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Abstract. At select wavelengths, near infrared (IR) light is absorbed in the preretinal media of the eye. This produces
small transient increases in temperature that temporarily alter the local index of refraction. If the IR exposure is
sufficiently high, a momentary reduction in the focusing power of the eye can be induced through an effect
known as thermal lensing. Fundamental optical interaction and safety aspects of this phenomenon have been
demonstrated previously in animal and artificial eye models. However, whether the effect will induce an observable
visual change in human subjects has not been explored. Here, results of a pilot study are shown where eight human
subjects were exposed to an IR laser at levels that were below the safe exposure limit. The exposures did induce a
transient visual distortion if sufficiently high levels were used. While the description of the visual change varied
between subjects, this experiment was able to determine a general guideline for power needed to induce significant
effects in human subjects. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.10.105007]
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1 Introduction

Military and law enforcement agencies in the United States and
elsewhere are devoting considerable resources to the area of
“nonlethal weapons.” Of particular interest are devices that dis-
rupt normal vision with bright visible light. These devices are
often referred to as ocular interruption (OI) devices, as they are
designed to saturate retinal photoreceptors and produce glare or
transient flash blindness.'™ One specific class of Ol devices, the
laser dazzler, employs visible lasers that project a beam toward a
distant target. While dazzlers have proven useful in the field,
the effectiveness of these devices depends upon the amount
of light entering the eye, ambient lighting conditions, and the
laser wavelength(s) used.>* For example, a green light device
provides warning even during daylight hours, whereas either
a bright green or red source can temporally disrupt vision in
dimmer conditions.

The concept of thermal lensing was first reported by Gordon
et al.’ The basic principle arises from a phenomena which occurs
when a weakly absorbing medium is sufficiently heated to
induce a change in the index of refraction and form a virtual
lens. This physical response can occur within any transparent
material where the absorption properties allow for heating,
such as water, air, fused silica, and ethanol. Since the principle
is based on the local absorption of energy into the medium (and
subsequent temperature rise), it becomes strongly dependent on
both time and space. In general, the induced changes in the
index of refraction, n, can be modeled via Eq. (1):
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n(r,z,t) =n, + (dT) T(r,z, 1) (1)

where n is the refractive index, (dn/dt) is the first order tem-
perature dependence of the refractive index (or thermo-optic
coefficient) of the material, and T is the laser-induced change
in temperature as a function of space and time.® The temperature
change can be calculated using the heat-transport equation
[Eq. (2) shown in cylindrical coordinates]:
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where x(z) is the thermal conductivity of the tissue in [J/cmsC],
¢(z) is the specific heat of the tissue in [J/gC], p(z) is the den-
sity of the tissue in [g/cm3], T(z, r, t) is the temperature rise at
the coordinate (z,r,¢)['C], and A(z, r,?) is the source term in
units of [J/cm3s].

Previous research using “translational wavelengths” from
1050 to 1350 nm has led to the hypothesis that laser-induced
thermal lensing in the human eye could cause transient visual
disruption.>'* As the light rays are focused toward the retina
by the curvature of the cornea and the lens, local areas of absorp-
tion within the eye produce both transverse and longitudinal
temperature gradients, leading to the formation of a thermal
lens. The overall affect results in the creation of a dynamic non-
linear negative focal length-like lens which shifts the focal point
of the eye beyond the retina. This shift in focal length causes
the focused beam diameter at the retina of a collimated beam
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incident on the cornea to be enlarged once the thermal lens
forms, see Fig. 1.

Tests using only 1318 nm wavelength exposures in artificial
eyes also clearly demonstrate blurring of the image as a result of
this thermal lens formation, see Fig. 1.

To determine the viability of using thermal lensing for OI,
three critical questions must be answered. First, can safe tests
be conducted in the human eye? Second, is there a demonstrable
effect on vision from ocular thermal lensing? Finally, once
safety is assured and the concept is proven in humans, is
there sufficient power within the safety limits to significantly
distort vision?

