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ABSTRACT 

PURPOSE: There is an absence of information regarding safe levels of light exposure in 

present ophthalmic devices, and data on the highest continuous usage of these devices is 

unavailable. Studies that explored similar safety parameters were last conducted over 35 

years ago using the American National Standard Institute (ANSI) Z136.1-1976 Standard. 

The maximum permissible exposure (MPE) identified in the Standard has been 

periodically updated based on new findings in studies examining light safety and damage 

thresholds in the eye. Furthermore, evolving imaging techniques have given rise to a 

number of new ophthalmic devices that did not exist previously, such as optical 

coherence tomography (OCT). The purposes of this research were to assess the light 

exposure levels of current ophthalmic devices and to provide a quantitative safety time 

limit for each instrument using the most recent ANSI Z136.1-2014 American National 

Standard for Safe Use of Lasers. 

METHODS: The spectral distribution, radiant power, pulse characteristic, and visual 

angle of the light emitted from 15 different ophthalmic devices at the University Eye 

Institute were measured using a spectroradiometer and a calibrated power meter. The 

examined instruments included optical biometers, corneal topographers, autorefractors, 

wavefront aberrometers, OCT instruments, fundus cameras, slit lamps, and binocular 

indirect ophthalmoscopes. A combination of a custom MATLAB program and an Excel 

Spreadsheet with Excel Visual Basic for Applications (VBA) was developed based on the 

guidelines written in the 2014 ANSI standard and used to analyze all measurements. 

Spectral weighting functions were applied following an adjustment guideline for using 
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the ANSI Standards to estimate the weighted MPEs of ophthalmic devices with 

broadband sources.  

RESULTS: The ophthalmic instruments and devices evaluated were measured to be safe 

for typical, clinically relevant usage times. Instruments that were calculated to have the 

shortest exposure times before exceeding the MPEs were slit lamps when used for direct 

illumination (~100-400 seconds for continuous usage). Exposure times were much less 

hazardous when using a condensing lens with a slit lamp for indirect illumination of a 

larger retinal area. 

CONCLUSIONS: All examined instruments were calculated to be light safe for normal 

eyes using our methods. However, caution should be exercised when using slit lamps for 

direct illumination as exposure levels for these devices can most quickly reach the MPEs 

within achievable durations. In particular, caution should be exercised when practicing 

with and training in the use of these instruments, as longer exposure times are expected 

compared with a typical clinical examination. The reason that slit lamps with direct 

illumination more quickly reached the MPEs is the visual angle subtended by the source 

is much smaller. The reason that slit lamps and BIOs with LED sources more quickly 

reach the MPE limits could be due to the presence of large amounts of short wavelength 

light in their illumination spectrum. Based on these findings, as well as the uncertainty 

with which these standards apply to diseased eyes with retinas that are already 

compromised, it is suggested that manufacturers of ophthalmic instruments reduce the 

recommended exposure times for instruments that emit light with wavelengths between 

400 and 600 nm, as well as increase the transparency of device specifications with 

regards to exposure parameters and safety. 
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1.1 Introduction 

The development and application of ophthalmic instruments and devices have increased 

our understanding of the normal and diseased eye, as well as our ability to make better-

informed decisions regarding treatment. Despite these advances, many questions remain 

about the potential hazardousness of light levels emitted by new ophthalmic devices, 

including ones addressing how long an eye can be safely examined before reaching the 

maximum permissible exposure. Studies to address such question have been sporadically 

published over the past 35 years using the American National Standard Institute’s (ANSI) 

American National Standard for Safe Use of Lasers (Calkins & Hochheimer, 1980; 

Delori et al., 1980, 2007).  The maximum permissible exposure (MPE) described in the 

Standard has been periodically updated based on new findings in studies examining light 

safety and damage thresholds in the eye. Furthermore, the development of new light 

sources and evolution of imaging techniques have given rise to a number of new 

ophthalmic devices that did not exist previously, such as superluminescent diodes (SLDs), 

scanning laser ophthalmoscopes (SLOs), and optical coherence tomography (OCT). The 

purposes of this thesis are to assess the light exposure levels of current ophthalmic 

devices and to provide a quantitative safety time limit for each instrument using the most 

recent ANSI Z136.1-2014 Standard (American National Standard Institute, 2014). 

 

1.2  ANSI Standard 

The ANSI Standard is among several safety standards that provide guidelines and 

recommendations for the safe use of lasers, a potentially hazardous light source, 

particularly when directly and intentionally projected onto the retina in ophthalmic 
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applications. While many standards report nearly identical MPEs (ICNIRP (International 

Commission on Non-ionizing Radiation Protection), 1997; Visible, 2000; Vos & Norren, 

2005), the ANSI Standard is the most commonly adopted guideline. MPEs for different 

conditions in the ANSI Standard are derived on the foundation of animal testing to 

determine damage thresholds (Sliney et al., 2002). These thresholds are mainly attributed 

to thermal and photochemical damage (Delori et al., 2007). Thermal damage is time 

dependent and caused by light absorption by melanin in the retinal pigment epithelium 

(RPE). Temperature increases in the RPE cells lead to protein denaturation and the 

subsequent dissipation of heat outside of the exposed area. This form of damage can 

occur when the retina is exposed to laser light with a wavelength between 400 – 1400 nm 

for a duration longer than 20 μs (Youssef et al., 2011). Photochemical damage is time 

independent and associated with photo-oxidative damage to photoreceptors and 

lipofuscin pigments in the RPE. It can occur when the retina is exposed to laser light with 

a wavelength between 400 – 600 nm for a duration longer than 1 s (Hunter et al., 2012). 

Since the ANSI Standard is developed for narrow-band sources (such as lasers), spectral 

weighting functions must be incorporated to evaluate instruments that use broad-band 

coherent sources (such as SLDs) (Delori et al., 2007). 

 

1.3  Assumptions in ANSI Standard for MPEs 

The maximum permissible exposure (MPE) of a light source striking the retina is defined 

by the ANSI Standard to be the “level of laser radiation to which an unprotected person 

may be exposed without adverse biological changes in the eye” (American National 

Standard Institute, 2014). These levels have been established largely based on 
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histological studies in animal eyes. The MPE limit that can be calculated using the ANSI 

standard is considered to be at least 10 times lower than the damage threshold limit, 

defined as the radiant power that has been found to yield a minimum visible lesion on the 

retina approximately 50% of the time (Sliney et al., 2002). However, MPE limits hinge 

on multiple important assumptions (Delori et al., 2007). One assumption is that the 

cornea and vitreous absorb wavelengths shorter than 300 nm, and the crystalline lens 

absorbs light for wavelengths shorter than 400 nm (Delori et al., 2007; Geeraets & Berry, 

1968). The absorption of these short wavelengths by the ocular media partially serve to 

protect the retina from high energy ultraviolet (UV) light in normal eyes. However, this 

assumption of crystalline lens absorption may not hold true for aphakic eyes or phakic 

eyes with man-made intraocular lenses that do not mimic the light absorption properties 

of the natural crystalline lens. The ANSI Standard also assumes that the incident light 

overfills the natural pupil and that the natural pupil will constrict under intense visible 

light illumination (Delori et al., 2007). Methods addressing cases in which the incident 

light under-fills the natural pupil and/or the eye’s pupillary reflex is inhibited by 

mydriatic drugs will be discussed in detail in the subsequent chapter. Finally, the ANSI 

Standard assumes a healthy person can make a natural aversion reflex (e.g., eye and head 

movement) when exposed to intense light levels. This assumption is not pertinent for 

evaluating the light safety of ophthalmic devices in which eye and head movements (and 

sometimes the pupillary reflex) are inhibited, and the MPEs are correspondingly lowered 

for intentional ocular exposure in these cases. Section 8.3  (“Special Qualification for 

Ocular Exposure”) in the ANSI Standard addresses such issues by changing parameters 

pertaining to the MPE calculation and directly lowering MPEs by a specific factor for 
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specified wavelengths (American National Standard Institute, 2014). Nevertheless, the 

degree to which the current ANSI standards can be used to successfully quantify the MPE 

limits and potential increased risks to elderly and diseased eyes remains unknown. 

