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INTRODUCTION

retina and the etiology of sequelae linked to changes 
in visual function. Together with the application of 
well-targeted functional assessment, advanced imag-
ing techniques have enhanced the understanding of 
laser-induced retinal sequelae.3 This chapter presents 
clinical evaluation of five military laser accident 
cases, representing a range of laser-induced retinal 
damage. These cases and evaluation techniques, first 
described by Zwick and his colleagues, were also 
featured in historical context to exemplify unique ac-
complishments and advances in the field of military 
quantitative physiology.4 Each case underscores the 
complex relationship between structure and function 
and illustrates the importance of combining imaging 
techniques to precisely identify structural damage 
with well-targeted assessments to identify functional 
changes. These cases demonstrate that functional 
diagnostic tools should not be limited to examination 
of neural mechanisms that can be observed at the 
retina. As structural damage resolves, the processing 
of visual neural code along the visual pathway can 
lead to changes in visual function outcomes that are 
not immediately evident by observing the structural 
damage at the retina. 

The next section of this chapter is an examination 
of imaging and visual techniques to assess retinal 
structure and visual function. Subsequent sections 
briefly explain how these techniques can be integrated 
to determine structural and functional relationships, 
as illustrated by each of the five presented accidental 
exposure cases included at the end of the chapter. 

Laser-induced retinal injury is a function of both 
the nature of the laser exposure and the retina’s acute 
and long-term response to the exposure. Convention-
al classifications of laser-induced retinal damage are 
based on acute laser-induced central retinal injury1 
with little attention given to secondary functional 
abnormalities that manifest as the effects of acute 
damage diminish. However, laser eye injuries as-
sociated with military laser fire-control (including 
rangefinding, designation, and illumination) systems 
have made evident the importance of suprathreshold 
laser-induced injury, revealing significant conse-
quences for visual function even when laser-induced 
retinal damage is not restricted to the central retina.2 
Specific consequences involve the development of 
intraretinal scar formation (IRSF), associated retinal 
traction, and retinal nerve fiber layer (RNFL) dam-
age. These secondary sequelae extend concern well 
beyond the macular region and, therefore, require 
new ophthalmic and functional techniques to assess 
their development, progression, and long-term con-
sequences for visual function to distinguish normal 
functioning retina from dysfunctional retina.

The US Army Medical Research and Development 
Command and US Army Materiel Command estab-
lished the Joint Laser Safety Team in 1968. Its mission 
was to study the nature and extent of potentially 
hazardous laser radiation emitted by military sys-
tems. A founding member of the team was Dr Harry 
Zwick, who dedicated his life’s work to studying the 
relationship between laser exposure effects on the 

ASSESSING IN-VIVO RETINAL MORPHOLOGY

Confocal Scanning Laser Ophthalmoscopy

Confocal scanning laser ophthalmoscopy (CSLO) 
provides the capability for imaging the retina along 
its axial dimension, yielding image “slices” in eyes 
with relatively large focal lengths, from the anterior 
RNFL-dominated retinal surface posterior to the reti-
nal vasculature.5–8 Figure 3-1 shows CSLO images for 
a nonhuman primate (NHP) (Figure 3-1, a and b) and 
a garter snake (Figure 3-1, c and d). The graph reflects 
the current state of the art in axial domain resolution 
(18 µm) for eyes with relatively large focal lengths 
(eg, NHPs). The art of the possible in axial resolution 
is demonstrated in the garter snake eye, whose focal 
length is relatively short. For the NHP, however, the 
range of confocal slices is greater than for the snake 
eye. The optical properties of the NHP eye permit an 
axial range from the RNFL (see Figure 3-1a) to the 

retinal vasculature (see Figure 3-1b). The optical prop-
erties of the garter snake eye permit, by comparison, a 
narrower range of axial separation, which is from the 
RNFL (see Figure 3-1c) to the photoreceptor layer (see 
Figure 3-1d). However, the optical properties of the 
snake eye yield finer resolution of retinal structures 
than those of the NHP eye. 

This comparative CSLO work, imaging eyes of 
species with differing optical properties, reveals the 
definitive advantage of imaging retinal elements and 
blood flow in the small eye. The small eye model al-
lows for assessing damage to relatively fine retinal 
structure and for observing the repair cascade over 
time. New wave front correction techniques utilize 
adaptive optics algorithms to correct for optical 
aberrations of the imaged eye, allowing for dif-
fraction limited imaging in the “large” human eye. 
Confocal applications now allow observation of the  
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photoreceptors and retinal pigmented epithelium in a 
human eye. These advances promise the detailing of 
morphological sequelae in the retina, from the RNFL 
to the retinal vasculature, to better understand and 
predict functional loss. 

Optical Coherence Tomography

Optical coherence tomography (OCT) images pro-
vide an in vivo cross-section of the retina. Images are 
rendered in false color to indicate retinal layers and 
respective structures. Figure 3-2a shows the path of 
the OCT scan that rendered the image shown in Figure 
3-2b. Figure 3-2, a and b, shows the OCT-rendered im-

age taken through the macular region from superior 
parafoveal retina into foveal retina and ending in infe-
rior parafoveal retina. The thickness of the parafoveal 
retina is 250 microns; the foveal retina, 150 microns. 
These thicknesses correspond with histological retinal 
measurements and thus can be used to characterize the 
condition of the retina. 

Figure 3-1. Comparison of range of confocal slice between 
rhesus monkey (a,b) and garter snake (c,d). 
Photographs: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.

Figure 3-2. (a) Vertical scan through the fovea. (b) Optical 
coherence tomography image yields a full retinal thickness 
cross-section of scanned retina. 
Photographs: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.

