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INTRODUCTION

Since that time, researchers have continued to study 
the potential for damage of ever more sophisticated lasers 
using more sophisticated dosimetry and diagnostics. 
The total number of groups and individual investiga-
tors involved is small; the database of thresholds for 
laser-induced retinal damage is substantial, but by no 
means complete. A primary purpose of laser bioeffects 
research is to establish parameters for safe use and to 
serve as a basis for the establishment of safety guidelines. 
Laser safety guidelines are, in effect, an empirical model 
based on the trends of threshold data, which enables 
the computation of a maximum permissible exposure 
(MPE) for any given combination of laser parameters. 
The original guidelines were formulated around a ru-
dimentary database and drew heavily on knowledge of 
the optical and physical characteristics of the eye, and 
from physical theories about how light interacts with 
matter in general and with biological tissue in particu-
lar.1–3 The original guidelines have proven quite durable. 
Provisions of the guidelines have been adjusted and/or 
incremented to represent a growing body of supporting 
data, but many of the basic provisions for exposure time 
and wavelength dependence are essentially unaltered. 

A secondary purpose of laser bioeffects research is to 
reach a point in which the database itself is sufficient. 
Based on existing data, it would seem useful to con-
struct an empirical model that is capable of predicting 
the ED50 (exposure dose having a 50% probability of 
producing the criterion response) for all exposure 
configurations. To the extent that such a model is 
successful, data are understood to be sufficient and 
self-consistent. Where the model is not successful, data 
are understood to be inadequate or contradictory. The 
model should, therefore, point to deficiencies in the 
available dataset and, by extension, to deficiencies in 
the provisions of the safety guidelines.

Researchers have actively investigated the interac-
tion of laser radiation with retinal tissue in vivo for 
well over 40 years. A majority of the research has 
been funded by the Department of Defense primar-
ily because of capability and need. Immediately after 
the first successful operation of a ruby laser, the US 
Army proceeded to adapt the device for use as a 
rangefinder. The laser presented an elegant solution 
to an old problem, but also presented a new, poorly 
understood problem. Military tacticians already 
fully understood and could fully exploit the conse-
quences of directing a high-velocity projectile. The 
parameters of safe operation of traditional munitions 
were understood and drummed into new recruits in 
basic training. By contrast, the new laser could be 
fired repeatedly at an individual with no discern-
ible effect, unless that individual was standing in 
the wrong place and looking in the wrong direction. 
In that case, the consequences of exposure could be 
devastating. The parameters of safe laser operation 
were not understood because the potential for harm 
had not yet been measured. Initial guidance was 
borrowed from studies that had been conducted in 
the 1950s and were designed to determine the retinal 
hazard of the nuclear fireball. But the laser was clearly 
different than other light sources; to resolve safety 
issues, it would be necessary to perform bioeffects 
experiments using the laser itself as a source. The 
military had the lasers, the applications, and the need 
to ensure the safety of its troops. Both the US Army 
and the US Air Force established multidisciplinary 
research teams in the late 1960s to initiate bioeffects 
experiments to determine the eye hazard posed by 
the lasers available at that time. Data developed by 
these teams provided a basis for the first standards 
for the safe use of lasers.

BACKGROUND

alterations. A number of metrics have been used to 
determine the presence of alteration. The more sensi-
tive metrics, such as measures of visual function and 
microscopic evaluation of excised tissue, are resource 
intensive; these metrics are utilized sparingly to place 
a lower bound on the range of introduced energy ca-
pable of producing retinal change. The primary metric 
continues to be the presence of a minimum visible le-
sion (MVL) detected via ophthalmic examination after 
exposure. Two methods have been used to estimate 
the introduced energy that is required to produce the 
MVL. Some researchers placed a graduated range of 
exposures on the retina and approximated threshold 

The eye is the most vulnerable part of the body to 
visible and near-infrared (NIR) laser radiation. This is 
because the eye can concentrate incident light on the 
absorbing layers of retinal tissue that lie at the focus of 
the eye’s optical system3–6 (Figure 9-1). In the relaxed, 
normal eye, a collimated laser beam is focused into 
a small retinal image where the concentrated energy 
can induce thermal, mechanical, and photochemical 
processes that alter the retinal tissue.6–9

Researchers have accumulated a substantial body of 
dose–response data by introducing carefully controlled 
and measured energy into the eye of anesthetized ani-
mals, and evaluating the exposed retinas for resulting 
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energy as the average of the lowest energy that pro-
duces the criterion effect, and the highest energy that 
does not produce the criterion effect. More commonly, 
researchers have placed an array of exposures over a 
range of introduced energies (Figure 9-2), correlated 
the response (presence or absence of an MVL) to the 
introduced energy for each exposure (Figure 9-3), and 
computed the probability of producing the criterion 
response as a function of introduced energy using the 
statistical technique of probit analysis.10,11 The princi-
pal products of the probit analysis are the ED50, and 
the slope that can be given either as the slope, b, of 
the probit curve at the ED50 or as the ratio ED50/ED84, 
where ED84 is that dose having an 84% probability of 
producing the criterion response. The two are related: 
b = [log10(ED50/ED84)]