Furthermore, infants who have higher concentrations of RPE melanin are believed to be 

more susceptible to light damage than the normal adult eye (Feeney-Burns et al., 1984). 

However, arguments have conversely been made that infants also have higher 

regeneration rates, potentially helping to at least partially mitigate the increase 

susceptibility due to increase levels of melanin. Nevertheless, caution is likely required 

for performing ocular imaging at or near the MPE limits in these aforementioned 

populations. 

 

1.4  2014 ANSI Standard vs 2007 ANSI Standard 

Multiple changes have recently been made to the 2014 ANSI standard largely based on 

RPE imaging studies performed in the Williams lab that demonstrated autofluorescence 

dimming and, sometimes, disruption of the RPE cell mosaic in the non-human primate 

eye after being exposed to short wavelength light calculated to be lower than the MPE 

limit defined by the 2007 ANSI Standard (American National Standard Institute, 2007). 

The majority of changes in parameters and criteria, summarized in Table 1-1, are the 

result of attempts to provide more conservative MPE limits for short to mid-wavelength 

illumination in the visible spectrum, namely between 400-600 nm. Table 1-1 also 

includes, for reference, the values used by an Excel-based “ocular light calculator,” 

entitled “OçLC,” that was developed by Dr. François Delori based on the 2007 ANSI 

Standard and his 2007 JOSA A paper that helped to clarify many issues regarding the 
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standard. As a product of this research, we have developed our own custom “calculator” 

which combines a custom-written MATLAB program and an Excel Spreadsheet with 

Excel Visual Basic for Applications (VBA) to assist in computing MPE limits for 

different instruments. Our calculator was first developed based on the criteria put forth in 

the 2007 ANSI standard and was initially validated by calculating and comparing MPE 

limits with those output by Delori’s OçLC program for the same sources. We then 

updated our custom program to reflect the new parameters and additional criteria put 

forth in the 2014 ANSI Standard (as indicated by the column labeled “DC” in Table 1-1).  

In addition, Section 8.3 (entitled “Special Qualifications for Ocular Exposures”) 

of the 2014 ANSI Standard introduced three new subsections: 8.3.3. Luminance Dose 

Restrictions, 8.3.4. Anterior Segment in Maxwellian View, and 8.3.5 Repetitive Pulses 

(American National Standard Institute, 2014). Section 8.3.3 was added to provide a 

further interim protection on potential retinal damage due to exposures at wavelengths 

between 500 and 700 nm based on recent published studies (Mellerio et al., 1994; 

Morgan et al., 2009). Section 8.3.4 was included to afford increased protection of the 

eye’s anterior segment (cornea, iris and crystalline lens) from high irradiances for 

wavelengths between 400 and 1400 nm. Section 8.3.5 provides additional precaution for 

exposure to repetitive pulses, particularly for situations when an eye with a large diameter 

pupil is immobilized (e.g., intentionally fixating on the source). While these changes are 

very relevant in the operation of current clinical instruments (such as repetitive pulse 

exposures that occur in SLOs), we did not include Sections 8.3.4 and 8.3.5 in our 

analyses due to the scope of this thesis. These topics merit future consideration as an 

extension of our research.   
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Table 1-1. Relevant changes of parameters and criteria in 2014 ANSI Standard comparing to 2007 ANSI Standard. 

With Special 

Qualifications 

for Ocular 

Exposures 

λ  

(nm) 

Exposure 

time t  

(s) 

Solid 

angle α 

 (mrad) 

OçLC 
JOSA 

2007 

ANSI 

2007 
ANSI 2014 DC 

MPEc (
𝑱

𝒄𝒎𝟐∗𝒔𝒓
) 

MPHc (
𝑱

𝒄𝒎𝟐) 

400 - 

600 

0.7 < t < 

10000 
α > 11 

MPEc = 100 CB (λ) 

MPHc = 7.85 * 10-5 

* CB (λ) * α2 

MPEc = 100 CB (λ) 

MPEc = 100 CB (λ) 

MPHc = 7.85 *10-5 * 

CB(λ) * α2 

MPHc (
𝑱

𝒄𝒎𝟐) 
400 - 

600 

0.7 < t < 

100 
α <= 11 

0.0095 

CB (λ) 
0.01 CB (λ) 0.01 CB (λ) 

MPHr (
𝑱

𝒄𝒎𝟐) 
500 - 

700 

100 s < t < 

24 hrs 
n/a n/a n/a n/a < 5/V(λ) < 5/V(λ) 

Pupil factor  

 𝑷(𝒅𝒑, 𝝀, 𝒕) 
400 - 

600 
t > 0.7 n/a 5.44 5.4 5 5 

Photochemical 

MPE 

(incorporated 

into  

pupil factor 

 𝑷(𝒅𝒑, 𝝀, 𝒕)) 

400 - 

600 
t > 0.7 n/a n/a 

reduced by a 

factor of 5 

reduced by a factor of 

5 

T2 
400 - 

1400 
n/a n/a 10000 n/a 10000 10000 

CC (λ) 
1200 - 

1400 
n/a n/a 8 8+10(0.04*(λ-1250) 8+10 (0.04*(λ-1250) 

CJ (λ) 

400 - 

1050 
n/a n/a 1 n/a 1 

1050 - 

1400 
n/a n/a 2 n/a 2 
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1.5  General Question and Specific Aims 

The primary goal of this study was to evaluate the safety levels of light exposure in 

current ophthalmic devices. In order to calculate the light exposure produced by an 

ophthalmic device, one must acquire information about the total energy (or power) of 

light delivered within the pupil, as well as the spectral distribution of the delivered light, 

its pulse characteristics, and size (or visual angle) of the irradiated retinal area. This thesis 

will describe the measuring methods initially reported by Delori et al. (Delori et al., 1980) 

to evaluate the light levels of current ophthalmic devices. The MPE limits will be 

analyzed using a spectral analysis technique developed on the basis of Delori et al.’s 

work (Delori & Webb, 2008) with reference to the ANSI 2014 Standard. Our analysis can 

be used to determine the spectral distribution of light from ophthalmic devices regardless 

of whether they employ broadband or narrowband sources. This brings us to our general 

question, namely are the light exposures typically employed using current ophthalmic 

instruments and devices hazardous to human eyes? This thesis addresses 2 specific aims: 

Specific Aim #1: Determine the emission spectra and light levels used by current 

ophthalmic instruments and devices. 