1.1 Safety Considerations at 1319 nm

Ocular tissue absorption coefficients between 1150 and
1400 nm are known to be low enough to penetrate the cornea
and yet high enough that less than 15% of the light within this
wavelength range reaches the retina, see Fig. 2(a).'* The value of
wavelength-dependent absorption coefficients for the cornea,
aqueous, lens, and vitreous for the human eye are illustrated
in Fig. 2(b) from 1150 to 1400 nm,'* and the amount of energy
absorbed in the retina as a function of wavelength is presented
in Fig. 2(c). From the data presented in Fig. 2, approximately
3.6% of the 1319 nm light entering the cornea reaches the retina,
1.6% of that light is then absorbed by the retinal pigmented
epithelium (RPE). In other words, less than 2% of the IR energy
entering the cornea actually contributes to potential damage on
the retina.

It is hypothesized that as 1319 nm power is increased,
heating of 1°C to 3°C is sufficient to induce index of refraction

Fig. 1 Visible focal region spot of HeNe laser coaligned with a 150 mW
1318 nm laser at (a) initial state (t = 0 s) and (b) the end of the IR-laser
exposure (t = 1.0 s). Measurements were made in an artificial eye.'®

changes which result in the formation of a thermal lens within
the eye. This thermal lensing effect then causes an even further
increase in safety as the beam diameter at the retina is increased,
see Fig. 1. As a result, it was hypothesized that thermal lensing
would significantly influence ocular damage thresholds induced
by these lasers.'>!'? Damage threshold experiments at
1319 nm using rhesus models indicate that the 24 h ED50
threshold for a 80 ms exposure is 14.5 W of measured power
for a 5 mm beam entering the eye,'?> where ED50 is the amount
of energy required to create a minimal visible lesion in 50%
of exposures. Based on this series of investigations, it was
determined that the current ANSI Z136.1-2007 standard
(0.072 J-ecm™2, exposure duration of 1 s for wavelengths
between 1200 and 1400 nm) was extremely conservative
(approximately 10x lower) than necessary in order to meet the
universally accepted margin of safety (10% of the ED50).%!?

In an ideal situation, the subject’s pupil will be much larger
than the diameter of the IR laser; however, in a practical setting,
the beam size of an OI device will be much larger than the
subject’s pupil. Therefore, it becomes important to establish
the risk of potential harm of the IR beam to the iris. Absorption
of IR energy in the iris is strongly dependent on the amount of
pigmentation, or melanin, present in the eye. Similar to skin, a
lighter-color (lower melanin) iris will absorb less of the IR
energy than a darker-color (high melanin) iris. For this safety
analysis, only a worst case damage scenario for a dark (high
melanin) iris will be considered. Very little data currently exists
on the absorption properties of the iris; however, since the
absorption of melanin will dominate for dark pupils the damage
threshold of the iris is known to be similar to the threshold for
skin. ANSI lists the maximum permissible exposure (MPE) for
1319 nm, 0.25 s exposures to be 3.9 J- cm~2. This value is
considerably lower than the retinal threshold; however, it should
be noted that most of the energy from a Gaussian beam will be
transmitted through the pupil, making this a conservative
estimate of the damage threshold.

The third, and final, point of damage for a 1319 nm laser
entering the eye is the cornea. Damage threshold studies
have again shown that corneal thresholds are several orders
of magnitude higher in this wavelength range than the current
ANSI standard.?"*? Experiments from Chen et al. using various
animal models also further confirmed this hypothesis by report-
ing the ED50 threshold for the cornea to be approximately
9.04 W for a 5 mm beam incident on the cornea.’ These
thresholds are much lower than the retinal hazards for long
exposures (0.1 to 10 s); however, a proposed threshold of even

(a) baseline

(b) laser on

(c) laser off

Fig. 2 (a) Initial state image (t = 0 s); (b) steady-state image (t = 0.667 s) from when the IR laser was exposed; and (c) image appearance 0.0667 s
after the IR laser source is turned off. The system returns to its initial state appearances about 0.20 s after the IR laser source is turned off.
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Fig. 3 (a) Transmittance of energy reaching the human retina,'* (b) absorption coefficient of 1319-nm laser in the human preretinal media,'* and (c) fit

to the percent of energy reaching the retina absorbed by the rhesus RP

1.0 J-cm™ is still very conservative in protecting against
cornea, iris, and retina lesions.

These damage threshold measurements from animal and
computational modeling have provided sufficient evidence to
suggest that laser thresholds in ocular media could be signifi-
cantly increased without increasing risk of lesions within the
eye. As a result, changes in the threshold limit values (TLVs)
have been adopted by the American Conference of Governmen-
tal Industrial Hygienists.”> Some changes in the current (2007)
ANSI standard have been made; however, the increase to 1.0 J -
cm™2 has not yet been fully incorporated due to ANSI’s more
extensive review process. However, similar increases in the
exposure limits are anticipated in the next ANSI Z136.1
standard (2013). In both standards the MPE and TLV for
1319 nm laser light and a 1 s exposure time will be capped
at 1.0 J - cm™.