FUNCTIONAL METRICS AND STRUCTURAL CORRELATES

Assessing Visual Function Along the Visual Pathway

High spatial resolution vision (ie, visual acuity) (VA) 
is mediated by the central foveal region.9 VA demands 
a higher-order neural integration and augmentation, 
resulting in a relatively robust visual function. It is, 
therefore, not surprising that foveal retinal damage 
must be extensive, with a significant degree of second-
ary damage, to result in significant loss in VA. Maximal 
visual spatial resolution, measured as VA, is mediated 
at the center of the fovea. It was originally thought that 
center foveal ganglion cells innervated the most central 
region of foveal photoreceptors in a ratio of 1 ganglion 
cell to 1 photoreceptor,10 resulting in an off-axis acuity 
function with a characteristic peak at the fovea and sharp 
declines in acuity with distance from the foveal axis.11 

However, work by Curcio has shown that the cen-
tral foveal cones have a 2:1 ratio with retinal ganglion 
cells.12,13 When the 2:1 ratio is accounted for in the 
off-axis acuity function, it reveals a resulting small 
plateau of maximal acuity over the central foveal 
retinal space.11 This structure-function relationship 
suggests that neural plasticity associated with central 
foveal cones may actually begin in the inner retina. 
At the inner retina, central foveal cone innervation 
with ganglion cells via Henle’s fibers proceed to stri-
ate cortical visual space where the foveola (≈150 µm) 
is represented in a magnification of 7:1. In healthy 
visual systems, acuity provides a general measure of 
visual function. In laser accident cases where damage 
is confined to local areas of the retina, VA is often in-
sensitive to associated visual function changes because 
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there is significant neural plasticity and redundancy 
associated with VA. 

Contrast sensitivity, on the other hand, measures 
the reciprocal of the minimal contrast required (sen-
sitivity) for detection of visual stimuli across spatial 
(size) or temporal (target flickered on/off) frequencies. 
Stimuli are modulated sinusoidally across light and 
dark bands subtending a specific visual angle in the 
spatial domain and across on/off cycles in the tem-
poral domain. The spatial contrast function yields a 
relatively lower-order assessment of retinal integrity 
(magno/parvocellular ganglion cell systems) because 
higher-order processing of spatial information tends 
not to compensate for anomalies at the retina.14 Fur-
ther, evaluation of temporal sensitivity is important 
to characterize visual function changes or loss after 
laser-induced eye injury. Contrast sensitivity of the 
macular retina (targeting the more transiently respond-
ing magnocellular system involved in directing gaze) 
should be compared to the more sustained responding, 
centrally dominated parvocellular system.15 In sum, the 
forms of the spatial and temporal contrast sensitivity 
functions provide a complete picture of threshold 
sensitivity across target size to register detection and 
movement predominately at the level of the retina.

As with VA, traditional clinical color vision metrics 
such as the Farnsworth Munsell 100 Hue (FM 100 
Hue) are of limited utility because of their inability to 
accurately measure individual cone system damage. 
They involve measurements along the color (hue) dis-
crimination dimension, which is not a direct measure 
of individual cone viability but, rather, is a measure 
of the neural reorganization of cone input that takes 
place in the inner layers of the retina. 

The FM 100 Hue presents hues along the entire cycle 
of the color wheel. Given that the colors and their dis-
crimination scores represent a position in the cycle of 
hues, one can pattern the data using frequency domain 
time series models.16 Figure 3-3 shows the FM 100 Hue 
polar plots and their corresponding frequency density 
plots for a person whose vision is within normal limits 
(Figure 3-3a), a person with a congenital color deficiency 
(Figure 3-3b), and a laser accident case (Figure 3-3c). 

Figure 3-3. Farnsworth-Munsell (FM) 100 Hue test metrics for a human subject with normal color discrimination function (a), 
a human congenital color deficient subject showing a bipolar deutan axis with a significant second-order Fourier frequency 
component (b), and a human laser accident case (c) at 3 months postexposure showing a significant tritan monopolar error 
score and a highly significant first-order Fourier harmonic component. The axes of the FM 100 Hue test indicated in the 
center of the radial plots are B, blue; G, green; P, purple; R, red; and Y, yellow.
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.

Figure 3-4. Confocal scanning laser ophthalmoscopy (CSLO) 
imaging of visual function test target placement on a pa-
tient’s retina during measurement of contrast sensitivity. 
The schematic shows customized CSLO design, where Amp 
is amplifier, AOM is acousto-optic modulation, and Det is 
detector. PC is personal computer, and C is a Landolt C 
projected directly on the retina.
Photographs and illustration: Courtesy of the Laser Labora-
tory, with the technical assistance of André Akers.
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The resultant frequency density plots from a Fourier 
transform reveal the content of the color vision error 
function along the color circle and quantify the relative 
contributions of the primary color deficit F1 and the pri-
mary deficit axis F2. F0 gives the average magnitude of 
error along the color circle. The remaining components 
are analogous to harmonics, suggestive of the magni-
tude of sequelae. Relatively symmetrical axis deficits 
are typical of congenital defects (see Figure 3-3b) with 
weak F1 contributions suggestive of a primary color 
deficit. In laser cases (see Figure 3-3c), significant F1 
and F2 contributions exist. The F1 contribution sug-
gests the extent of retinal alteration to cone types, and 
F2 suggests disruption of higher opponent processes. 

The FM 100 Hue presents a focal target of color 
and, as such, may be less sensitive to outer retinal 
photoreceptor assessment of exposure effects that 
present with minimal ophthalmoscopic evidence 
of structural damage, but with subjective aware-
ness of visual dysfunction. Under these conditions,  
several metrics involving outer retinal assessment have 
demonstrated the effectiveness of spectral sensitivity 
measures for VA criteria. These permit measurements 
of spectral sensitivity functions that are made sensitive 
to parafoveal and foveal retina by manipulation of spa-
tial resolution (acuity) criteria ,17,18 the development of 
color contrast grating techniques,19 and the application 
of equal luminance color acuity charts.20 The Rabin 
charts are especially notable in that they provide the 
capability to assess specific cone system functionality 
in the clinical environment. This capability could be 
applied to the current Aidman Vision Screener21 with 
additional development and testing. The Screener was 
revised and now uses spectral Logmar acuity targets. 
Charts added to the Screener with and without neural 

opponent chromatic backgrounds may provide the 
capability of diagnosing laser exposure effects that 
present with minimal ophthalmoscopic evidence.

Integrating Imaging With Visual Function

Two separate techniques have been developed by 
US military medical researchers to assess the function-
ality of laser-damaged retinal sites. In the first tech-
nique, the CSLO raster pattern is modulated to provide 
a sufficient range of Landolt ring gap sizes (Figure 
3-4). The technique is used to determine a contrast 
sensitivity function for local retinal areas. The opera-
tor can place the visual stimulus, via the CSLO raster, 
on areas of the retina that are of clinical interest and 
generate contrast sensitivity functions for those areas. 
In this way, the operator can interrogate morphologi-
cally anomalous regions suspected of laser-induced 
damage. This technique is particularly effective when 
the ophthalmoscopic evidence is equivocal, despite a 
visual complaint and suspected exposure. 

