations. Figure 6 Shows the variation of ED,with
wavelength in the near-infrared for two of the lasers used in this study. The EDs, is relatively constant
with wavelength around 755 nm. Other intervals show rapid changes of EDs, with small changes of
wavelength. The data for 15 ns exposure and 100 ms exposure strongly suggest nonlinear interaction
mechanisms at 860 nm. While the data of this study is valid for 755 nm exposure, it may not be
representative of the time dependence of ED,, for other near-infrared wavelengths

RETINAL EDs, vs WAVELENGTH
Dye Laser and Ti:Sapphire Laser
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Figure 6. The ED,, for laser-induced retinal damage in Rhesus Monkey retina as a function of wavelength in the near
infrared for 15 ns dye laser exposure (open circles, left scale) and 100ms Ti:Sapphire laser exposure (closed circles, right
scale). The EDj, is given as the Total Intraocular Energy (TIE) which is the total energy incident at the cornea within the
ocular pupil diameter. The ED, is relatively constant in the region near 755 nm . Nonlinear laser/tissue interaction is
suggested at 8§70 nm.

5. CONCLUSIONS AND RECOMMENDATIONS

The data of this study do not show a minimum of EDj, for laser induced retinal damage at 0.1 to 10 ps
exposure duration. Rather, the EDy, at 755 nm increases as t>* for exposure durations from 0.2 s to
750 us. The transition from thermal damage mechanisms to thermal/mechanical damage mechanisms
appears to be energy conservative in that all the energy contributes to tissue alteration for all
distributions of energy into the two interaction mechanisms. Comparison of these data to the MPE
(Figure 4) show that the standards are certainly adequate and are probably conservative in the 1 to 100
ps time frame for 755 nm laser exposure. In other studies we have demonstrated evidence for nonlinear
interaction mechanisms at some NIR wavelengths (Figure 6). Nonlinear interaction mechanisms might
dramatically alter the ED;, vs exposure duration relationship. Further research of the time dependence
of EDs, is recommended for other NIR wavelengths.
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6. DISCLAIMER

In conducting the research described in this report, the investigators adhered to the “Guide for the Care
and Use of Laboratory Animals,”, as promulgated by the Committee on Revision of the Guide for
Laboratory Animal Facilities and Care, Institute of Laboratory Animal Resources, National Academy of
Sciences - National Research Council.

The opinions or assertions contained herein are the private views of the authors and are not to be
construed as official or as reflecting the views of the Department of the Army or the Department of
Defense.

Citation of trade names in this report does not constitute an official endorsement or approval of the use
of such items.
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ABSTRACT

Recent studies of retinal damage due to ultrashort laser pulses23 have shown that less energy is
required for retinal damage for pulses shorter than one nanosecond. Laser minimum visible
lesion (MVL) thresholds for retinal damage from ultrashort (i.e. < 1 ns) laser pulses are produced
at lower energies than in the nanosecond (ns) to microsecond (ps) laser pulse regime. We review
the progress made in determining the trends in retinal damage from laser pulses of one
nanosecond to one hundred femtoseconds in the visible and near-infrared wavelength regimes.
We have determined the most likely damage mechanism(s) operative in this pulse width regime

and discuss implications on laser safety standards.

Keywords: eye, laser, nonlinear optics, retinal damage, safety

2. INTRODUCTION

Lasers are currently proliferating which produce sub-nanosecond laser pulses in the visible

and near infrared spectral regions. These wavelengths easily propagate through the eye and can

SPIE Vol. 2974 e 0277-786X/97/$10.00



result in retinal damage and functional vision loss if appropriate laser protective measures are not
used. Unfortunately, there exists no current Air Force or national laser safety standard which
specifies allowable exposures for pulses shorter than 1 ns in duration. In recent works by Cain,
et al. 123 MVL threshold data for ultrashort single laser pulses show a decrease in the amount of
pulse energy needed to cause observable retinal damage below 1 ns and LIB was shown to
influence those thresholds below 150 fs for the visible wavelength regime. According to the
growing sub-nanosecond single-pulse MVL data base, one can conclude that extending the
current microsecond to nanosecond constant-corneal-fluence-regime ANSI standard to shorter
pulse durations may prove to be imprudent and possibly that the current guidance to use constant

power may be overly conservative.

In this study we review the nonlinear optical phenomena considered in previous studies and
the influence of these phenomena on the amount of energy required for retinal damage, here
defined to be the MVL threshold. We will consider recent near infrared (NIR) MVL studies and
their impact on determining new damage mechanisms. In general it should be noted that the
single-pulse MVL data shows three broad trends. For exposures longer than 20 ps there is a
region where near constant irradiance (W/cm?2) is required for retinal damage. For pulses from
1 ns to 20 ps, diffusion of heat is negligible during the exposure and the fluence (J/cm?2) required
for retinal damage is nearly constant. The third regime occurs for pulse durations shorter than

one nanosecond where the data shows that it takes less energy to create retinal damage than for

longer pulses.