With these new exposure limits, it is now possible to test
whether thermal lensing in the human eye can cause significant
changes in visual function. Previous experimental results using
an artificial eye have already shown that the thermal lens
influences the focus of visible wavelengths, Figs. 1 and 3;
however, it is still unclear if the natural human eye will be
able to compensate for these changes in the visible wavefront
with accommodation or if the effect will impact a large enough
field of view to be detected by the observer. Therefore, this study
seeks to determine if a noticeable difference in visual function
can be observed in the presence of a thermal lens induced in
ocular media using different power levels and exposure
durations.

2 Methods

2.1 Subject Task

Eight healthy subjects between 20 and 65 years of age with
uncorrected distance visual acuity of at least 20/30 participated
in the experiment. Each subject was examined by an eye care
professional prior to beginning the experiments to rule out
any preexisting ocular conditions which may influence the
safety of the study. The study was conducted under the tenets
of the Declaration of Helsinki,>* and informed consent was
obtained from all subjects.

Each subject was exposed to eleven different power/duration
combinations, see Table 1. During the experiment, exposures
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Table 1 Eleven exposure combinations used for each subject.

Power (mW)
86.5 173.1 3462 6924
Exposure duration  0.25 A B C D
(sec)
0.50 E F €] H
1.00 I J K -

were randomized so that subjects were unaware of the current
power or exposure duration being used. After each exposure,
subjects were asked to indicate (with “Yes” or “No”) whether
a visual distortion occurred during the exposure. For each
“Yes” response, subjects were then asked to describe the
observed changes in the visual stimulus. These comments
were recorded either by the subject or by an investigator present
in the room. In order to minimize the number of exposures
for each subject, each set of exposure conditions (A to K)
were administered three to five times, depending on the consis-
tency of the subject’s responses (i.e., if the first three responses
were consistently “Yes” or “No” then no further trials were
needed).

2.2 Instrumentation

The experimental setup, Fig. 4, utilized an open-view (Newto-
nian) optical system to provide a method of visual stimulus
viewing. A 2-inch hot mirror was used to align and deliver
the IR beam into the subject’s pupil. A low power (= 10 uW)
visible laser beam (543 nm) coaligned with the IR laser was
used to help align the subject with the IR beam and the center
of the visual stimulus. A Nd:YAG Lee Laser (Lee Laser Inc.,
Orlando, Florida) was configured for a 1319 nm output, and
a beam expander (BE02M-C, Thorlabs Inc, Newton, New
Jersey) was used to control beam size and collimate the IR
laser to a minimum divergence. The 1/ IR beam diameter
was measured to be 4.44 mm at the subject’s eye position
using an IR camera (EPM 2000, Molectron Dectector Inc,
Portland, Oregon).
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Fig. 4 Experimental setup.

A bite bar and forehead rest were also utilized to aid in
subject positioning. Once the subject was brought into position,
the visible beam was turned off, and the unexposed (left) eye
was covered using an eye patch. Prior to the experiment, a
dual detector power meter (EPM 2000, Molectron Dectector
Inc, Portland, Oregon) was used to calibrate the IR laser
power at the subject with the power emitted at one exit of a beam
splitter placed just after the laser. The power of the IR laser at the
beam splitter was then continuously monitored during data col-
lection, and a shutter system was employed to ensure proper
power levels were used. This system was also programmed
to automatically cut off the beam if the power level drifted
above the desired level.

An IR camera (Electrophysics Micron Viewer, Fairfield,
New Jersey) was used to view the corneal reflection of the
IR beam and allow for video recordings of each exposure
which were used to measure the pupil diameter of each subject
and confirm each exposure was successfully delivered. To help
increase the likelihood of a successful exposure, pupils were
enlarged by placing the subjects in a dark room with the
only the visual stimulus acting as a light source. The visual sti-
mulus was an Amsler grid subtending 7 deg of visual angle with
an average luminance of 89 cd - m~2. The grid was presented on
a LCD display positioned 83 cm from the subject’s corneal
plane, see Fig. 5(a).