A second technique utilizes normal fixation eye move-
ment pattern technology22 to evaluate individuals with 
laser-induced retinal damage. Such patterns have been 
shown to produce minimal visitation in retinal regions 
that are dysfunctional, thereby providing a “map” of 
functional and nonfunctional retina based on frequency 
of ocular motor visitation (Figure 3-5). Figure 3-5c shows 
the typical normal foveal fixation pattern. This pattern 
takes the general form of an ellipse, with the larger axis 
along the temporal/nasal extent, and typically spans 
an elliptical area of 150 x 100 microns. Deviations from 
this pattern are strongly associated with disruptions 
in the sensory system, which, in turn, disrupt the gov-
erning of the motor system directing eye movements. 

Figure 3-5. A normal eye movement map (c) acquired using a Stanford Research Institute (SRI) dual Purkinje eye-tracker 
(formerly, SRI International, Washington, DC; currently, Ward Technical Consulting, Jameson, Missouri) from a patient (a) 
who had reacquired normal fixation. The panel (b) shows the first and fourth Purkinje images, which are used to determine 
fixation to within 1 minute of arc and to differentiate eye rotation from head translation. 
Photographs and illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.
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LASER ACCIDENT CASES

orrhages. The TIE is the total energy incident on the 
cornea that can be transmitted through the pupil and 
can be focused on the retina. The TIE is not corrected 
for absorption and scatter through the outer ocular 
media. These two hemorrhagic exposures occurred 
nasal and temporal to the macula and a bridging scar 
though the foveal region was evident by 5 days postex-
posure.23,24 Figure 3-6 shows the resulting intraretinal 
scar at 18 months postexposure.

Measurement of VA in the OD at 24 hours postexpo-
sure was 20/400, improving to 20/200 at 3 months post-
exposure. Measurements of VA for this case, made over 
a subsequent 2-year postexposure period, remained 
unchanged at 20/200 (OD) and in the unexposed eye at 
20/20 ocular sinister (OS). Spatial and temporal contrast 
sensitivity measured at 6 months postexposure, using 
the CSLO technique already described, showed both 
high and low spatial frequency deficits. Figure 3-7 
shows the maximum difference in spatial (stationary) 
and temporal (dynamic) contrast sensitivity between 
the OS and the OD. The spatial contrast sensitivity 
function shows the largest difference at approximately 
4 cycles/degree, with the peak of the normal function 
at 6 cycles/degree. Furthermore, suppression for targets 
> 4 cycles/degree is greater than for targets < 4 cycles/
degree. This indicates that there is significant disruption 

The five laser retinal accident cases presented in this 
chapter all occurred in military settings and were all 
associated with laser-induced macular retinal hemor-
rhage. All cases were evaluated using techniques previ-
ously described. Four of the accidental exposures were 
induced by military laser rangefinders, and one was 
induced by a laser designator. Despite similarities in 
dose for the first four cases, lesion location was critical 
to outcome, but in ways not predicted by central versus 
peripheral convention. Case 5 was comparable to Case 
4 in terms of lesion placement; this similarity highlights 
the importance of sensory-motor relationships, as well 
as the plasticity of the ocular sensory/motor system 
in reestablishing the visual system’s ability to resolve 
fine-resolution targets. 

Case 1 

Case 1 received multiple accidental exposures to the 
right eye (OD) from an AN/GVS-5 laser rangefinder 
with an operating wavelength of 1064 nm at an energy 
output at the aperture of 15 mJ/pulse. The rangefinder 
was held at arm’s length from the eye and delivered 
several pulses with an estimated total intraocular 
energy (TIE) of 2.0 mJ/pulse, which resulted in four 
retinal lesions, two of which produced vitreous hem-

Figure 3-6. Case 1: Multiple exposures about the fovea and 
intraretinal scar formation (IRSF) between two of these lesion 
sites. Retinal traction extending from the IRSF is evident well 
beyond the macula. 
Photograph: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.

Figure 3-7. Measurements of stationary and dynamic contrast 
sensitivity (1-Hz luminance modulation) reveal maximum 
deficits in contrast sensitivity at 4 cycles/degree “Stationary” 
and 1 cycle/degree “Dynamic.”
OD: right eye 
OS: left eye
Illustration: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.
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to both magnocellular and parvocellular systems, with 
the magnocellular system disruption making a larger 
contribution to the overall visual function deficit. 

The temporal contrast sensitivity function confirms 
the larger contribution of the magnocellular system 
disruption to the overall visual function deficit. The 
temporal contrast sensitivity function (see Figure 3-7, 
Dynamic) shows that for sinusoidal targets luminance 
modulated at 1 Hz, maximal deficit is at 1 cycle/degree. 
Under these measurement conditions, the typical tem-
poral contrast sensitivity function peaks at 4 cycles/
degree.25 The fact that the largest deficit for spatial con-
trast was in the low- to mid-spatial frequency (4 cycles/
degree) and that the temporal contrast sensitivity peak is 
shifted to the higher spatial frequencies (deficit is small-
est at 11 cycles/degree) further confirms magnocellular 
system disruption. Note in the fundus photograph (see 
Figure 3-6) the extensive parafoveal traction, a second-
ary sequela from the tension caused by the contracting 
intraretinal scar. The traction may be contributing to 
the magnocellular system deficit since the magnocel-
lular pathway arises principally from the parafovea. 

Color deficits were assessed in the exposed eye 
(OD) with the FM 100 Hue test. Tests were performed 
6 months subsequent to exposure and were given with 
and without fixation restrictions. Figure 3-8 shows the 
resolving of the color deficit from a large, average, 
relatively undifferentiated deficit weighted toward 
the blue to an average deficit that is within normal 
limits but, nonetheless, shows anomalies in the blue, 
green, and purple. Of note are the distinct clusters 
of frequency components for the restricted fixation 
conditions measure. The frequency component dis-

tribution shows a very large overall deficit (f0) and 
a strong unipolar component (f1), which is a strong 
blue weighting. The cluster of frequency components 
beyond f6 are indicative of the lack of a well-formed 
system to govern color discrimination, most likely the 
result of an inability to reliably fixate areas of the retina 
structurally intact enough to make a discrimination 
due to test-imposed fixation restrictions. When fixa-
tion restrictions were relaxed, the deficit resolved to a 
more well-formed frequency component distribution 
showing an overall deficit at f0, a weighting to the blue 
(f1) with differentiated green and purple contributing 
anomalies, and a nominal red pole (f4). 