-1. 
The ED50 is not a threshold; in fact, it may not be pos-

sible to determine a true threshold for these effects. The 
ED50 should, however, be related to the threshold in a 
manner that is persistent across exposure parameters 
and therefore serves as a fair and viable basis for safety 
guidelines. For the remainder of this chapter, ED50 will 
be the label for not only the product of a probit analy-
sis, but also for the estimated dose for production of 
an MVL determined by other estimation techniques.

The ED50 for laser-induced threshold damage is 
dependent on a number of factors. Inherent to the 
laser are wavelength, pulse duration, and pulse repeti-
tion rate. The experimental configuration determines 
the retinal irradiance area and profile, the exposure 
duration, and the number of pulses. The investigator  

Figure 9-1. An incident laser beam is concentrated by the 
optics of the eye onto the retina. Light passes through the 
clear ocular media and the sensory retina before impinging 
on the retinal pigment epithelium (RPE) and the choroid. The 
retinal pigment epithelium is a monolayer of cells containing 
strongly absorbing melanin granules. 

Figure 9-2. An array of laser exposures of varying incident 
energy in the retina of a rhesus monkey. The laser wavelength 
was 532 nm, and the exposure duration was 100 ms. Some 
exposures resulted in visible alteration while others did not.
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Figure 9-3. The probability of producing a minimum visible 
lesion (MVL) as a function of the incident energy. Exposures 
producing an MVL are placed on the probability = 1.0 axis. 
Exposures not producing an MVL are placed on the prob-
ability = 0 axis. The red line shows the probability of produc-
ing an MVL determined by dividing the number producing 
an MVL by the total number of doses in a range of incident 
energy. The green line is the probability of producing an MVL 
as determined by probit analysis of the data. The dashed line 
(on the green line) is the probability obtained by setting α 
= ED50 (dose having a 50% probability of producing the cri-
terion response) and B = b – 1 in the logistic ogive (equation 
(9)). b is the slope of the probit fit. 
TIE: total intraocular energy
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chooses the criterion for determination of retinal 
alteration. The scope of this chapter encompasses 
only the retinal MVL as determined by ophthalmic 
examination. The visibility of laser-induced retinal 
alteration varies with the interval between exposure 
and observation. Early researchers used 5- to 15-min 
observation times before standardizing on a 1-h end-
point. More recently, investigators have augmented the 
1-h endpoint with a second observation at 24- to 48-h 
postexposure. The later observation typically results in 
a lower ED50. Early researchers used the rabbit as the 
animal model, but later adopted the rhesus monkey as 
a closer match to the human eye. Within the primate 

eye, the central area of the retina, known as the macula, 
is generally more sensitive to laser-induced alteration 
than are the more peripheral paramacular retinal areas. 
A single experiment, with exposures placed in both 
macular and paramacular retinal areas of the rhesus 
eye and with observation endpoints of 1 h and 24 h 
postexposure,  can yield four distinct ED50 values, 
the lowest of which is the ED50 for macular alteration 
observed 24 h after exposure. The remainder of this 
chapter concerns the wavelength dependence of the 
ED50, the exposure duration dependence of the ED50, 
and the nature of the effects of repetitively pulsed 
retinal exposures.

WAVELENGTH DEPENDENCE

Figure 9-4. (a) Direct (green line) and total (red line) transmission (Tλ) of the preretinal ocular media of the rhesus eye. (b) 
Absorption (Aλ) of light in the retina by H2O (blue line), oxyhemoglobin (red line), and retinal pigment epithelium (green line).
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Threshold-level laser-induced thermal retinal 
damage is localized to the retinal pigment epithelium 
(RPE), a monolayer of cells within the retina containing 
melanin granules (see Figure 9-1). Melanin is a very 
strong absorber of optical radiation to the extent that 
most of the radiation incident on the retina is absorbed 
in a 5 µm layer of melanin granules. The absorbed en-
ergy results in significant tissue heating and thermal 
damage even for very low levels of energy incident 
at the cornea.  