2.3 Data Analysis

The percentage of “Yes” responses (i.e., the frequency of visual
change) was recorded for each exposure condition. These
data were analyzed using MATLAB (MathWorks, Natick,

(a) Normal (b) Blurred

Massachusetts) and SPSS (IBM Corp., Armonk, New York). The
goal was to determine the effect of IR power, duration, and
higher order predictors (such as subject age and pupil diameter)
on the frequency of visual change. Video images acquired dur-
ing data collection were used to estimate alignment accuracy
by measuring the position of the IR beam on the cornea.

3 Results

3.1 Effects on Visual Performance

Before analyzing the data, video footage of each subject’s
experiment was used to confirm the laser beam position relative
to the pupil for each exposure condition. Little variation in the
vertical positioning of the beam was observed; only the horizon-
tal position potentially affected the outcome of the exposure. For
most subjects, the horizontal beam position was maintained
within the pupil. The only exceptions were for subjects 2 and
4, where occasionally (one or two exposures) the beams did
not fully enter the eye. These exposures were removed from
the data set for subsequent analysis.

The frequency of visual change reported was analyzed for all
power and duration combinations for all eight subjects, see
Fig. 6. A large amount of variability existed between and within
each subject, but this was expected since a threshold level effect
was being investigated. However, our first subject reported a
visual change for every exposure level. Sham exposures
revealed that this individual was experiencing visual changes
in the absence of any laser exposure. Therefore, while results
for subject 1 are shown in Fig. 6, the results for this subject
were excluded from the final determination of the thermal
lensing effects on visual function.

(c) 1-D Shift (d) 2-D Shit

Fig. 5 Simulations of the distorted Amsler grid blurring for (a) normal conditions (no IR exposure), (b) full distortion/blur (c) 1-D horizontal shift, and
(d) 2-D shift. Images were generated using Inkscape Vector Graphics Editor (Inkscape, www.inkscape.org).
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Fig. 6 Interpolated curves of frequency of visual change (i.e., percent of time effect was seen) plotted against power level for the various durations

for each subject.

After results were compiled for each individual subject, the
responses were averaged to determine an approximate threshold
across all subjects. This interpolation was expected to result in a
low frequency of visual change for lower energy levels and a
high frequency of visual change as the energy was increased.
However, several subjects reported visual changes at low expo-
sure levels and the cubic interpolation analysis did not mimic a
cumulative probability function. Therefore, to characterize the
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threshold effect as accurately as possible, the subsequent analy-
sis was based on a Gaussian error function regression, as shown
in Fig. 7.

Results showed that the power level used strongly correlated
with the likelihood that the exposure would be associated with a
visual change. Some variation in the frequency of visual change
was also observed for different exposure durations; however,
given the limited number of subjects allowed for this pilot
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Fig. 7 Responses averaged across subjects 2 to 8 and fit to a Gaussian
error function.

study, an in-depth statistical analysis to determine the signifi-
cance of exposure duration would not be appropriate. Therefore,
it was concluded that the relationship is most likely related to the
total amount of power required to create a sufficiently strong
thermal lens which can significantly impact vision.

3.2 Observed Visual Distortion

In addition to the binary “Yes” or “No” response from each sub-
ject, a description of the effect was also recorded for each “Yes”
response. Descriptions of the observed visual changes varied
greatly between subjects. Almost all subjects described a
“full blurring” of the visual target during exposures at the
highest power level (692 mW). For mid-level exposures (173
to 346 mW), subjects reported some or all of the following: loca-
lized blurring in the center, blurring on the edges, a “doubling”
of the vertical and/or horizontal lines (i.e., two-dimensional
shift), and a directional (or one-dimensional) shift of the target
left or right within the field, see Fig. 5.