The persistence of the blue (S cone) anomaly across 
conditions is consistent with paramacular injury and 
magnocellular system disruption.26 That is because 
medium and long wavelength-sensitive cones are con-
centrated almost exclusively in the fovea whereas short 
wavelength-sensitive cones are principally distributed 
parafoveally, and signals from these cones are car-
ried by the magnocellular pathway. Thus, parafoveal 
damage impacts the chromatic system principally by 
disrupting the perception of blue and related hues. 
The color discrimination results are confirmatory of 
the contrast sensitivity results, indicating a strong 
magnocellular system disruption. Further, the fundus 
showed only paramacular lesions with the insult to the 
fovea due to the intrusion of an intraretinal scar. Visual 
field analysis did show functional central retina in the 
vicinity of the scar. Thus, when fixation restrictions 
for the FM 100 were relaxed, color discrimination im-
proved to within normal limits, albeit with anomalies 
evident in the blue and related hues. 

Figure 3-8. Farnsworth-Munsell (FM) 100 Hue scores for affected right eye (OD) show a shift from (a) a large fundamental 
indicating a large average error, with a strong first harmonic that is indicated in the graph as a strong blue deficit. This di-
minishes (b), when fixation restrictions are relaxed, to an average error within normal limits although with significant first 
and fourth harmonic components. The axes of the FM 100 Hue test indicated in the center of the radial plots are B, blue; G, 
green; P, purple; R, red; and Y, yellow.
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.
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Case 2

Case 2 received bilateral accidental exposures from 
an AN/GVS-5 laser rangefinder with an operating 
Q-switched wavelength of 1064 nm with an energy 
output at the aperture of 15 mJ/pulse. The rangefinder 
was held about 0.6 m from the eyes and delivered at 
least two pulses with an estimated TIE of 1.0 mJ/pulse, 
which resulted in bilateral retinal lesions that produced 
macular holes. The focus of this case is the sequela 
observed in the OD over a 2-year period. 

The OD received a paramacular exposure temporal 
to the optic disk and nasal to the macula in the papillo-
macular bundle (PMB). The lesion produced a vitreous 
hemorrhage in this region that took about 3 weeks 
postexposure to resolve. The lesion itself eventually 
developed into a full-thickness paramacular hole. Im-
mediately following exposure, VA was 20/50 (OD); at 
3 weeks postexposure, VA was 20/70 (OD); and by 13 
months postexposure, VA deteriorated to 20/800 (OD) 
postsurgery. At 13 months, contrast sensitivity was not 
measurable beyond 6 cycles/degree. 

Figure 3-9 shows the CSLO image of the paramacu-
lar hole and the CSLO image of the PMB–RNFL defect 
(Figure 3-9a) and an OCT scan through the center of 
the paramacular hole revealing complete loss of sen-
sory retina (Figure 3-9b). The dotted outline shows the 
extent of retinal nerve fiber layer pruning in the region 
of the PMB showing a wedge defect. This particular 
defect was first described by Frische et al.27 Zwick 

and colleagues later modeled the phenomenon in 
NHP to investigate the functional implications of the 
laser-induced retinal neural pruning that was shown 
to progress with Wallerian degeneration.28  

Figure 3-9c shows the fixation eye movement patterns 
at 18 months after surgery to remove epiretinal scar tissue 
that was producing traction and inducing retinal detach-
ment. The map of functional retina rendered by this tech-
nique allows for the assessment of functional retina from 
which to interpret the images of structural damage. Nor-
mal fixation eye movements map in an elliptical pattern, 
with the majority of visitation times within the fovea. The 
average extent of the nasal/temporal axis of the elliptical 
pattern is ≈150 µm and that of the superior/inferior axis 
≈100 µm.29 Comparatively, the fixation eye movement 
pattern shown in Figure 3-9c suggests a lack of strong 
sensory input to govern the eye movements. Although 
there appears some visitation in the area of the fovea, 
there is also a significant amount of searching around 
the functional boundary of the macular hole. Together, 
this suggests that the remaining sensory retina produces 
insufficient signal quality to govern target fixation. Note 
that the irregular shape of the boundary of functional 
retina and that the rendered map does not mirror exactly 
the size and shape of the hole. The functional map is de-
pendent not only on the integrity of the neural elements, 
but also on communication between the sensory and 
motor systems. Thus, disruption in pathways will affect 
the functional map such that areas not visited in the eye 
movement map may appear relatively well formed in the 

Figure 3-9. (a) Confocal scanning laser ophthalmoscopy image of a right eye (OD) paramacular hole taken after stabilization 
surgery at 18 months postexposure. The dashed outline shows the retinal nerve fiber layer defect. (b) Optical coherence 
tomography scan through this hole (left white arrow) shows loss of sensory retina, leaving retinal pigmented epithelium 
and choroidal vasculature. (c) Fixation eye movement map obtained for the OD postsurgery. Map shows a dysfunctional 
fixation pattern with fixation at any one location minimal. The grid is ≈400 × 400 µm; one grid square is ≈9 µm. 
Photographs and illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.
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structural imagery. The Wallerian degeneration of nerve 
fiber in the PMB can account for the differences between 
structural and functional imagery. Nonetheless, without 
the structural image showing nerve fiber track pruning, 
the functional map cannot be differentially interpreted. 

Figure 3-10 shows FM 100 Hue color discrimination 
error scores over 192 days postexposure. There appears 
to be no trend in total and partial error scores, with all 
scores well beyond normal limits. The long-term ab-
sence of any significant harmonic frequency component 
indicates that the trichromatic receptor components 
have been equally affected (Figure 3-10c). This is most 
likely caused by the Wallerian neuronal degeneration 
observed in the PMB. These fibers transmit trichromatic 
cone output from the third-order neuron to higher brain 
regions that require this input for color discrimination.