Specific Aim #2: Calculate and compare MPE limits for each device (with reference to 

the ANSI Z136.1-2014 Standard) with measured light levels, and compute the highest 

continuous usage for each instrument based on measured values.  
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2.1  Introduction 

With the advancement of novel light sources and imaging techniques, many ophthalmic 

instruments and devices have been newly developed since the last calculation of safe 

light levels in clinical and research applications. Concurrently, the ANSI Standard has 

been periodically updated based on animal retinal damage experiments published 

sporadically over the past 35 years. For example, with the ability to image the retina on a 

cellular level using adaptive optics, recent studies published by the Williams lab 

(University of Rochester) found that at least one of the MPE limits described in the 2007 

ANSI Standard was not as conservative as once thought (Morgan et al., 2008). Using a 

high-resolution adaptive optics scanning laser ophthalmoscope (AOSLO) laser that 

imaged the anesthetized non-human primate retina with a wavelength of 568 nm, Morgan 

et al. showed that long-term retinal disruption of the retinal pigment epithelium (RPE) 

cell mosaic could result from light exposures that were a factor of ~2.5 times below the 

MPE limit provided by the 2007 ANSI Standard (Morgan et al., 2008). This report (and 

subsequent studies from the Williams lab) spurred the development of a more 

conservative ANSI standard, particularly for short wavelength exposures. As a result, a 

sub-section (8.3.3) was recently added to the 2014 ANSI Standard to provide interim 

protection on potential retinal damage due to exposures at wavelengths between 500 and 

700 nm (American National Standard Institute, 2014). Nevertheless, using a similar 

experimental model, Masella et al. revealed a long-term reduction in the amount of 

retinal and/or choridal near-infrared autofluorescnce (AF) when exposed to 790 nm at a 

factor of 2 – 3 times below the MPE limit provided by the 2007 ANSI Standard (Masella 

et al., 2014). Therefore, there is a need to reconsider whether light levels used in current 
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ophthalmic devices are safe. The purposes of this research were to assess and compare 

the light exposure levels of current ophthalmic instruments with MPE limits defined by 

the 2014 ANSI Standard, and to provide a safety time “limit” for each instrument. 

 

2.2  Methods 

2.2.1 Visual Angle Measurement 

Each instrument’s operations manual was consulted for specifications detailing the 

angular subtense of the illuminating source. If manufacturers did not report such data, the 

approximate visual angle of a stimulus on the retina was determined by measuring the 

distance subtended by the illuminating source on the retinal plane of a model eye. The 

model eye was made of synthetic rubber to closely resemble the shape, size, and optical 

power of a typical emmetropic human eye.  This rubber eye was approximately 2.4 cm in 

length and had a +60 D lens and a 7-mm pupil. A 1 mm diameter image on the retina of 

the rubber eye was calculated to correspond to approximately 3 deg (~52.36 mrad) of 

visual angle, comparing to a 1 mm diameter image on the retina of human eye was 

reported to be 3.47 deg (~60.56 mrad) of visual angle (Drasdo & Fowler, 1974).  

 

2.2.2 Radiometric Acquisition 

The spectral distribution, radiant power and pulse characteristics of the light emitted from 

15 different ophthalmic devices at the University Eye Institute were measured. The 

examined instruments included optical biometers, corneal topographers, autorefractors, 

wavefront aberrometers, OCT instruments, fundus cameras, slit lamps, and binocular 

indirect ophthalmoscopes. Three instruments were used to detect the light exposure of 
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each ophthalmic device. A calibrated power meter (Newport 918D-UVOD3) with a 

circular active area of 1 cm2 was used to measure the radiant power of exposure incident 

at the patient’s cornea (Φc) for wavelengths between 200 and 1100 nm. A 

spectroradiometer (OceanOptics USB 2000) was used to identify the relative spectral 

distribution of each light source. The spectroradiometer was capable of measuring the 

emitted spectrum for wavelengths between 340 and 1030 nm. A custom photocell-

connected (UDT 10DP silicon photodiode with shunt for response time optimization) 

oscilloscope (Oscium’s iOS oscilloscope) was used to determine the pulse characteristics 

of relevant light sources up to 50 kHz. 

Most of the examined ophthalmic devices operated in a Maxwellian illumination 

mode, as light emitted from the optical system is designed to pass through the patient’s 

pupil with a specific visual angle, α (Delori et al., 2007). In a Maxwellian illumination 

mode, the diameter of the incident beam entering the pupil is generally smaller than the 

pupil diameter (Burns & Webb, 1994). Nevertheless, the ANSI Standard was developed 

for free or Newtonian illumination that assumes the incident beam from a distant light 

source overfills an observer’s pupil (or the incident beam diameter is greater than the 

observer’s pupil diameter). Therefore, when computing the radiant power entering the 

pupil for ophthalmic applications, further specification of the measured radiant power is 

required. Specifically, we must consider whether the area of the incident illumination is 

less than or greater than the area of the eye’s pupil for the instruments used in our study 

and scale our power measurements accordingly (see Table 2-1).   
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Table 2-1. Specification of measured radiant power. 

 

 

*  The detector area of the power meter used in our study was 1 cm2 (corresponding to a 

detector radius of 5.64 mm, or a diameter of 11.2 mm) 

  

 Incident Area ≤ Detector Area* Incident Area ≥ Detector Area* 

Incident Area  

≤  

Pupil Area 

Radiant Power Φ Entering Pupil  

=  

Corneal Radiant Power Φc 

measured 

N/A 

Incident Area  

≥  

Pupil Area 

Radiant Power Φ Entering Pupil 

 =  

Corneal Radiant Power Φc 

Measured *  

 (
𝑃𝑢𝑝𝑖𝑙 𝐴𝑟𝑒𝑎

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝐴𝑟𝑒𝑎
) 

Radiant Power Φ  Entering Pupil  

=  

Corneal Radiant Power Φc 

Measured *  

(
𝑃𝑢𝑝𝑖𝑙 𝐴𝑟𝑒𝑎

𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝐴𝑟𝑒𝑎
) 
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2.2.3 Special Qualification of ANSI Standard for Ophthalmic Applications 

As briefly discussed in the introduction, ophthalmic devices that intentionally illuminate 

a patient’s eye do not necessarily adhere to the ANSI Standard’s default assumptions. 

During an ocular examination, a patient’s eye and/or head are normally restricted by a 

fixation target and/or a chin-head rest. Mydriatic drugs that dilate and prevent 

constriction of eye’s pupil, as well as paralyze the accommodative ability of the 

crystalline lens, are also typically used. In research studies, a bite bar may be utilized for 

further stabilization. Therefore, the ANSI Standard’s default assumptions require 

additional qualifications in order to best apply to ophthalmic applications. 

Section 8.3 of the ANSI Standard (entitled, “Special Qualifications for Ocular 

Exposures”) and Delori et al.’s recent publication (Delori et al., 2007) provide guidance 

on how to accommodate for the Standard’s assumptions that 1) the healthy eye will 

constrict upon viewing intense light and 2) the individual will make a natural aversion 

reflex (eye and head movement) to protect against intense exposures. The parameters and 

criteria described in Section 8.3 have been combined with Table 5 in the ANSI Standard 

for the purposes of our calculation. (Delori et al. also provided a complete set of 

parameters with reference to Section 8.3 of the 2007 Standard in Table 2 of their JOSA 

2007 article (Delori et al., 2007).) We implemented the modifications reflected in the 

2014 ANSI Standard to our calculator (as summarized in the column entitled “DC” in 

Table 1-1).  