Assuming that the temperature required for thresh-
old damage is not dependent on the wavelength of 
the incident radiation, an action spectrum for thermal 
retinal damage can be approximated based on the 
wavelength-dependent transmittance through the 
preretinal ocular media and absorption within the 
retina.1,6,12 Transmittance of the preretinal ocular media 
has been measured by a number of investigators.13–19 

The transmittance of the media, cornea, aqueous, lens, 
and vitreous was measured separately for each of the 
component parts after dissection of the eye. The tis-
sue was necessarily “dead” with attendant changes 
in transmission and, more importantly, scatter of the 
transmitted light. Scattered light becomes very impor-
tant for the determination of retinal irradiance in that 
it removes light from the focused beam, thus reducing 
the retinal irradiance. The primary source of scatter in 
the transmitted radiation is the cornea, and scatter in 
the cornea is sensitive to the integrity of its structure. 
Typically, the transmission of the tissue is measured 
in a spectrophotometer configured to collect all the 
transmitted radiation; thus, the measured quantity is 
the total transmission through the tissue. Transmis-
sion of the eye, based on these measurements, will 
overstate the irradiance at the retina. Alternately, the 
direct transmission of the ocular tissues is determined 
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by collecting only the portion that remains collimated 
after traversing the tissue and thus will converge to a 
focus in the intact eye. Data from these studies have 
been collected and used as the basis for a consistent set 
of ocular transmittance tables published by the Com-
mission Internationale de l’Éclairage (CIE).20 The CIE 
tables of direct transmission of the rhesus eye are used 
in this chapter (Figure 9-4a). The choice of rhesus mon-
key is deliberate; essentially all available laser-induced 
retinal damage thresholds have been determined in 
that species, and the intent is to compare the theoretical 
action spectrum to the experimental data. 

Energy reaching the retina is absorbed in the retina 
and choroid. The percentage of light absorbed in the 
RPE has been measured for the human, rabbit, and 
rhesus monkey. The values for RPE absorption used 
in this analysis (Figure 9-4b) are represented by the 
equation:

(1)	 A(λ) = 1-e-αλs,

where s is the absorption length, and the absorption 
coefficient is given by αλ = α0(λ0  ⁄ λ)3.5.

The absorption length, s, is 5 µm and α0 is set to 4,100 
cm-1 at the wavelength 0 of 380 nm. This form provided 
a reasonable fit to the experimentally determined ab-
sorption of the RPE.21–23 

Before reaching the RPE in the macula and the region 
around the macula, light must traverse the neural retina 
that contains layers of capillaries having an average 
diameter of 5 µm.24 The absorption of incident radia-
tion in 5 µm of hemoglobin is equal to the absorption in 

the RPE for the wavelength range around 440 nm (see 
Figure 9-4b). Figure 9-5 is representative of the retinal 
appearance after exposure to blue wavelength laser 
pulses of 3.5-ns duration with the laser beam focused 
by the eye to ~25 µm diameter at the retina; this demon-
strates the high incidence of retinal hemorrhage for such 
exposures. For exposure wavelengths from 410 to 450 
nm, the hemorrhage resulted from rupture of capillaries 
in the neural retina, and the ED50 for the production of 
such hemorrhage was nearly the same as the ED50 for 
the production of RPE injury at the same wavelength 
(Figure 9-6). For wavelengths longer than 450 nm, the 
hemorrhage was subretinal, resulting from the rupture 
of Bruch’s membrane at the RPE/choriocapillaris inter-
face; the ED50 for such a hemorrhage was much higher 
than the ED50 for production of RPE injury.

At wavelengths longer than 1,300 nm, light absorp-
tion by H2O in the sensory retina is as great as that 
absorbed in the RPE. The H2O-absorbed energy can 
produce laser-induced thermal damage in all layers 
of the retina25 (Figure 9-7).

The energy absorbed by the RPE, Qr(λ), is:

(2)	 Qr(λ) = Qp(λ) ∙ T(λ) ∙ Tb(λ) ∙ A(λ),

where 

Qp(λ) = the energy at the cornea within the area of 
the pupil,

Figure 9-5. An array of laser exposures of varying incident 
energy in the retina of a rhesus monkey demonstrating a high 
incidence of retinal hemorrhage. The laser wavelength was 
430 nm, and the exposure duration was 3.5 ns. 
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Figure 9-6. A comparison of the ED50 (dose having a 50% 
probability of producing the criterion response) for produc-
tion of a minimum visible lesion (green line) in the retinal 
pigment epithelium to the ED50 for production of a retinal 
hemorrhage (red line) for laser retinal exposure in 3.5-ns 
duration pulses to laser radiation at wavelengths from 410 
to 570 nm. 
TIE: total intraocular energy



176

Biomedical Implications of Military Laser Exposure

T(λ) = the transmission of the preretinal ocular me-
dia at wavelength λ, 

A(λ) = ARPE(λ) + AH20(λ) is the absorption of the 
retina at wavelength λ, and

Tb(λ) = the transmission of hemoglobin (where a 5 
µm absorption path is assumed).

Rearranging, 

(3)	 Qp(λ) = Qr(λ)/{T(λ) ∙ Tb(λ) ∙ A(λ)}.