Case 3 

Case 3 received unilateral (OD) accidental expo-
sure to a 1064 nm beam emitted by a battery-operated 
Nd:YAG laser rangefinder. The exit port of the range-
finder was held approximately 0.6 m from the eye. The 
eye received an estimated TIE of 2.5 to 3.0 mJ/pulse, 
which produced vitreal hemorrhage.30 By 3 weeks post-
exposure, the vitreous hemorrhage had cleared. A full-
thickness 100-µm diameter macular hole with evidence 
of traction was diagnosed at the 3-month postexposure 
fundus examination (Figure 3-11, a and b). An OCT im-

age taken through the center of the lesion site (Figure 
3-11c) revealed total loss of sensory retina in the macula 
hole and a significant choroidal extension beneath the 
fovea. Reflectance in the CSLO indocyanine green (ICG) 
image indicated vascular blockage (Figure 3-11d). ICG is 
a clinical imaging technique using dye to evaluate blood 

Figure 3-10. (a) Farnsworth-Munsell (FM) 100 Hue scores show no trends in total error scores. The frequency composition 
shows a transition in the distribution from (b) first harmonic contribution suggestive of a monopolar blue weighted deficit at 
4 weeks postexposure to (c) a large f0 undifferentiated error at 192 weeks, suggesting an inability to discriminate color. The 
axes of the FM 100 Hue test indicated in the center of the radial plots are B, blue; G, green; P, purple; R, red; and Y, yellow. 
BY: blue-yellow
RG: red-green
SQRT: square root 
wks: weeks
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.

Figure 3-11. A full-thickness fundus photograph of the macu-
lar hole at 3 months postexposure (a), a corresponding confo-
cal scanning laser ophthalmoscopy (CSLO) image showing 
evidence of traction (b), an optical coherence tomography 
vertical scan through the center of the macular hole (c), and 
a CSLO indocyanine green image with reflections indicating 
macula choroidal vasculature blockage (d). 
Photographs: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.
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flow in the retina. At 12 months, CSLO images revealed a 
reduction in hole size and the disappearance of traction 
bands; changes in the choroidal entity appeared weaker 
in reflectance, but broader in extent (Figure 3-12a). The 
OCT showed evidence of tissue bridging the gap of the 
macular hole consistent with spontaneous reduction of 
the macular hole size (Figure 3-12b). 

VA changed concomitantly with evidence of im-
provement in macular integrity. Upon presentation, 
VA was 20/150 (OD) and 20/20 (OS). At 3 weeks, VA 
improved to 20/60 (OD), then declined to 20/70 at 3 
months, and improved to 20/40 by 12 months postex-
posure. Color discrimination FM 100 Hue functions 
were within normal limits at 12 months with no further 
change observed at 24 months postexposure. Con-
trast sensitivity measured using the CSLO technique 
showed a long-term deficit (OD) in sensitivity for high 
spatial frequency targets (Figure 3-13).

Fixation eye-movement patterns at 3 months were 
dominated by a vertical search pattern (Figure 3-14a). 
The vertical pattern spans an area greater than that 
of the foveal region. This pattern indicates a search 
for sensory retina to attract fixation eye movements. 
At 3 months postexposure, focal areas of the func-
tional sensory retina were unable to produce a strong 
enough signal to govern eye movements. At 12 months 

postexposure, the fixation eye movements showed an 
attraction focus and the development of a significant 
horizontal component. This component spans the typi-
cal ≈150 µm extent. However, the persistence of the 
vertical component suggests the signal attracting eye 
movement visitations is weak (Figure 3-14b). 

Case 4

Case 4 received bilateral accidental exposures from 
an AN/GVS-5 laser rangefinder with an operating Q-
switched wavelength of 1064 nm, producing an energy 
output at the aperture of 15 mJ/pulse. The rangefinder 
was held about 0.6m from the eyes and delivered at 
least two pulses with an estimated TIE of 1.0 mJ/pulse, 
which resulted in bilateral retinal lesions that produced 
macular holes. The focus of this case is on the sequelae 
observed in the OS over a 2-year period.31

The OS suffered an acute macular vitreous hemor-
rhage with long-term damage restricted to the fovea. 
Figure 3-15 shows a fundus (Figure 3-15a) and CSLO 
image (Figure 3-15b), demonstrating a discontinuity 
through the center of the fovea. Figure 3-15c shows an 
OCT image revealing the extent of a small, flat macular 
hole through the center of the fovea. 

VA at 48 hours postexposure was 20/200; by 8 
days postexposure, VA improved to 20/25; and by 
3 years postexposure, VA improved to 20/15. Color 

Figure 3-12. Macula hole diameter is reduced in size at about 
12 months postexposure compared to 3 months postexposure 
(see Figure 3-11). (a) Confocal scanning laser ophthalmoscopy 
reveals an absence of retinal traction about the macular hole. 
Changes in choroidal entity appear weaker in reflectance at 
12 months, but broader in extent. (b) Optical coherence to-
mography shows tissue bridging the gap of the macular hole. 
Photographs: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.
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Figure 3-13. Contrast sensitivity, measured using the con-
focal scanning laser ophthalmoscopy technique, showed 
long-term right eye (OD) deficit in sensitivity for high spatial 
frequency visual stimuli. Note the significant suppression in 
OD sensitivity from 6–30 cycles/degree. 
OS: left eye
Illustration: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.
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discrimination measured with the FM100 Hue test at 
3 years postexposure demonstrated error scores within 
normal limits, with no significant axis or harmonic 
components.

Landolt ring contrast sensitivity measured under 
CSLO retinal observation confirmed that foveal place-
ment was not used in discriminating small Landolt ring 
targets normally requiring foveal utilization. Instead, 
such targets were consistently placed superior and 
slightly temporal to the fovea. The contrast sensitiv-
ity function peaked at the typical 6 cycles/degree, and 
sensitivity across spatial frequency was within normal 
limits although at the lower limit (Figure 3-16). 