3. NONLINEAR OPTICAL EFFECTS

There are several nonlinear optical properties which may have an affect on the mechanism of
retinal damage or its variation with spot size, wavelength or pulse duration. In previous analyses
of ocular damage, propagation effects were seldom cited as having an effect on retinal damage,
except for chromatic aberration effects on spot size. We have considered several nonlinear

optical phenomena and their plausible effects on retinal damage*>.
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Figure 1. Plotted is the sub-
microsecond, single-pulse, visible
MVL data available for rhesus
monkeys versus pulse peak power.
A linear trend is evident across the
range from the microsecond to
femtosecond regime. The lines are a
guide to the eye to emphasize the

linear trend in the data.

Figure 2. The same data as in
Figure 1 is plotted versus average
irradiance at the retina assuming a
10 pm spot size on the retina.  The
lines are a guide to the eye to
emphasize the linear trend in the

data.

Figure 1 shows a trend in MVL data when they are plotted versus peak power (peak power =

energy per pulse/ pulse duration) for visible wavelengths below one microsecond. We see the

MVL threshold scales with power in a near linear fashion on this log-log scale. If we assume a

retinal spot size radius of 10 pm, we can then plot pulse duration versus average irradiance at the

retinal plane. This is shown in Figure 2.

In a previous paper’ we showed that various nonlinear optical phenomena may influence the

spot size, wavelength, bandwidth or pulsewidth that impinges the retina. In long pulse MVL

exposures, the spot size on the retina can be defined by knowledge of the wavelength, divergence

angle and spot size on the cornea, but nonlinear propagation phenomena also effect the retinal

beam characteristics after propagation through the eye. Pictured in Figures 3 and 4 are the



regimes where different nonlinear propagation effects may effect the retinal beam characteristics.
We see that self-focusing may affect the spot size for pulses in the femtosecond regime and LIB
may affect the MVL threshold for 150 fs and below in the visible.
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Figure 3. Pictured is the peak power for MVL data (triangles) with an
outline of the peak power required for various nonlinear optical effects in
the geometry of the eye.

¢ Minimum Visible Lesion

* % Laser Induced Breakdown

10 A AR RERALRELLN AL | AR MR | ALY | LR
16 16° 10 10 10 10® 10° 107 10°

Pulse Duration (sec)
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4. CONCLUSIONS

Self-focusing and LIB have been found to be possible factors for subnanosecond MVL

thresholds for visible wavelengths. To extend these arguments into the NIR, one needs to
consider that NIR wavelengths focus behind the retina’. Neither self-focusing nor LIB should be

a player for these longer wavelengths, as they both are phenomena related with the focal plane
which is behind the RPE for NIR wavelengths. This is true except for LIB which can extend up
the beam path for much higher energies, much higher than the MVL threshold for these

arguments.
As reported by Cain et a1.7, the NIR MVL data follow the same trend as the visible MVL's.

If the decrease in MVL threshold for the visible pulses was due to self-focusing, one would not
expect to see the same trend in the NIR data because of the light focusing well behind the retina.
Since the data show similar trends, it is suspected that melanin mediated phenomena have an
effect on reducing the MVL threshold for ultrashort laser pulses.

The increasing use of ultrashort lasers emphasizes the fact that defining an appropriate
maximum permissible exposure limit is necessary. Use of ultrashort laser pulses offers the
possibility of unique solutions to many optical problems as well as unique explanations for
retinal damage. Studies are continuing to determine the interplay between the nonlinear
processes mentioned and melanin mediated effects. The combination of these studies should
generate an important biophysical understanding of retinal damage in many pulse and

wavelength regimes.
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ABSTRACT

The recent development of ultrafast laser systems in the visible and near infrared spectral regions requires detailed knowledge
of the material properties of ocular media. Different physical mechanisms play competing roles and give rise to new phenomena
as the femtosecond laser pulse propagates in ocular media. We investigate the relative importance of radial diffraction and
material dispersion for a wide range of wavelengths for femtosecond laser pulse propagation. Because no analytical solution exists
which can fully explain the laser-material interaction, we use numerical techniques. The numerical technique will be described in
detail.

Keywords: ultrashort pulses, lasers, self-focusing, dispersion, nonlinear propagation, ocular media

2. INTRODUCTION

Currently, the study of spatiotemporal effects of laser propagation is of significant interest™”. For intense continuous optical
waves (cw), the interaction of nonlinearity and diffraction can lead to self-focusing and, for sufficiently intense pulses, to critical
collapse where (in principle) the laser beam waist approaches zero and the beam intensity becomes infinite."" For temporally as
well as spatially pulsed optical beams, the nonlinearity couples the spatial and temporal behavior leading to complex dynamical
behavior. In a nonlinear dispersive medium, the study of propagating optical pulses have combined the effects of diffraction, Kerr
nonlinearity and group velocity dispersion (GVD)*’. The relative sign of the Kerr nonlinearity and the GVD plays a significant
role in the dynamics of the light matter interaction. In most studies, a positive Kerr nonlinearity is assumed and used in
conjunction with either a negative GVD (anomalous dispersion) or a positive GVD (normal dispersion).