In addition to correcting for the two ANSI assumptions just mentioned, we also 

choose to correct for a third ANSI assumption, namely that an observer will be exposed 

to light that overfills their natural pupil size. The MPE at the cornea given in Table 5 of 
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the ANSI Standard is expressed in Permissible Radiance (MPEc) (in 
𝐽

𝑐𝑚2∗𝑠𝑟
 ), Maximum 

Permissible Radiant Exposure (MPHc) (in 
𝐽

𝑐𝑚2 ), or Maximum Permissible Irradiance 

(MPΦ) (in 
𝑊

𝑐𝑚2 ) depending on exposure duration and visual angle. Since our power meter 

essentially measures the radiant power (or flux), Φ, in units of Watts, we need to convert 

the MPE in the ANSI Standard to Maximum Permissible Radiant Power (MPΦ) for 

appropriate safety evaluation. With clarification from an unpublished document 

distributed with OçLC (Delori & Webb, 2008), we here provide a detailed procedure to 

compute MPΦ for MPE’s expressed in different units: 

 

a.  The Maximum Permissible Radiance at the cornea (MPEc) (ANSI Table 5, 

photochemical source angle α > 11 mrad = 0.63 deg) is given as:  

 𝑀𝑃𝐸𝑐  (
𝐽

𝑐𝑚2∗𝑠𝑟
) (1) 

b.  The Maximum Permissible Radiant Exposure at the cornea (MPHc) (ANSI Table 5, 

JOSA 2007 Table 1) can be calculated as the product of the Maximum Permissible 

Radiance at the cornea (MPEc) and the solid angle subtended at the retina:  

 
MPH𝐶  (

𝐽

𝑐𝑚2
) = 𝑀𝑃𝐸𝑐 ∗ [𝑠𝑜𝑙𝑖𝑑 𝑎𝑛𝑔𝑙𝑒] (2) 

where the solid angle is the true length on an assumed spherical retina that is subtended 

by a source with a visual angle, α, or: 

 
MPH𝐶  (

𝐽

𝑐𝑚2
) = 𝑀𝑃𝐸𝑐 ∗ (

𝜋

4
)

4

∗ 𝛼2 ∗ 10−6 (3) 
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c.  The Maximum Permissible Radiant Flux/Power entering the pupil, MPΦ, assuming 

that the beam overfills the pupil, is given by Table 3 in JOSA 2007 (Table 3 converted 

from Table 1) as:  

 
Thermal or Photochemical MPΦ (W) =   𝑀𝑃𝐸𝑐 ∗  

𝐴𝑝

𝑃(𝑑𝑝, 𝜆, 𝑡)
∗ 𝑡−1 (4) 

 

where 𝐴𝑝 is the area of pupil and 𝑃(𝑑, 𝜆, 𝑡) is a pupil factor used to simulate the pupil 

response to light depending on pupil diameter (𝑑𝑝), wavelength of the source (λ), and 

exposure duration (t). Dividing this expression by the pupil factor allows us to correct for 

the assumption that the pupil constricts upon intensive exposure in the ANSI Standard. 

Although the pupil factor, P, is not explicitly discussed in the ANSI Standard, Delori et al. 

provided an interpolation of P that was reported in Table 2 of the JOSA 2007 publication 

(Delori et al., 2007). Following the method described by Delori et al., we computed the 

pupil factor to be: 

 
𝑃(𝑑𝑝, 𝜆, 𝑡) = (

𝑑𝑝

3
)

3

 (5) 

 

for t > 0.7 seconds. These values are summarized in Table 2-2. After making adjustments 

to P with reference to the 2014 ANSI Standard in our calculation (reported in Table 1-1), 

we provide the MPΦ for both thermal and photochemical damage for different pupil 

diameters in Tables 2-3 and 2-4, respectively. 

The wavelength dependent parameter 𝐶𝑇(𝜆) seen in Table 2-3 is the product of 

𝐶𝐴(𝜆) and 𝐶𝐶(𝜆) from the ANSI Standard (Delori et al., 2007). 𝐶𝐴(𝜆) roughly reflects the 

inverse of the absorption spectrum of melanin and 𝐶𝐶(𝜆) roughly reflects the absorption 
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spectrum of the ocular media (Delori et al., 2007). The visual angle dependent parameter 

𝐶𝐸(α) in Table 2-3 represents the biological information on thermal limits and the 

thermodynamic model (American National Standard Institute, 2014; Delori et al., 2007; 

Thompson et al., 1996; Tips et al., 1970; Vos, 1962). The wavelength dependent 

parameter 𝐶𝐵(𝜆) seen in Table 2-4 is a representation of the inverse of the action 

spectrum of photochemical damage. 𝑅𝑝 is a pupil diameter dependent constant extracted. 
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Table 2-2. Pupil Factor 𝑷(𝒅𝒑, 𝝀, 𝒕) Correction for Different Pupil Diameters with an 

exposure time, t > 0.7 seconds. 

Pupil Diameter 

dp (cm) 

P  

(400 < λ < 600 nm) 

P 

 (600 < λ < 700 nm) 

P  

(700 < λ < 1400 nm) 

0.1 0.333 10 (700-λ) * -0.0048 1 

0.2 0.444 10 (700-λ) * -0.0035 1 

0.3 1 1 1 

0.4 2 10 (700-λ) * 0.0030 1 

0.5 3 10 (700-λ) *0.0048 1 

0.6 4 10 (700-λ) * 0.0060 1 

0.7 5 10 (700-λ) * 0.0070 1 
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Table 2-3. Thermal Maximum Permissible Radiant Power MPΦ (W) Entering the Pupil for Different Pupil Diameters. 

 

  

 

Thermal (400 < λ < 1400 nm) MPΦ (W) 

0.7 < t < 10000 t > 10000 

Pupil Diameter  

dp (cm) 

Pupil Area  

Ap (cm2) 
Rp 

*𝐶𝐴(𝜆)*𝐶𝐶(𝜆)*𝐶𝐸(α)* 𝑃(𝜆)−1*𝑡−0.25 

Rp 

*𝐶𝐴(𝜆)*𝐶𝐶(𝜆)*𝐶𝐸(α)* 𝑃(𝜆)−1 

0.3 0.071 1.27E-04 1.27E-05 

0.4 0.126 2.26E-04 2.26E-05 

0.5 0.196 3.53E-04 3.53E-05 

0.6 0.283 5.09E-04 5.09E-05 

0.7 0.385 6.93E-04 6.93E-05 
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Table 2-4. Photochemical Maximum Permissible Radiant Power MPΦ (W) Entering the Pupil for Different Pupil Diameters. 