The absorbed energy, Qrλ, required to produce thermal 
tissue damage varies as a function of the diameter of 
the irradiated area on the retina. Given a collimated 

laser beam incident at the cornea, the diameter of the 
irradiated area at the RPE varies with the wavelength 
of the incident light because of chromatic aberration 
(Figure 9-8).26,27  

The threshold for laser-induced retinal damage 
becomes larger as the irradiated area of the retina be-
comes larger (see Chapter 10, Dependence of Retinal 
Thermal Injury Threshold on Size and Profile of Laser). 
Therefore, a spot size-dependent term must be inserted 
into equation (3). 

(4)	 Qp(λ) = k ∙ (dλ)X/(T(λ) ∙ Tb(λ) ∙ A(λ)),

where 

k = Qr0/d0,
Qr0 = the required energy for a minimum spot size, 

d0, and 
dλ = the chromatic aberration-induced diameter at 

wavelength λ.

The value of the exponent X and therefore (dλ)X is time 
dependent. X varies from a value of 2 (nanosecond to 
microsecond-duration exposures) to a value of 1 (1-s du-
ration and longer exposures). This relationship is com-
plicated by uncertainty over the value of d0. Although 
the optical quality of the eye will allow the incident 
laser radiation to be focused to a diameter at the RPE as 
small as 5 to 7 µm under optimum conditions,28 research 
suggests that the threshold for retinal injury does not 
decrease for image diameters <70 µm29–31 (Figure 9-9). 

Figure 9-7. Laser-induced retinal injury in the rhesus monkey 
after exposure to a 20-ns duration pulse having a wavelength 
of 1,319 nm. High absorption of laser energy by the H2O in 
the retina resulted in damage in all retinal layers.
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Figure 9-8.  Chromatic-aberration-induced variation of the 
laser beam diameter at the retinal pigment epithelium (RPE) 
(dλ) of the rhesus eye for a collimated beam incident at the 
cornea. Blue, green, and red wavelengths are imaged at dif-
ferent retinal planes.
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Figure 9-9. The dependence of ED50 (dose having a 50% prob-
ability of producing retinal injury) on the retinal diameter 
(d) for 7-ns duration, 532-nm laser exposures. 
Circles: measured values of the ED50. Dashed lines: trend 
lines fitted to the data. HC: Radiant exposure measured at 
the cornea.
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Experimental data relative to the wavelength de-
pendence of the ED50 for retinal damage have been 
reported in the literature.12,32–39 Data are shown in 
Figure 9-10. The corresponding Qp(λ) curve was fit to 
each dataset by choosing the value of k to match the 
data at a single wavelength and choosing the value of X 
appropriate for the exposure duration. The value of d0 
was set to 40 µm except where the data were collected 
for larger retinal irradiance diameters. Over a broad 
range of exposure conditions, threshold laser-induced 
retinal damage can be fitted to curves derived from 
the assumption that the threshold injury is a thermal 
event driven by the laser energy absorbed in the RPE. 
Data shown include exposure durations from 3.5 ns 
to 16 s, wavelengths from 410 to 1,319 nm, and retinal 
irradiance diameters from the minimum the eye will 
produce to 350 µm. Equation (4) produces a curve 
that matches the wavelength dependence of the data 
in all cases.    

For most of the parameter space shown in Figure 
9-10, laser-induced thermal injury is the dominant 
and limiting injury mechanism determining the laser 
hazard to the eye. When the wavelength is shorter 
than 550 nm and the exposure is longer than 10 s, 
laser irradiation can produce photochemical injury 
to the retina at doses significantly lower than those 
required to produce thermal injury.6,33,36 These pho-
tochemical injury levels are omitted from Figure 
9-10 for clarity. 

The ability to produce retinal lesions has been re-
stricted to the wavelength range wherein the preretinal 
ocular transmission is ≥1%. Lesions have been produced 
in normal rhesus monkey eyes at 325 nm40 and at 1,330 
nm41,42 near the short- and long-wavelength limits for 
retinal damage. Increasing the corneal dose to compen-
sate for the preretinal loss does not extend the retinal 
damage range. Laser-induced alteration to the preretinal 
tissue limits the energy transmitted to the retina.