At 4 years postinjury, VA was recorded at 20/15. 
Figure 3-17 shows the fixation eye-movement patterns 
at this time, the focus of which is consistent with that of 
the earlier CSLO observation (Figure 3-16a). The focus 
of the fixation eye movements tracks along the superior 
boundary of the foveal hole. The map of the eye move-
ments about a focus superior and slightly temporal to 
the anatomical fovea shows a pattern typical of healthy 
eyes, indicating the formation of a psuedofovea.32 The 
eye movement map also shows visitations outlining the 
extent of nonfunctional fovea, which corresponds to 
the size and shape of the hole identified in the fundus 
examination. This case provides functional support 
to Curcio’s structural findings12,13 and suggests that 
the VA function peak corresponding to the foveola 
(≈150 µm) is most likely a result of its visual cortex 
representation, which is magnified at a ratio of 7:1.11  

Figure 3-15. The fundus photograph (a) shows a central 
anomaly in the macular area (note light spot in the center 
of the typical darker central macular area). The confocal 
scanning laser ophthalmoscopy image shows a small foveal 
break in the retina and the track of the optical coherence to-
mography (OCT) scan across the break (b). The OCT image 
shows a small, flat central hole (c).
Photographs: Courtesy of the Laser Laboratory, with the 
technical assistance of Andre’ Akers.

Figure 3-14. Fixation eye movements changed significantly from 3 (a) to 12 (b) months postexposure. At 3 months, an atypical 
vertical movement was observed that spanned over a 300-µm vertical range with little horizontal movement. At 12 months, 
fixation eye movements show a definite focus and a more typical horizontal extent (b). 
(Scale a: 1 box = 6 µm; Scale b: 1 box = 10 µm) 
Illustrations: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.
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Case 5

Case 5 received bilateral accidental exposures from 
a Q-switched Nd:YAG laser designator, which emitted 
10 laser pulses/second at a wavelength of 1064 nm. 
The exit beam diameter (10 cm) was large enough to 
permit a simultaneous bilateral exposure. Eye posi-
tion at exposure was a few centimeters from the exit 
aperture with a received TIE estimated at 315 µJ/pulse. 
The exposure induced confined bilateral macular hem-
orrhages. The hemorrhage was slightly larger in the 
OD and centered on the fovea. The patient was treated 
within 6 hours postexposure with a moderate steroid 
dose, and a taper continued for a postexposure period 
of 2 weeks.33 This case describes sequelae in the OD. 

Figure 3-18 shows the laser designator and a recon-
struction of the bilateral exposure scenario. At 4 days 
postexposure, OCT imaging showed a fovea with a 
break in retinal pigment epithelium (RPE) integrity 
beneath the fovea. At 1 month, the RPE break resolved to 
minimal foveal thickness. Foveal thickness at 4 months 
showed significant thickening close to the normal foveal 
thickness and was accompanied by a return of normal 
color discrimination, VA, and contrast sensitivity within 
this same 4-month time frame. In the third column of 
images, corresponding CSLO images are shown, reveal-
ing a reduction in the lesion size from 2 days to 1 month 
and the disappearance of an ophthalmoscopically vis-
ible lesion by 12 months postexposure.34

VA at 3 hours postexposure was 20/50 (OD) and di-
minished to 20/200 (OD) by 2 days postexposure. VA re-
covered to normal levels within 3 months postexposure. 
Color discrimination was nominally beyond normal 
limits at 2 days postexposure. At 1 month postexposure, 

color discrimination functions were within normal lim-
its, as measured with the FM 100 Hue examination.34 
Landolt ring contrast sensitivity functions measured un-
der CSLO visualization at 4 days postexposure showed 

Figure 3-16. The confocal scanning laser ophthalmoscopy image shows contrast sensitivity test for the preferred retinal 
location (PRL) for resolving fine-resolution targets (a). The placement of fine-resolution targets is superior and temporal to 
the fovea. Contrast sensitivity at 912 days postexposure shows a contrast sensitivity function within—although at the lower 
limit of normal (b). 
OS: left eye
Photograph and illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.

Figure 3-17. Fixation eye movements recorded at 4 years 
postexposure for fine-resolution targets. The pattern con-
firms the earlier finding with confocal scanning laser oph-
thalmoscopy showing, in relation to the fovea, a superior/
temporal fixation locus. Other than the shift in locus and 
visitation along the boundary of the hole, the fixation pattern 
is typical of those seen in healthy eyes. 
Illustration: Courtesy of the Laser Laboratory, with the 
technical assistance of André Akers.



61

Relating Structural Insult to Visual Function: Selected Accident Cases

uniform suppression, with peak sensitivity shifted from 
the typical 6 cycles/degree mid-spatial frequency peak to 
a peak at 1 cycle/degree. The peak shift to lower spatial 
frequencies indicates a disruption in foveal function. 
At 9 months, contrast sensitivity functions were within 
normal limits and corresponded to a shift in preferred 

retinal location (PRL) from fixation superior and slightly 
temporal to the fovea to within the fovea (Figure 3-19a). 
Figure 3-19b shows that fixation eye movements at 9 
months are consistent with typical, human-fixation 
eye-movement patterns.22 The map shows no functional 
disruption within the foveal region. 

Figure 3-18. The large exit port of the designator makes it possible for bilateral exposure at ocular distances of a few centi-
meters (a). Optical coherence tomography (b) images show the progression of right eye wound healing from 4 days through 
4 months and confocal scanning laser ophthalmoscopy (c) images from 2 days through 12 months postexposure. 
Photographs: Courtesy of the Laser Laboratory, with the technical assistance of André Akers.

Figure 3-19. The confocal scanning laser ophthalmoscopy image shows the shift in preferred retinal location (PRL) for plac-
ing fine-resolution targets (<10 cycles/degree) from a focus superior/temporal to the fovea to a focus within the fovea (a). 
With the PRL return to the fovea, the fixation eye movement map (b) shows a typical pattern, with no indication of residual 
functional damage.
Photograph and illustration: Courtesy of the Laser Laboratory, with the technical assistance of André Akers. 