 
Photochemical (400 < λ < 600 nm) MPΦ (W) 

0.7 < t < 10000 t > 10000 

Pupil Diameter  

dp (cm) 

Pupil Area  

Ap (cm2) 
Rp 

*𝐶𝐵(𝜆)*𝛼2*𝑡−1 

Rp 

*𝐶𝐵(𝜆)*𝛼2 

0.3 0.071 5.55E-10 5.55E-06 

0.4 0.126 4.93E-10 4.93E-06 

0.5 0.196 5.14E-10 5.14E-06 

0.6 0.283 5.55E-10 5.55E-06 

0.7 0.385 6.04E-10 6.04E-06 
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2.2.4 Data Analysis 

A custom combination of a MATLAB program and an Excel Spreadsheet with Excel 

Visual Basic for Applications (VBA) was developed and used to analyze all 

measurements. When determining the spectral profile of the illumination source, we first 

subtracted a DC offset from the relative spectral intensity measured from each 

ophthalmic device over a range of 340 – 1030 nm using the spectroradiometer. The 

resultant spectrum was then extrapolated between 200 - 340 nm and 1030 – 1400 nm to 

cover the entire wavelength range over which the power meter could detect light  (i.e., 

from 200-1400 nm) and was then resampled in 1 nm steps. The modified spectral 

distribution was normalized using the power meter’s calibration curve (again, in 1 nm 

steps). The calibrated spectral distribution was last scaled to the power meter reading to 

produce the spectral power distribution or spectral radiant exposure of that particular 

source. We denote the final representation as: 

 Measured Radiant Power in Pupil  = Φ (W) = ∑ 𝜙(𝜆)1400
400 ∆𝜆 (6) 

where ϕ(λ) is the radiant power for a given wavelength and Δλ is our 1 nm resampling 

step. 

Due to the fact that the ANSI Standard is most applicable to narrow-band laser 

sources, we needed to apply a spectral weighting function (specified by each particular 

source’s spectral distribution) to the measured radiant power in pupil or the dual MPE 

limits for particular wavelengths before assessing any spectral radiant exposures for our 

broadband sources (i.e., the majority of our measured devices). Delori et al (Delori & 

Webb, 2008) offered an adjustment guideline for using the ANSI Standards to estimate 

the weighted MPEs of broadband ophthalmic devices (Delori et al., 2007). The maximum 
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permissible limits for two different plotting purposes are described below. For either 

purpose, the integration of all radiant power measured over the specific spectral range 

[𝜙(𝜆)] for a particular type of light damage must be smaller than the integration of the 

corresponding maximum permissible limits for such type of damage [MP𝜙(𝜆)]. This 

safety condition can be applied to determine limits for either thermal or photochemical 

damage and is represented as: 

 

∑
𝜙(𝜆)

𝑀𝑃𝜙(𝜆)
∆𝜆 < 1  (7) 

 

2.2.4.1    Exposures vs. Thermal/Photochemical MPEs for individual instruments 

An instrument specific plot is used to provide a comparison between the measured 

radiant power of a specific instrument and its corresponding broadband spectral weighted 

thermal and photochemical limits on one plot.  

 As discussed in Delori et al. for broadband spectral weighted thermal limits 

(Delori et al., 2007), the safety condition for thermal damage from Eq. (7) becomes: 

 

∑
𝜙(𝜆)

𝐶𝐴(𝜆) ∗ 𝐶𝐶(𝜆) ∗ 𝐶𝐽(𝜆) ∗ 𝑃(𝑑𝑝, 𝜆, 𝑡)
−1

∗ 𝑀𝑃𝜙(700)

1400

400

∆𝜆 < 1 (8) 

or 

 

∑
𝜙(𝜆)

𝐶𝐴(𝜆) ∗ 𝐶𝐶(𝜆) ∗ 𝐶𝐽(𝜆) ∗ 𝑃(𝑑𝑝, 𝜆, 𝑡)
−1

1400

400

∆𝜆 <  𝑀𝑃𝜙(700) (9) 

where 𝐶𝐴(𝜆), 𝐶𝐶(𝜆), 𝐶𝐽(𝜆), and 𝑃(𝑑𝑝, 𝜆, 𝑡) are wavelength dependent parameters used in 

the ANSI Standard. As mentioned previously, 𝐶𝐴(𝜆) is a wavelength correction factor 
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(700 nm < λ < 1050 nm) that roughly reflects the inverse of the absorption spectrum of 

melanin, and 𝐶𝐶(𝜆) is a wavelength correction factor (1150 < λ < 1400 nm) that roughly 

reflects the absorption spectrum of the ocular media. 𝐶𝐽(𝜆) is not explicitly mentioned in 

the ANSI Standard, but Delori et al. used it to account for the fact that the Maximum 

Permissible Radiant Exposure at the cornea (MPHc) is a factor of 2 lower for sources 

with wavelengths between 700 – 1050 nm than for sources with wavelengths between 

1050 – 1400 nm (American National Standard Institute, 2014; Delori et al., 2007). 

𝑀𝑃𝜙(700) for a specific pupil diameter can be computed using the equation written in 

Table 2-3: 

 𝑀𝑃𝜙(700) = 𝑅𝑝 ∗ 𝐶𝐴(700) ∗ 𝐶𝐶(700) ∗ 𝐶𝐸(α) ∗ 𝑃(700)−1 ∗ (𝑡−0.25) (10) 

Multiplying both sides of the inequality of Eq. (9) by ∑ 𝜙(𝜆)∆𝜆1400
400 , we obtain: 

 

∑ 𝜙(𝜆)∆𝜆

1400

400

∑
𝜙(𝜆)∆𝜆

𝐶𝐴(𝜆) ∗ 𝐶𝐶(𝜆) ∗ 𝐶𝐽(𝜆) ∗ 𝑃(𝑑𝑝, 𝜆, 𝑡)
−1

1400

400

<  𝑀𝑃𝜙(700) ∗ ∑ 𝜙(𝜆)∆𝜆

1400

400

 

(11) 

Solving for ∑ 𝜙(𝜆)∆𝜆1400
400 , our measured radiant power in the pupil, yields: 

 

∑ ϕ(λ)

1400

400

∆λ < MPϕ(700)

∗  
∑ 𝜙(𝜆)∆𝜆1400

400

∑
𝜙(𝜆)∆𝜆

𝐶𝐴(𝜆) ∗ 𝐶𝐶(𝜆) ∗ 𝐶𝐽(𝜆) ∗ 𝑃(𝑑𝑝, 𝜆, 𝑡)
−1

1400
400

 

(12) 

or  
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 Measured Radiant Power in the Pupil (400 < λ < 1400 nm)

<  𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 MP𝜙(𝜆)𝑡ℎ. 

(13) 

 As discussed in Delori et al. for broadband spectral weighted photochemical limits 

(Delori et al., 2007), the safety condition for photochemical damage (evaluated between 

400 and 600 nm) from Eq. (7) becomes: 

 

∑
𝜙(𝜆)

𝐶𝐵(𝜆) ∗ 𝑀𝑃𝜙(450)

600

400

∆𝜆 < 1 (14) 

or 

 

∑
𝜙(𝜆)

𝐶𝐵(𝜆)

600

400

∆𝜆 <  𝑀𝑃𝜙(450) (15) 

where 𝐶𝐵(𝜆) is a wavelength correction factor (400 < λ < 600 nm) which represents the 

inverse of the action spectrum of photochemical damage provided by the ANSI Standard. 