The eye is vulnerable to injury from laser radiation 
at wavelengths longer than 1,400 nm. The injury site is 
shifted to the cornea and lens, and the doses required 
to produce injury are higher because the incident radia-
tion is no longer concentrated on the absorbing tissue 
by the optics of the eye. Although the database for 
laser-induced corneal injury is sparse compared to the 
data available for retinal thresholds, enough is avail-
able to match to a curve based on the 95% absorption 
depth of corneal tissue.42 A continuation of injury level 
is seen through the transition from retinal injury to 
corneal injury at 1,400 nm, with a range at which both 
retinal and corneal injuries are possible (Figure 9-11).
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Figure 9-10. Wavelength dependence of ED50 (dose hav-
ing a 50% probability of producing retinal injury) for 
laser-induced retinal alteration with Qpλ matched to each 
dataset. t is the exposure duration, and d is the diameter 
of the irradiated retinal area. Violet lines: t = 16 s, d = 350 
mm; blue lines: t = 1 s, d = 350 mm; green lines: t = 0.1 s, d = 
30 mm; orange lines: t = 600 ms, d = 30 mm; and red lines: t = 
3.5 ns, d = 30 mm.
TIE: total intraocular energy
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Figure 9-11. ED50 (dose having a 50% probability of 
producing retinal injury) for laser-induced ocular injury 
after exposure to nanosecond-duration laser irradiation. 
The thresholds are presented as corneal radiant exposure. 
When the injury site is the retina, the incident energy is 
averaged over a 7-mm diameter area at the cornea. The 
injury site is the retina for wavelengths shorter than 1,300 
nm and the cornea for wavelengths longer than 1,400 nm. 
At 1,319 nm, both the cornea and the retina can be injured, 
but the threshold for retinal injury is lower. The American 
National Standards Institute’s 2014 maximal permissible 
exposure for nanosecond-duration exposures is shown 
in ANSI Z136.1-2014 (American National Standard for 
the Safe Use of Lasers).
Green circles: measured retinal injury thresholds. Red 
triangles: measured corneal injury thresholds. Blue line: 
the 2014 maximum permissible exposure for ns-duration 
exposures. HC: Radiant exposure measured at the cornea.
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The MPE as provided in the 2007 and earlier editions 
of the laser safety standards was more than two orders 
of magnitude higher than the experimentally derived 
ED50 at 1,330 nm. The safety factor was larger than 
necessary. Zuclich et al41 proposed an adjustment of the 
wavelength dependence of the MPE for wavelengths 
between 1,250 and 1,400 nm to provide a better fit to 
the ED50 data. In 2013, the International Commission 

on Non-Ionizing Radiation Protection43 (ICNIRP) ac-
cepted a modified version of that proposal that was 
then adopted in the 2014 editions of the American 
National Standards Institute (ANSI) Z136.1 (Safe Use 
of Lasers)44 and the International Electrotechnical Com-
mission (IEC) 60825-1 (Safety of Laser Products).45 In 
Figure 9-12, data are compared to both the 2007 and 
the 2014 forms of the MPE.

EXPOSURE DURATION

The ED50 for in vivo laser-induced thermal retinal 
damage as a function of exposure duration is shown 
in Figure 9-13. For exposure durations of longer than a 
few microseconds, laser-induced retinal injury results 
from thermal coagulation of the retinal tissue; this 
is well explained by thermal models incorporating 
thermal conductivity of the tissue and the Arrhenius 
integral to signify damage due to denaturation of 
proteins. 

A large body of data, supported by the thermal 
damage models, shows that for t greater than a few 
microseconds, the ED50 varies as t3/4 , where t is the 
exposure duration. For exposures shorter than a 
few microseconds, the energy is deposited in times 
shorter than the thermal relaxation time of retinal 
tissue, leading to thermal confinement; thus, the 
energy required to produce a damaging temperature 

rise is independent of the duration of the exposure. 
Ex vivo experiments designed to expose the RPE in 
retinal explants demonstrated that, for short-duration 
laser exposures, the threshold for laser-induced cell 
death correlates to the appearance of microcavitation 
(bubbles) around melanin granules superheated by 
incident laser irradiation.46–51 Cell death almost al-
ways followed the induction of a bubble in the cell. 
Gerstman52 showed theoretically that microcavita-
tion occurred at lower incident irradiance than that 
required for Arrhenius thermal damage for pulses 
of duration between 1 ns and 1 µs. Experiments 
designed to distinguish between thermally induced 
damage and microcavitation-induced cell death 
showed that, for pulse durations of less than about 50 
µs, the threshold-level damage mechanism transitions 
from thermal denaturation of proteins (as modeled 
by the Arrhenius integral) to a damage mechanism 
based on the formation of microcavitation bubbles 
around the melanosomes in the RPE. Figure 9-14 
includes microcavitation-induced threshold values 
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Figure 9-12. Wavelength-dependent ED50 (dose having a 
50% probability of producing the criterion response) data 
for nanosecond-duration laser exposures (green) and for 0.1-s 
duration laser exposures (red) in the rhesus eye. Qpλ has been 
fit to the data. The 2007 (long dashed lines) and the 2014 (short 
dashed lines) minimal permissible exposures are shown for 
each exposure duration.
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Figure 9-13. The time dependence of the ED50 (dose having 
a 50% probability of producing retinal injury) for visible 
wavelength, laser-induced retinal damage. The 2007 (dashed 
line) and the 2014 (solid line) maximum permissible exposures 
for visible laser ocular exposure are included for comparison. 
Red circles: measured values of the ED50. 
TIE: total intraocular energy
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for laser exposure in retinal explants from several 
studies.46,47,49,53–59 The time dependence of these data 
is consistent with that of the in vivo data represented 
in Figure 9-13. Injury mechanisms for exposure dura-
tions shorter than 1 ns are discussed in Chapter 12, 
Ultrashort Laser Pulses and Their Bioeffects.  