In the negative GVD, it is suggested that a stable light bullet forms.” The situation in the positive GVD region is more complex.

In the normal dispersion region, the optical pulse broadens along the time axis but compresses (positive Kerr effect) in the

transverse direction. This spatiotemporal interplay leads to the splitting of the pulse in both space and time. In the case of weak
GVD, the pulse can achieve a high degree of spatial compression before splitting into several subpulses.”’

Nonlinear effects, such as self-focusing, may be responsible for some of the experimental observations for laser eye damage."”
It was recently proposed” that normal group velocity dispersion (GVD) increases the peak input power required for two-
dimensional self-focusing of ultrashort pulses. Several researchers have examined the effects of weak GVD on self-focusing for
picosecond (ps) pulses *°. Normal GVD affects self-focusing by spreading the pulse along the propagation direction. Because
cross sections of the light pulse differ in power, those possessing powers that exceed the critical power self-focus at different rates.

Additional experiments "° showed the presence of light-induced breakdown (LIB) and a propagation model was developed to
incorporate LIB . This theory solved a Drude model for the electron density generated by LIB coupled to the paraxial wave
equation for the propagating electromagnetic field. This model includes GVD, nonlinear self-focusing, multiphoton absorption,
and absorption and defocusing due to the electron plasma.

The recent advent of femtosecond visible and infrared lasers prompts the extension of the interaction of nonlinear, dispersive
and diffractive to be extended to new reals. This is because as the optical pulse becomes temporally shorter, the dispersive effects
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grow in importance. Previous studies assumed an instanteous (electronic) Kerr nonlinearity. However, in many materials, the
Kerr nonlinearity consists of both instantaneous as well as time-delayed components (i.e. Raman terms). This time-delayed
component becomes significant for ultrashort temporal pulses and was experimentally observed in optical fibers.

As the temporal pulse with decreases, higher order dispersive effects, beyond the GVD, can make significant contributions to
the optical beam propagation. These effects include self-steepening in addition to the time-delayed Kerr effect. In this paper we
examine theses effects for a femtosecond optical beam propagating in a Kerr nonlinear, dispersive medium. These results can play
a role in ultrashort laser propagation in biological media, such as the vitreous humor, and in bulk media, including solids, liquids
and gases.

3. FEMTOSECOND DISPERSION AND DIFFRACTION

The polarization can be written as

P(r,t)= eor Ot = )E@t—1 )df
- oo M
reo | [ [ a®@—t,t =1, =) E(R ) E(r, 1) ECr,)dndrdr,

where E is the electromagnetic field and P is the polarization vector. and (r.t) = (x,y,z,t). We are concerned with the effects of

the third-order nonlinearity governed by % .

r -1ttt =) =g PR —1)8(t—1,)0(t - 1)

@
The nonlinear part of the polarization can be written in terms of the dielectric constant,
P, (r,t) =€, E(r,1) (3)
The dielectric constant can be approximated by
e=(n, + An) =ni +2n,An 4)
where n, is the linear index of refraction and
An=n,|Ef ©)

and n, is the coefficient of the nonlinear index of refraction, k, = /c, and 0y is the coefficient for K photon absorption.
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However, the third-order susceptibility includes both resonant and nonresonant (incoherent) intensity-dependent effects
and the nonlinear part of the polarization vector can be written as

: 2
Py (r.0) =g,y PE(r0)[ Ra-1)|E(r0)] dt, ©

The response function, R(t) includes both the electronic (instantaneous) and vibrational (time-delayed) terms,
Rt)y=o'd@®)+1—-a')f() )

where & is the fraction of the response that is instantaneous and f(t) can be obtained from the measured Raman gain curve.
3.1 Theory

The electric field can be written in terms of the rapidly varying part and an envelope function,
1 —i(®gt—ky2)
E(r,t)= E(A(r, Ne " +cec) ®)

where A(r,t) is the envelope function and @, is the central or carrier frequency of the electromagnetic field. For femtosecond

pulses we obtain,”™*
i(i+k<1>ij+ 1Ko kPO KD I™
oz or) \2k, 2k*ot) * 23 6 o

®
n,® i d), 2
il ] B PR Aj R A1) df =0
c ®, ot ) 0
where k" = d'k/de’ evaluated at @), and V| represents the transverse spatial derivative.
An incident pulse of the form is assumed

e G

25 2t}

A0, x,y,t)=Ae e °° (10)

where T, is the spatial beam waist, T, is the temporal width of the pulse and A/’ is the peak incident pulse intensity. For simplicity
we will now let the transverse coordinates, x ,y be represented by r @ = x" +y°).

In order to examine the physics in more detail, we define the length scales




L,.=mnr’/X, Diffraction Length
2 2) . .
L=1/k Dispersion Length

L, =A,/2nn, A,  Nonlin