(American National Standard Institute, 2014). 𝑀𝑃𝜙(450) for a specific pupil diameter 

can be computed using the equation written in Table 2-3 as: 

 𝑀𝑃𝜙(450) = 𝑅𝑝 ∗ 𝐶𝐵(𝜆) ∗ 𝛼2 ∗ (𝑡−1) (16) 

Multiplying both sides of the inequality of Eq. (15) by ∑ 𝜙(𝜆)∆𝜆600
400 , we obtain: 

 

∑ 𝜙(𝜆)∆𝜆

600

400

∑
𝜙(𝜆)∆𝜆

𝐶𝐵(𝜆)

600

400

<  𝑀𝑃𝜙(450) ∗ ∑ 𝜙(𝜆)∆𝜆

600

400

 (17) 

Solving for ∑ 𝜙(𝜆)∆𝜆600
400 , our measured radiant power in the pupil for wavelengths 

between 400 and 600 nm, we obtain: 
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∑ ϕ(λ)

600

400

∆λ < MPϕ(450) ∗  
∑ 𝜙(𝜆)∆𝜆600

400

∑
𝜙(𝜆)∆𝜆
𝐶𝐵(𝜆)

600
400

 (18) 

or  

 Measured Radiant Power in Pupil (400 < λ < 600 nm)

<  𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 MP𝜙(𝜆)𝑝ℎ. 

(19) 

Furthermore, in order to use the same integrated power ∑ 𝜙(𝜆)1400
400 ∆𝜆 for comparison 

with the dual limits, we compute the fraction (F) of the exposure for wavelengths from 

400 – 600 nm relative to the total exposure (from 400 – 1400 nm): 

 
F =  

∑ 𝜙(𝜆)600
400 ∆𝜆

∑ 𝜙(𝜆)1400
400 ∆𝜆

∗ 100% (20) 

Using this fraction, we are able to write the expression ∑ 𝜙(𝜆)600
400 ∆𝜆 as: 

 

∑ 𝜙(𝜆)

600

400

∆𝜆 = 𝐹 ∗ ∑ 𝜙(𝜆)

1400

400

∆𝜆 (21) 

Substituting this expression into Eq. (18) and solving for ∑ 𝜙(𝜆)∆𝜆1400
400 , we obtain: 

 

𝐹 ∗ ∑ 𝜙(𝜆)

1400

400

∆𝜆 < MPϕ(450) ∗  
∑ 𝜙(𝜆)∆𝜆600

400

∑
𝜙(𝜆)∆𝜆
𝐶𝐵(𝜆)

600
400

 

∑ 𝜙(𝜆)

1400

400

∆𝜆 <
1

𝐹
∗  𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑀𝑃𝜙(450)𝑝ℎ. 

(22) 
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2.2.4.2    Exposures across all instruments vs. a single Thermal/Photochemical MPE 

A cross-instrument plot is used to provide a comparison between broadband spectral 

weighted measured radiant powers of all instruments and a common thermal or 

photochemical limit on one plot. 

 When assessing a common thermal limit, we divided both sides of the inequality 

in Eq. (9) by the visual angle dependent parameter 𝐶𝐸(α), a factor in 𝑀𝑃𝜙(700) (see 

Table 2-3), to remove differences in the angle subtended by each examined instrument 

and better facilitate across instrument comparisons of exposures: 

 

∑
𝜙(𝜆)∆𝜆

𝐶𝑇(𝜆) ∗ 𝐶𝐽(𝜆) ∗ 𝑃(𝜆)−1 ∗ 𝐶𝐸(α)

1400

400

 <
𝑀𝑃𝜙(700)

𝐶𝐸(α)
 (23) 

 When assessing a common photochemical limit, we again divided both sides of 

the inequality in Eq. (15) by the visual angle variable, α2, a factor in 𝑀𝑃𝜙(450) (see 

Table 2-4), to remove differences in the angle subtended by each examined instrument 

and better facilitate across instrument comparisons of exposures: 

 

∑
𝜙(𝜆)∆𝜆

𝐶𝐵(𝜆) ∗ α2

600

400

<
𝑀𝑃𝜙(450)

α2
 (24) 

 

2.2.4.2    Luminance Dose Restrictions within 48 hours 

Sub-section 8.3.3 (entitled, “Luminance Dose Restrictions”) in the 2014 ANSI Standard 

states that for an “exposure at wavelengths between 500 nm and 700 nm, the retinal 

radiant exposures for durations exceeding 100s shall be maintained below 5 J/cm2 

divided by the value of V(λ), the CIE photopic luminous efficiency function” (American 

National Standard Institute, 2014). Given this guidance, we first need to calculate the 
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corresponding retinal radiant exposure Hr (J/cm2) from our measured radiant power in the 

pupil, 𝜙(𝜆) [W] for a particular pupil diameter using the following formula: 

 
𝐻𝑟 [

𝐽

𝑐𝑚2
] =  

∑ 𝜙(𝜆)∆𝜆700
500 [𝑊]

𝐴𝑟  [𝑐𝑚2]
∗  𝑡 [𝑠] (25) 

where 𝐴𝑟 (cm2) is the illuminated area of retina, defined as: 

 𝐴𝑟 [𝑐𝑚2] =  
𝜋

4
∗ 𝑓𝑒  [𝑐𝑚] ∗ 𝛼2 [𝑚𝑟𝑎𝑑] ∗ 10−6 = 2.27 ∗ 10−6 ∗  𝛼2 (26) 

where 𝑓𝑒  (in cm) is the eye’s focal length (~1.67 cm in Gulstrand’s model eye) and 𝛼 (in 

mrad) is the visual angle of the stimulus. 

 We conclude the safety condition for cumulative retinal radiant exposure with 

single exposure durations longer than 100 s for overlapping retinal areas within 48 hours 

to be: 

 

𝐻𝑟 [
𝐽

𝑐𝑚2
] =  

∑ 𝜙(𝜆)∆𝜆700
500

𝐴𝑟
∗  𝑡 < ∑

5 [
𝐽

𝑐𝑚2]

V(λ)
∆𝜆

700

500

 (27) 

After grouping the wavelength dependent parameters, we have the cumulative safe time 

within 48 hours to be: 

  

𝑡 [𝑠] < 5 [
𝐽

𝑐𝑚2
] ∗ 𝐴𝑟[𝑐𝑚2] ∗

∑  
1

V(λ)
700
500 ∆𝜆

∑ 𝜙(𝜆) ∆𝜆 [𝑊] 700
500

 
(28) 

The 48 hour cumulative safe time should not exceed the value calculated in Eq. 28 or the 

limit for a single continuous exposure, whichever is least. 
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2.2.5 Repetitive Pulsed Sources 

The conditions discussed above apply to single-pulsed light exposures. The ANSI 

Standard provides wavelength dependent critical pulse repetition frequency (Fcr) 

thresholds to distinguish single-pulsed from repetitive pulsed exposures. For 400 – 

1050 nm exposure, the critical pulse repetition frequency (PRF) is 200 kHz. That is, for 

any exposure in the wavelength range of 400 – 1050 nm with a frequency higher than 

200 kHz (or a single pulse duration, t1, shorter than 5 μs), the exposure is considered as a 

single pulse. However, because the highest frequency our custom photocell-connected 

oscilloscope could faithfully detect was 50 kHz, we had to set out critical PRF to be 

50 kHz, which happens to be nearly identical to the value of Fcr = 55.5 kHz from the 2007 

ANSI Standard (American National Standard Institute, 2007). 