Recent experimentally determined laser-induced 
retinal injury threshold studies have been concentrated 
on determining the ED50 based on the detection of an 
MVL at 24-h postexposure for macular exposures in 
the rhesus monkey eye. For visible wavelength expo-
sures of duration ranging from 3 to 100 ns, new data 
were within a factor of two to three times the MPE as 
provided by the 2007 standards.31,60–62 The margin of 
safety was inadequate, considering the experimental 
uncertainties associated with the ED50 for short-pulse, 
collimated beam ocular exposure. In 2013, ICNIRP43 
accepted a recommendation to reduce the MPE for 
exposure durations below 5 ns by a factor of 2.5 to 
provide a larger safety margin that was then adopted 
in the 2014 editions of ANSI Z136.144 and IEC 60825-
145. The MPE, as provided by both the 2007 and 2014 
guidelines, is included in Figure 9-13.

(5) 	 MPE(n.p.) = MPE(s.p.) × n-1/4,

where MPE(n.p.) is the maximum permissible exposure 
for the repetitive-pulse train consisting of n pulses 
and is expressed as an energy per pulse. MPE(s.p.) is 
the maximum permissible exposure for a single pulse 
from the same laser. This form for the multiple-pulse 
correction factor was continued through the 2007 edi-
tion of ANSI Z136.1.

The n–1/4 relationship was first articulated by Stuck 
et al64 based on an empirical fit to data reported in the 
literature. Laser-induced retinal injury threshold data 
for repetitive-pulse ocular exposures obtained from 
the literature42,64–68 appear to confirm that the ED50, 
expressed as energy per pulse, is well represented by 
a derating factor that varies as n–1/4 (Figure 9-15). This 
relationship can be expressed as:

(6)	 ED50(n.p.) = ED50(s.p.) × n-1/4.

The relationship of equation (6) is independent of 
the wavelength, pulse duration, or pulse repetition 
frequency of the laser. Models based on a thermal 
damage mechanism cannot readily explain this result. 
Additivity of effect requires that each pulse must some-
how sensitize the exposed retina, such that it becomes 
more susceptible to damage with each successive and 
cumulative pulse. Buildup of heat within the retina 
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Figure 9-14. The ED50 (dose having a 50% probability of 
producing retinal injury) for thermally induced ex vivo 
(retinal explant) exposures. For pulse durations of less 
than about 50 µs, the damage mechanism at threshold 
level changes from a thermal mechanism that can be well 
modeled by the Arrhenius integral to a damage mecha-
nism based on the formation of microcavitation around the 
melanosomes in the retinal pigment epithelium. Circles: 
measured values of the ED50. HR: Radiant exposure at the 
retina.

REPETITIVE PULSES

Laser safety guidelines provide three rules to be 
considered in the determination of the MPE for expo-
sure to repetitive pulsed lasers. Rule 1 simply states 
that no single pulse can exceed the MPE for exposure 
duration equal to the duration of the particular pulse. 
This is easily understood, because if a single pulse has 
enough energy itself to cause injury to the retina, it does 
not matter if any other pulses come before or after. Rule 
2 essentially says that if a number of pulses are deliv-
ered in an exposure time T, the average power in the 
pulsed beam shall not exceed the MPE for an exposure 
of duration T. This rule protects against injury due to 
accumulated photochemical damage mechanisms, as 
well as the buildup of heat in the retina. Rule 3 states 
that the exposure for any single pulse in the train of 
pulses shall not exceed the single-pulse MPE multiplied 
by a multiple-pulse correction factor CP. The purpose 
of Rule 3 is to protect against thermal injury caused by 
the buildup of heat from a series of subthreshold pulses. 

The form of CP has been rethought after the identi-
fication of microcavitation as a laser-induced retinal 
injury mechanism, and there is debate within the laser 
bioeffects research community as to whether or not 
Rule 3 can be eliminated entirely. In the 1983 edition 
of ANSI Z136.1, the multiple-pulse correction factor 
for Rule 3 was set to CP = n

–1/4, where n is the number 
of pulses in the exposure.63 The exposure limit for a 
multiple-pulse exposure is then given by
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means that later pulses will require less energy to raise 
the temperature of the retina to the critical temperature 
that causes thermal damage. For a low pulse repeti-
tion frequency (or large interpulse spacing), diffusion 
of heat will allow the retina to cool, thus lessening 
the heat buildup. The fact that the n–1/4 dependence is 
independent of the interpulse spacing essentially rules 
out thermal memory as the mechanism.