REVIEW

Five laser injury cases involving retinal hemorrhage 
were evaluated with ophthalmic techniques that related 
structural insult to visual function. The cases’ results 
indicate the complexity of the structure-function relation-
ship and the scope of visual system resilience (Table 3-1). 
Despite similarities in dose, placement of the lesion on the 

retina contributed significantly to visual function outcome, 
but not in a classically expected manner. For example, 
Cases 4 and 5 demonstrate that foveal damage does not 
equate to diminished VA in that foveal-like function can 
be recovered through a shift in PRL from the fovea to a 
position superior and slightly temporal to the fovea.35  
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Structural damage was detailed through the utiliza-
tion of CSLO and OCT imaging techniques that dem-
onstrated the depth of IRSF and RNFL-PMB damage 
in vivo, confirming previous NHP histological studies 
of these secondary damage processes.30 CSLO imaging 
demonstrated that retinal traction exists above the RNFL 
and often may extend into the vitreous, possibly alter-
ing normal photoreceptor orientation, which has been 
demonstrated to cause reduction in visual sensitivity.36 

Spatial visual function metrics of VA and contrast 
sensitivity are seriously affected by retinal traction 
and IRSF. These damage mechanisms alter recep-
tor orientation of large retinal areas, reduce retinal 
thickness, and induce neural disorganization in the 
process of their formation. Case 1 showed the most 
serious example of traction and IRSF effects on spatial 
vision metrics, affecting both stationary and dynamic 
measures of contrast sensitivity associated with the 
global effects of IRSF and traction. Failure of acuity 
to recover over the 2-year period is also significant, as 
acuity is highly “protected” by cortical magnification 
of the fovea (relative to the parafoveal region) and by 
findings that indicate neural receptor field plasticity 
or expansion that provides added neural redundancy 
for reduced foveal retinal neural output.37 

The mechanism that prevents neural plasticity 
in Case 2 is associated with the interruption in the 
PMB region of the RNFL caused by induction of the 
paramacular hole that formed following resolution 
of vitreous hemorrhage. Evidence that the fovea was 
still functional, but could not transmit its spatial and 
chromatic neural output to higher-order visual brain 
systems was supported by fixation eye movement 
maps demonstrating foveal visitation capability. While 
this lesion was parafoveal, and ordinarily such lesions 
are given less importance than more central retinal 

lesions, this particular lesion interrupted the major 
neural pathway carrying foveal neural retinal code to 
higher-order brain mechanisms. 

In the absence of secondary damage mechanisms 
previously described, spatial and chromatic vision 
may recover over a time span of about 3 to 6 months, 
as seen in Cases 4 and 5. The surprising release of trac-
tion in Case 3 and the ensuing full recovery of color 
discrimination and near complete recovery of VA was 
unexpected, but documented by the capability of CSLO 
imaging to capture anterior retinal pathology. Never-
theless, while acuity continued to recover, presumably 
via cortical neural compensation for reduced foveal re-
ceptor output, contrast sensitivity remained constant, 
showing a consistent deficit in the high spatial frequen-
cies. This is indicative of the strong association between 
contrast sensitivity and lower-order retinal ganglion 
cell systems.38 On the other hand, the rapid recovery 
of color discrimination to normal levels at 12 months 
may relate to the fact that color vision photoreceptor 
systems are distributed over broader regions within 
the fovea, where photoreceptor to ganglion cell ratios 
are larger than those in the central fovea.39   

A critical factor in understanding the mechanism of 
neural plasticity in Case 4 is the observation made with 
the OCT that showed a “break” in the central foveal 
region. This break may have caused some degree of 
failure in normal foveal function, resulting in a degree 
of dysfunction in spatial vision and PRL replacement 
neural mechanisms. Evidence for this hypothesis 
was observed in both the development of a new PRL 
superior and slightly temporal to the fovea and in the 
fixation eye movements for fine-resolution targets as 
mapped with the dual Purkinje eye tracker. The latter 
confirmed the establishment of a new PRL and further 
showed optical accommodation with this shift of about 
0.25 diopters, sufficient to produce a baseline accept-
able point spread function.29

Case 5 initially showed a PRL superior and slightly 
temporal to the fovea, identical to that of Case 4. How-
ever, during this 3- to 6-month postexposure period, 
other visual functions—including VA and sine wave 
contrast sensitivity—were still recovering. During this 
recovery period, CSLO Landolt ring contrast sensitiv-
ity showed frequent, but not sustained, placement of 
Landolt ring contrast sensitivity targets within the 
fovea, prognostic of the recovery of foveal function. 
This function did recover between 6 and 9 months 
postexposure. Color discrimination, measured with 
the FM 100 Hue examination, had recovered in both 
eyes within the first month postexposure, indicating 
that cone mechanisms had recovered or were suffi-
ciently active to minimize possible residual selective 
cone dysfunction. This is most likely due to a greater 

c/d = cycles per degree
mJ – millijoule
OD = right eye
OU = both eyes
PMB = papillomacular bundle 
PRL = preferred retinal location 
RPE = retinal pigmented epithelial layer 
TIE = total intraocular energy
µm = micrometers
WNL = within normal limits
Adapted from Zwick H, Ness JW, Belkin M, Stuck BE. In vivo 
diagnostics and metrics in the assessment of laser-induced retinal 
injury. In: Friedl KE, Santee WR, eds. Military Quantitative Physi-
ology: Problems and Concepts in Military Operational Medicine. In: 
Lenhart, MK, ed. Textbooks of Military Medicine. Falls Church, VA: 
Department of the Army, Office of The Surgeon General, Borden 
Institute; 2012: 129–155.

Table 3-1 continues
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inherent redundancy of the cone-to-ganglion cell ratio 
in the foveal regions and further magnification of this 
relationship to the visual cortex.

At nonhemorrhagic levels, metrics that evaluate out-
er retinal cone system functionality appear to be more 
sensitive than those that rely on achromatic metrics of 
VA and not on contrast sensitivity.17 When accidental 
exposure is repeated by malfunction19 or by intentional 
exposure,40 functional loss in spatial retinal-based met-
rics may become permanent, although high-contrast 
achromatic VA may still be compensated by static or 
dynamic visual cortex plasticity. Of special note is the 
color contrast examination developed by Arden et al 
that uses both color opponency and color contrast.19 
These metrics interrogate both retinal ganglion cells as 
well as higher-order visual processing that render con-
trast, color opponency, and color contrast information. 
While this test represents a major advance in utilizing 
various levels of neural code arising from the retina, 
this test could also be improved to track the neural 
code arising from the fovea by utilizing a broader range 
of spatial frequencies in evaluation of retinal systems 
associated with central fovea visual function.18   

Finally, the animal behavioral and morphological 
evaluations of outer retinal cone function require some 
discussion. Sperling et al demonstrated the photic tox-
icity of short-wavelength light to S cone photoreceptors 
and that such exposures occurred in the range of 5 
log10 Td.41 This brightness level is slightly higher than 
comfortable brightness, but not considered a thermal 
threat. However, prolonged exposure to such levels of 
highly monochromatic blue light did produce perma-
nent deficits in S cone incremental spectral sensitivity, 
indicating vulnerability of either the S cone or some 
other component in the retina sensitive to such visible 
radiation.42 