For exposures from repetitive pulsed sources, the ANSI Standard offers “three 

rules” to compute the lowest maximum permissible exposure (MPE), assuming uniformly 

spaced pulses that each contain equal amounts of energy (American National Standard 

Institute, 2014). The parameters needed to calculate the MPE’s corresponding to these 

“three rules” are (1) the single pulse duration (t1), (2) the peak pulse power of a single 

pulse (Φ1),  (3) the duty factor (σ), and (4) any combination of two of the following three 

parameters: the pulse repetition frequency (F), the total train duration (T), and the number 

of pulses (n) (Delori et al., 2007). Due to the unavailability of all these required 

parameters in the manufacturer’s specifications, the inaccessibility of pulse frequency 

masked by frame frequency for our scanning laser source, and the limited sampling rate 

of our custom photocell-connected oscilloscope, we had insufficient data with which to 

assess these “three rules” for our commercial ophthalmic instruments. 
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2.2.6 Scanning Laser Ophthalmoscope (SLO) 

Since the ANSI Standard does not provide an explicit guideline on calculating the MPEs 

for Scanning Laser Ophthalmoscopes (SLOs), Delori et al. translated the ANSI Standard 

to a more practical form for calculating MPEs for SLOs using simulations (Delori et al., 

2007). The first of the two simulations is a pulsed line segment (PLS) simulation that 

simulates a pulsed exposure as the raster beam scans across a minimal retinal spot size. 

This simulation requires knowledge of parameters such as the fast scan frequency, frame 

rate, number of raster lines, scanner type, and line fraction (or ratio of the line to the scan 

duration that represents blanking [or turned off the beam] at the edges of each individual 

line scan). Since these required parameters cannot be found in the manufacturer’s 

specifications and we don’t process the instrument to determine them, it is not possible to 

incorporate PLS simulation in our study. 

The second of the two simulations is a continuous wave (CW) simulation that 

assumes that a stationary beam is uniformly and evenly distributed over the entire 

exposed retinal area. In CW full field simulations for thermal damage, the visual angle-

dependent parameter 𝐶𝐸(α) corresponding to a circular retinal field (also used in thermal 

MPΦ calculations [see Table 2-3]), is substituted with 𝐶𝐸′(α), a scaling factor 

corresponding to a square retinal field (Delori et al., 2007) and is given as: 

For 𝛼𝑓𝑟𝑎𝑚𝑒  < 100 mrad: 

𝐶𝐸
′ (α) = (

4

𝜋
) ∗ (

𝛼𝑓𝑟𝑎𝑚𝑒

𝛼𝑚𝑖𝑛
) 

For 𝛼𝑓𝑟𝑎𝑚𝑒  > 100 mrad,  

𝐶𝐸
′ (α) = (

4

𝜋
) ∗ (

𝛼𝑓𝑟𝑎𝑚𝑒
2

𝛼𝑚𝑖𝑛 ∗ 𝛼𝑚𝑎𝑥
) 
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where 𝛼𝑓𝑟𝑎𝑚𝑒  is the visual angle of a single frame of square field illuminating the retina, 

𝛼𝑚𝑖𝑛 (1.5 mrad) is the apparent angle subtended by a source above which extended-

source MPEs apply, and 𝛼𝑚𝑎𝑥 is the apparent angle subtended by a source above which 

the thermal hazard is proportional to the radiance of the source (100 mrad) (American 

National Standard Institute, 2014).  

 In CW full field simulations for photochemical damage, the visual angle (α) used 

in the photochemical MPΦ calculations (see Table 2-4) is substituted with α𝑒𝑞, the 

angular diameter of a circle with same area as the exposed square field, and is defined as: 

α𝑒𝑞 =  (
4

𝜋
) ∗  𝛼𝑓𝑟𝑎𝑚𝑒

2  

The CW simulation is most commonly used due to its simplicity. However, the CW 

simulation is only more conservative for small fields at short wavelengths (Delori et al., 

2007). The PLS simulation provides a larger degree of protection for smaller fields 

illuminated by wavelengths longer than 700 nm and for larger fields at all wavelengths 

(Delori et al., 2007).  

 

2.3  Results 

Specifications and measurements for all examined instruments and devices 

measured are summarized in Table 2-5.  
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Table 2-5. Specification List of Measured Ophthalmic Instruments and Devices. 

# Model Company Type 

Company 

Capture 

Duration 

Location 
Company’s  

Light  

Specifications 

Pupil  

Diameter 

dp (cm) 

Visual  

Angle  

α (deg) 

Radiant  

Power Φ 

Entering 

Pupil  

at  

Maximum  

Intensity  

if  

available  

(mW) 

1 SL-D7 Topcon Slit lamp n/a 

UHCO  

Visual  

Optics  

Lab 

n/a 

0.3 AS: 6 2.11 

0.7 

RV(+60D): 68 

RV(+78D): 81 

RV(+90D): 74 

11.5 

2 LI 900 Haag-Streit Slit lamp n/a 

UHCO  

General  

Clinic 
LED 

0.3 AS: 6 2.82 

0.7 

RV(+60D): 68 

RV(+78D): 81 

RV(+90D): 74 

15.32 

3 Omega 500 Heine 

 

Binocular  

Indirect 

Ophthalmoscope  

(BIO) 

n/a 

UHCO  

General  

Clinic 
n/a 0.7 

RV(+15D): 30 

RV(+20D): 40 

RV(+30D): 60 

1.42 
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# Model Company Type 

Company 

Capture 

Duration 

Location 
Company’s  

Light  

Specifications 

Pupil  

Diameter 

dp (cm) 

Visual  

Angle  

α (deg) 

Radiant  

Power Φ 

Entering 

Pupil  

at  

Maximum  

Intensity  

if  

available  

(mW) 

4 

API II 

Wireless 

LED 

Keeler 

Binocular  

Indirect 

Ophthalmoscope  

(BIO) 

n/a 

UHCO 

General  

Clinic 

LED 0.7 

RV(+15D): 30 

RV(+20D): 40 

RV(+30D): 60 

2.25 

5 
Optomap 

200DX 
Optos 

Ultra-widefield 

Fundus Imager 

(SLO) 

0.25 s 
UHCO 

Fundus 

Clinic 

Red laser 633 

nm 

Green laser 

532 nm 

0.7 200 0.08 

6 
Cirrus HD-

OCT 5000 
Carl Zeiss 

OCT  

(SLO) 
2 s 

UHCO 

General 

Clinic 

SLD 

750 & 840 nm 
0.7 40 1.69 

7 n/a Ward 
Dual Purkinje Eye 

Tracker 
n/a 

UHCO. 