Menendez et al69 proposed a probability-summation 
model for predicting the threshold for a train of pulses 
based on the dose–response statistics for a single 
pulse. The model assumes that each pulse is an inde-
pendent trial, that is, earlier pulses neither “sensitize” 
nor “harden” the retina to subsequent pulses. For the 
special case of a beam that consists of identical pulses 
(energy, pulse duration), the probability of a retinal 
response to each individual pulse can be assumed 
identically equal to p. In this case, the probability P(n) 
of inducing a retinal response after n pulses can be 
shown to be

(7)	 P(n) = 1 – (1 – p)n,

where P(n) = 0.5 for an ED50-level exposure. The 
response probability for each pulse of an ED50-level 
exposure to n pulses can then be determined by solv-
ing equation (7) for p:

(8)	 p = 1 – (0.5)1⁄n.

Menendez et al69 assumed the single-pulse response 
probability was adequately described by the logistic 
ogive:

(9)	 p = (1 + (D⁄α)–β)–1,

where 

D = the dose (pulse energy), 
α = the ED50 pulse energy for a single-pulse expo-

sure, and 
β = related to the steepness of the dose–response 

curve. 

Solving for D gives the pulse energy corresponding 
to the single-pulse response probability, p, obtained 
from equation (8):

(10)	 D = α(p–1 – 1)–1⁄β.

As shown in Figure 9-3, when α = ED50 and β = b – 
1, where b is the slope of the probit curve, the logistic 
curve yields a relationship between dose and prob-
ability nearly identical to that predicted by the probit 
fit for 0.05 < p < 0.95. 

Lund and Sliney70 showed that, for a large number 
of pulses, the probability summation model led to the 
approximate relationship:

(11)	 ED50(n.p.) ~ ED50(s.p.) × n–1/(b–1),

where b is the slope of the probit fit to the single-
pulse, dose–response data. Equation (11) relates the 
ED50(n.p.), expressed as energy per pulse in a pulse 
train, to the ED50(s.p.) for a single pulse as a function 
of the number of pulses in the train and the slope (b) 
of the probit fit for a single-pulse exposure.

The mean value of the slope (b) of the probit fit is 
4.8, as computed by the ProbitFit program11 for more 
than 150 single-pulse threshold studies. Substituting b 
= 4.8 in equation (11) effectively reproduces equation 
(6). The probability summation model can explain 
the apparent success of the CP = n-1/4 relationship. The 
unsettling thing about equation (11) is that ED50(n.p.) 
continues to decrease at the same rate as a function of 
n for an extremely large number of pulses, resulting 
in unreasonably small threshold values. 

Equation (11) was derived with the aid of math-
ematical approximations, and assumed that the single-
pulse dose–response data followed the logistic curve. 
However, the ED50 values for laser-induced injury are 
typically inferred from exposure data using probit 
analysis, in which the dose–response curve is assumed 
to follow a log-normal distribution10,11:

(12)	

In this equation, the probit value, Y, is given by:
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Figure 9-15. Laser-induced retinal injury threshold data for 
repetitive ocular exposures derived from the literature. The 
ED50 (dose having a 50% probability of producing retinal 
injury), expressed as energy per pulse, is plotted as a func-
tion of the number of pulses, n. 
TIE: total intraocular energy
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(13)	 Y = [x – μ]/σ,

where 

x = log10(pulse energy); 
µ = log10(ED50(s.p.)), the base-ten logarithm of the 

ED50 pulse energy for a single-pulse exposure; 
and 

σ = the standard deviation of the log-normal dis-
tribution. 

Equation (13) is a linear equation for Y as a function 
of x, and probit analysis involves finding the slope b 
and intercept a of the line Y = bx + a that best fits the 
dose–response data. The standard deviation of the 
single-pulse retinal response distribution is then given 
by σ = 1/b, and the ED50 = 10–a/b.

Lund et al29,71 examined multiple-pulse exposure data 
using probit analysis in conjunction with the probability 
summation model. For an n-pulse exposure, the per-
pulse retinal response probability may be determined 
from equation (8). The probit value Y corresponding to 
this single-pulse response probability p is a function of 
the number of pulses n (equation (8)), and Y = Y(n) is 
also a function of n. The per-pulse energy at threshold, 
ED50(n.p.) for an n-pulse exposure can then be calculated 
from the single-pulse ED50 by solving equation (13):

(14)	 x = μ + σY(n).