Reidenbach et al reported a persistent afterimage 
lasting 108 hours after exposure to a 405-nm source 
at a cumulative TIE of 3.813 mJ.43 In total, there were 
nine exposures, each 1 second in duration, at increas-
ing power from 1 nW to 560 µW in a trial series with 
a cumulative TIE of 1.27 mJ per series. Three trial 
series of exposures were delivered over a 2-hour 
period to allow time for visual recovery before each 
subsequent exposure. Retinal illuminance for the 560-
µW exposure was about 6.88 log10 Td. As reported by 
Ness et al (see Chapter 6, The Effects of Nondamaging  
Levels of Laser Energy on Vision and Visual Func-
tion), the 405-nm exposure is more than two orders 
of magnitude less than that of Stamper et al,44 who 
exposed volunteers to a 514.5-nm source at 9.23 log10 
Td retinal illuminance, producing an afterimage 
that lasted no more than a minute. These exposures 
are well below the maximum permissible exposure 

level, yet the 405-nm exposure had a profound effect 
on vision. Zuclich reported damage threshold for 
near-ultraviolet (UV) at 0.28 J.45 The cumulative TIE 
reported by Reidenbach et al was 0.0038 J.43 Given 
the multiple exposures, the possibility of a photo-
toxic conditioning effect may have occurred.46 Taken 
together, the research supports the phototoxic effect 
of near-UV on S cones as reported by Sperling et 
al.41 This issue has taken on greater relevance with 
the discovery of third harmonic effects from pulsed 
1.3-micron laser systems.47

The experiments of Zwick3 and Schmeisser48 bring 
another aspect to this review, which is the possibility 
that the unique interference patterns (speckle) induced 
by visible laser light when irradiating a surface may 
have peak powers high enough to produce significant 
retinal dysfunction or photoreceptor loss. While this 
hypothesis remains to be validated, it should be point-
ed out that higher-order brain mechanisms continue 
to form complex methods of producing images from 
unique neural signals and that prolonged viewing of 
speckle with moderate peak powers above average 
power may induce neural reorganization in ways that 
may degrade visual function. Parallel exposures made 
on NHPs revealed unique histopathological findings 
of increases in basal bodies and striated rootlets within 
the RPE that indicate significant physiological changes 
can be induced by such exposure.49 These changes may 
have been responsible for detuning receptor systems 
associated with high acuity criteria and sensitizing 
receptor systems at lower acuity criteria; however, 
over about a 2-year period, receptor systems appear 
to have been reorganized with peaks and levels of sen-
sitivity consistent with those of higher-acuity spectral 
sensitivity functions. These observations are consistent 
with similar long-wavelength cone system emergence 
following acute foveal injury to small spot Q-switched 
690 nm dye laser exposure,3 suggesting that such ef-
fects may be triggered by a wide range of laser energy 
exposure levels.

The ability to address the diagnostic issues reviewed 
in this chapter with an animal model capable of pro-
viding an in vivo view of such processes in “action” is 
unique. In vivo imaging of laser-induced retinal injury 
and repair processes has shown changes in the internal 
reflection of photoreceptors, indicative of changes in 
mode structure.50 Changes in mode structure suggest 
a change in photoreceptor orientation and, thus, in 
sensitivity to particular spectral frequencies.51 Such re-
flectivity is not the same as a lesion observed in a large 
eye (eg, NHP) because of the full thickness and low 
resolution with respect to cellular structure in the large 
eye. The in vivo small eye model is also different from 
histological preparations because it exists in its natural 
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state within the retina. The behavior of the in vivo small 
eye model can be documented to include changes in 
orientation, reflectivity, and migration into the center of 
a laser retinal injury site. The latter has been suggested 
as a retinal plasticity mechanism and documented by 
retinal photoreceptor histology, suggesting that, over 
time, peripheral photoreceptors may migrate into lesion 
sites clear of damage photoreceptors.52 The importance 
of this observation relates to the fact that, in the NHP 
and human retina, damaged photoreceptors in the fo-
vea are dominated by cones. If migration is a relevant 
explanation of visual functional recovery, replacement 

receptors from the peripheral retina must have charac-
teristics that provide trichromatic cone characteristics. 
Such characteristics may simply be greater redundancy, 
as in Case 5 for return of color discrimination. However, 
long-wavelength cone emergence was also demon-
strated over very different spectral and energy levels. 
This suggests that the reemergence of long-wavelength 
cone systems may involve unique photoreceptor spec-
tral tuning, requiring an active rootlet system within 
the photoreceptor and the RPE, to provide a range of 
movement parameters that might be necessary for such 
spectral tuning of the waveguide.53  

SUMMARY

In this chapter, metrics that combine structural and 
functional diagnostic techniques revealed a wide variety 
of damage and recovery processes. These techniques are 
needed for reliable, rapid, and valid measures of visual 
function deficits associated with laser retinal injury. 
Further development will be needed as lasers become 
smaller, more spectrally agile, and more widespread. 
Techniques are needed to interrogate the full spectrum 
of visual function, including the contrast required to 
resolve features that subtend a range of visual angles, 
the ability to detect fine differences in hue, and the 
sensory-motor coordination of fixation eye move-
ments. Until deficits in these functions are diagnosed, 
researchers are limited in their ability to evaluate the 
functional consequences of laser retinal injuries and 
differentiate changes that are primarily retinal in origin 
from higher-order sequelae. In the military situation, 
rapid differential diagnostic procedures are required to 

identify laser-induced retinal injury. These procedures 
will require compact ophthalmoscopes with axial, 
as well as transverse, retinal imaging capability with 
integrated visual function tests that interrogate the 
span of visual processing from the retina into higher-
order visual centers. This investigative functionality 
will allow for the identification of vision loss that may 
be due to retinal or brain physiological dysfunction.

As adjunct to other military systems, and possibly 
as weapons in their own right, lasers will continue to 
play an important and sometimes dangerous role on 
the modern battlefield. At present, there is no adequate 
comprehensive protection against accidental or inten-
tional exposure to lasers in combat. Thus, it is critical 
that the field of laser safety research move forward 
toward the development of preventative protocols and 
prophylactic technologies to protect military personnel 
and to support military operational objectives.
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