4 Discussion

This experiment has demonstrated that thermal lensing can
induce safe significant visual distortions of human vision.
These effects were possible with IR energy levels below the
current standards set by the ACGIH. Having examined the effect
at various power levels and exposure durations, it was deter-
mined that total IR power delivered to the cornea played a
more significant role in predicting a visual effect than the expo-
sure duration. Minor discrepancies between trials with different
exposure durations suggest that there might be a minimum ther-
mal lens effect which is needed to overcome the eyes’ ability to
compensate for the wavefront distortion through accommoda-
tion; however, once this minimum energy level is reached a
visual change will be observed in 100% of exposures. Based
on the limited number of exposure durations used in this
study, it is difficult to determine an accurate radiant energy
threshold; however, the effect was more consistent for levels
above 346 mW with almost 100% visual disruption for powers
of 692 mW. Future studies using a larger number of subjects and
a wider range of power levels and exposure durations should be
completed in order to more accurately define a threshold of
visual effect.

Despite being dark-adapted, the average pupil diameter
achieved from subjects 1 through 8 was only 4.19 + 1.26 mm.
This meant that a portion of the IR energy would be absorbed
and scattered from the subject’s iris. As previously discussed,
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Fig. 8 Power needed to induce a visual change in 75% of exposures
compared to the subject’'s measured pupil diameter for subjects 2
through 8.

this would influence the total amount of IR energy being deliv-
ered to the posterior sections of the eye, and may have contrib-
uted to the between-subject variations observed in the data. To
analyze this, the amount of power needed to induce a visual
change in 75% of exposures was plotted against the individual’s
pupil diameter, see Fig. 8.

Figure 8 shows very little correlation between the subject’s
pupil size and the IR power needed to induce a visual change in
75% of exposures. Subjects in this experiment also came from a
range of ethnic backgrounds, and therefore, this data represents
a range of melanin distributions within the iris which would
have varying influences on the propagation of the 1319 nm
laser. There are several reasons why the subject’s pupil size
was found to be independent of the threshold for visual function.
First, the Guassian beam profile means that most of the energy
delivered to the eye will be located at the center of the subject’s
pupil. Therefore, any energy which was absorbed in the iris may
not significantly contribute to the thermal gradient needed to
generate visual distortions. This minimal influence of pupil size
could also occur if the effects of a thermal lens generated in the
cornea (rather than the retina) contributed more significantly to a
change in visual performance. In other words, if the thermal lens
generated from the energy absorbed in the cornea layers dom-
inates, then the influence of energy absorbed in layers posterior
to the cornea (such as the iris) would be more difficult to dis-
tinguish from the overall effect.

The within-subject variability may have occurred, in part,
due to variability in the alignment of the subject and the IR
laser, resulting in the formation of a thermal lens off-axis
with respect to the visual axis. Despite the use of a bite-bar
and forehead rest, some changes in subject positioning occurred.
This was especially evident when a subject came out of the
apparatus to verbally describe the visual changes they experi-
enced. More experienced subjects were able to return quickly
to the same position for each exposure, but less experienced sub-
jects took significantly longer to align and showed slightly more
variation in their results. Future experiments should incorporate
a more robust and repeatable method of aligning the subject with
the optical delivery system and minimize the number of
instances where a subject needs to verbally respond to a stimu-
lus. Small variations between subject responses could have been
a result of age and aberration differences between subjects. As
the eye matures it begins to lose its ability to accommodate
which could decrease the threshold required to induce a thermal
lens in these subjects. Higher order aberrations could also
impact the natural focus of the infrared (IR) light, causing
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the thermal lens to form in a slightly different axial location, and
thus alter the effect. While all of these variations are important
to consider in future experiments, the overall similarity between
the subjects, however, suggests the effect of these higher order
aberrations to be minimal on a threshold power.

In order to more accurately correlate visual effects with the
generation of the thermal lens, future experiments should also
incorporate the use of intrinsic optical imaging techniques that
are capable of measuring the power of the thermal lens created
within the eye during each exposure. The measured changes can
then be correlated with the visual changes experienced, and
determination of a more accurate threshold for visual disruption
should be possible.

5 Conclusion

Studies have been conducted on eight human subjects, which
have successfully demonstrated a safe distortion to the visual
field when an IR laser is used to induce a thermal lens within
the ocular media. This distortion is possible with power levels
under the updated ACGIH injury thresholds for near-IR light
entering the eye. These experiments have only begun to scratch
the surface for the potential of thermal lensing to influence
visual performance. Future studies will incorporate a more
robust method of measuring distortion as well as improved fea-
tures for subject alignment so that a more thorough experiment
of the influence laser-induced thermal lensing on visual function
(contrast sensitivity, visual acuity, etc.) can be conducted.
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