Inserting x = log10(ED50(n.p.)) and µ = log10(ED50(s.p.)) 
gives

(15) 	 ED50(n.p.) = ED50(s.p.) × 10σY(n) = ED50(s.p.) × 10Y(n)/b.

Equations (11) and (15) relate the ED50(n.p.), expressed 
as energy per pulse in a pulse train, to the ED50(s.p.) 
for a single pulse as a function of the number of pulses 
in the train and the slope (b) of the probit curve for a 
single-pulse exposure.

The values of b and therefore CP = f(b) are in part a 
measure of experimental uncertainties in determining 
the single-pulse ED50. Figure 9-16 compares the CP as 
a function of n for a range of values of b for the exact 
solution and the approximate solution. Experimental 
uncertainties are reduced in threshold studies that use 
retinal explants as their model57,72 and in the in vivo 
threshold studies wherein the diameter of the exposed 
retinal area is large.29,71 

Figure 9-17 shows repetitive-pulse exposure 
threshold data obtained in retinal explant studies,46,54 
whereas Figure 9-18 shows repetitive pulse exposure 
threshold data obtained in large retinal irradiation 
diameter studies.29,71 Data represented in these plots 
show that the experimentally determined value of CP 
falls off much slower than n–1/4 when experimental un-
certainties are reduced. A derating factor computed 
via equation (15) better matches the data and has the 
property that the ED50(n.p.) decreases more slowly 
with increasing n. 

It is not simple to translate equation (15) into a 
derating factor easily incorporated into the stan-
dards. Equation (11) is of the form already used to 
define the derating factor CP. However, it requires 
a choice of the value of β (or b). For the 1983 stan-
dard, the choice was effectively made to set β = 4 
based on available data. New data and analysis 

Figure 9-17. Repetitive-pulse exposure threshold data ob-
tained in retinal explant studies by Brinkmann et al in 2000 
(see reference 46) (green symbols) and by Roegener et al in 
2004 (see reference 54) (red symbols). 
HR: Radiant exposure at the retina
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Figure 9-16. Comparison of the multiple-pulse correction 
factor (CP) for b = 24 (typical of explant exposures; green lines), 
b = 8 (typical of large spot in vivo exposures; red lines), and 
b = 5 (typical of the data of figure 9; blue lines). b = 1/σ is the 
slope of the probit fit to the data. Dotted lines: CP = n-1/(b-1) 
(equation 11). Solid lines: CP = 10Y(n)/b (equation 15).

1 101 102 103 104 105 106

10-1

10-2

10-3

100

H
R
, J

/c
m

2/
p

u
ls

e

Number of Pulses, N



182

Biomedical Implications of Military Laser Exposure

suggest that this value is too low and results in 
overly conservative values of the MPE for large n. 
Lund and Sliney70 and Sliney and Lund73 argued 
that if indeed the value of the derating factor CP was 
largely a function of experimental uncertainties, then 
the reduction afforded by this derating factor was 
already built into the MPE via the fact that the MPE 
was purposely set to a fraction of the ED50 to account 
for experimental uncertainties. Further reduction 
was therefore unnecessary, and CP should be set to 
1.0 for most exposure conditions. This suggestion 
motivated reevaluation of existing data and encour-
aged new studies. Given the required reduction of 
the single-pulse MPE for exposure durations shorter 
than a few microseconds, the value CP = 1 was found 
to provide a MPE level safe for essentially all of the 
credible available repetitive-pulse data. 

Based on these considerations, the most recent 
guidelines for safe use of lasers44,45,74 contain a revised 
formulation that sets the value of CP = 1 for most 
repetitive-pulse exposures.

accurately reflected in the safety guidelines. The 
threshold for laser-induced threshold damage is 
dependent on a number of factors. Inherent to the 
laser are its wavelength, pulse duration, and pulse 
repetition rate. The experimental configuration de-
termines the retinal irradiance area and profile, the 
exposure duration, and the number of pulses. This 
chapter outlines our current understanding of how 
the threshold varies in each case with each of these 
parameters.

Figure 9-18. Repetitive-pulse exposure threshold data ob-
tained in vivo for 7-ns duration, 532-nm laser exposure of 
retinal areas having diameters of 30 (green symbols), 100 (red 
squares), and 500 mm (orange triangles) (see reference 29). 
HR: Radiant exposure at the retina
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SUMMARY

The laser safety guidelines are, in effect, an em-
pirical model that enables the computation of MPE 
for any given combination of laser parameters. Bioef-
fects research establishes the parameters for safe use 
of lasers and provides a basis for the establishment 
of guidelines. Although the bioeffects database is 
extensive and for the most part fully supports the 
safety guidelines, there are areas in which our under-
standing of specific damage mechanisms continues 
to evolve or in which the bioeffects data are not yet 
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