Stevenson'

s Lab 

IR 0.3 19 0.65 

8 
Lenstar LS 

900 
Haag-Streit 

Optical  

Biometer 
n/a 

UHCO  

Contact  

Lens  

Clinic 

green LED, 

white LED  

Positioning 

aid LEDs 

0.3 3 0.33 
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# Model Company Type 

Company 

Capture 

Duration 

Location 
Company’s  

Light  

Specifications 

Pupil  

Diameter 

dp (cm) 

Visual  

Angle  

α (deg) 

Radiant  

Power Φ 

Entering 

Pupil  

at  

Maximum  

Intensity  

if  

available  

(mW) 

9 
COAS-HD 

2800 
AMO 

Wavefront 

Aberrometer 
n/a 

UHCO  

Visual  

Optics  

Lab 

infrared 

super-

luminescent 

diode 

0.3 3 0.10 

10 RK-5 Canon 
Binocular auto 

refractor/keratometer 
n/a 

UHCO 

Contact  

Lens  

Clinic 

n/a 0.3 3 0.042 

11 KR-8000 Topcon 
Binocular autore- 

fractor/keratometer 
n/a 

UHCO 

 General  

Clinic 

IR 0.3 3 0.19 

12 
Pentacam 

HR 
Oculus 

Anterior  

Segment 

Tomography 

2 s 

UHCO 

Contact  

Lens  

Clinic 

Blue LEDs 

475 nm 
0.3 10 0.003 

13 2000 Optikon Corneal Topographer n/a 

UHCO 

Visual 

 Optics 

 Lab 

n/a 0.3 6 0.04 
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# Model Company Type 

Company 

Capture 

Duration 

Location 
Company’s  

Light  

Specifications 

Pupil  

Diameter 

dp (cm) 

Visual  

Angle  

α (deg) 

Radiant  

Power Φ 

Entering 

Pupil  

at  

Maximum  

Intensity  

if  

available  

(mW) 

14 EH-290 Alcon Corneal Topographer 7 s 

UHCO  

Contact  

Lens  

Clinic 

Fluorescence 0.3 6 0.01 

15 Discovery 

Innovative 

Visual 

Systems 

Corneal Topography 

Ocular Wavefront 

Autorefractor 

Pupillometry 

Retroillumination 

Photography 

n/a 

UHCO 

Visual 

Optics 

 Lab 

n/a 0.3 3 0.59 
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2.3.1  Topcon SL-D7 Slit Lamp 

The power spectral densities (PSDs) of the Topcon SL-D7 Slit Lamp entering the pupil 

for 3- and 7-mm diameter pupils are shown in Figures 2-1 and 2-2. To achieve the 

exposure at maximum intensity (MAX), no filter (white) or diffusor was selected. 

Without any spectral modulation, nearly 55% of the total energy delivered to the eye was 

from wavelengths between 400 to 600 nm, with the peak intensity of the exposure 

occurring at approximately 560 nm (Topcon SL-D7/SL-D8Z Slit Lamp Instruction 

Manual, 2004). 

The measurement parameters and calculated safe times for anterior segment 

examination (AS) at maximum intensity are given in Table 2-6. The safe times assume 

that the slit beam overfilled a 3 mm pupil (OP) and the exposure continuously illuminated 

the same retinal area over time. The most stringent safe time for a single continuous 

exposure was approximately 394 seconds and was determined by the thermal damage 

(Figure 2-3). The safe time for cumulative exposures within calculated using Eq. (28) 

was longer than 48 hours. Therefore, the 48 hour cumulative exposures was constrained 

by the single continuous safe time for thermal damage (394 s).  

The measurement parameters and calculated safe times for indirect 

ophthalmoscopic illumination / retinal view (RV) examination using +60 D, +78 D, and 

+90 D Volk Lenses are given in Tables 2-7, 2-8, and 2-9, respectively. The most stringent 

single continuous exposure safe time for each Volk’s lens was longer than 104.5 seconds 

(Figures 2-8, 2-9, and 2-10). The safe times for cumulative exposures within 48 hours for 

all Volk Lenses calculated using Eq. (28) were longer than 48 hours. Therefore, the 48 

hour cumulative exposures were constrained by the single continuous safe time (>104.5 s). 
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Figure 2-1. Power Spectral Density (PSD) of Maximum Exposure from Topcon SL-

D7 Slit Lamp entering natural pupil. 

  



37 
 

 

Figure 2-2. Power Spectral Density (PSD) of Maximum Exposure from Topcon SL-

D7 Slit Lamp entering dilated pupil. 
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Table 2-6. Topcon SL-D7 Slit Lamp (AS, OP, MAX) Measurement Parameters and 

Calculated Safe Times. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pupil Diameter, dp 3 mm 

Visual Angle, α 6 deg 

Radiant Power Entering the Pupil (Φ) 2.11 mW 

Single Continuous Safe Time for Thermal Damage 394 s 

Single Continuous Safe Time for Photochemical Damage 941 s 

Cumulative Safe Time within 48 hours 394 s 
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Figure 2-3. Measured Radiant Power Entering the Pupil (Φ) of Topcon SL-D7 Slit 

Lamp (AS, OP, MAX) vs. Weighted Dual Limits for 3 mm Natural Pupil.  

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Topcon SL-D7 Slit Lamp with 

direct focal broadbeam illumination and a 3 mm natural pupil. The green horizontal line 

represents the measured radiant power entering the pupil (Φ) with direct focal broadbeam 

illumination ovefilling a natural pupil at maximum intensity. The dashed blue/red arrows 

pointing at the intersection of the green and blue/red lines indicate the highest continuous 

usage for a single exposure determined by photochemical damage and thermal damage, 

respectively.  
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Table 2-7. Topcon SL-D7 Slit Lamp (RV, +60D, MAX) Parameters and Calculated 

Safe Times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pupil Diameter, dp 7 mm 

Visual Angle, α 68 deg 

Radiant Power Entering the Pupil (Φ) 11.50 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-4. Measured Radiant Power Entering the Pupil (Φ) of Topcon SL-D7 Slit 

Lamp (RV, +60D, MAX) vs. Weighted Dual Limits for Dilated Pupil.  

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Topcon SL-D7 Slit Lamp when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) of with a +78 D Volk lens ovefilling a 

dilated pupil at maximum intensity.  
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Table 2-8. Topcon SL-D7 Slit Lamp (RV, +78D, MAX) Parameters and Calculated 

Safe Times. 

 

 

 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 81 deg 

Radiant Power Entering the Pupil (Φ) 11.50 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-5. Measured Radiant Power Entering the Pupil (Φ) of Topcon SL-D7 Slit 

Lamp (RV, +78D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Topcon SL-D7 Slit Lamp when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) with a +78 D Volk lens ovefilling a dilated 

pupil at maximum intensity.  
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Table 2-9. Topcon SL-D7 Slit Lamp (RV, +90D, MAX) Parameters and Calculated 

Safe Times. 

Pupil Diameter, dp 7 mm 

Visual Angle, α 74 deg 

Radiant Power Entering the Pupil (Φ) 11.50 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-6. Measured Radiant Power Entering the Pupil (Φ) of Topcon SL-D7 Slit 

Lamp (RV, +90D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Topcon SL-D7 Slit Lamp when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) with a +90 D Volk lens ovefilling a dilated 

pupil at maximum intensity.  
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2.3.2 Haag-Streit LI 900 LED Slit Lamp 

The power spectral densities (PSDs) of the Haag-Streit LI 900 LED Slit Lamp entering 

the pupil for 3- and 7-mm diameter pupils are shown in Figures 2-7 and 2-8. To achieve 

the exposure at MAX, no filter (white) or diffusor was selected. Without any spectral 

modulation, the spectrum was largely bimodal, with a smaller peak at shorter 

wavelengths and a broader distribution with a larger peak (~590 nm) at longer 

wavelengths (LED Illumination Set LI 900, Instructions for use, 2015). Nearly 65.3% of 

the total energy delivered to the eye consisted of wavelengths between 400 to 600 nm. 

The peak intensity of the exposure is at wavelength of approximately 590 nm.  

The measurement parameters and calculated safe times for anterior segment 

examination (AS) are given in Table 2-10. The safe times assume that the slit beam 

overfilled a 3 mm pupil (OP) and the exposure continuously illuminated the same retinal 

area over time. The most stringent safe time for a single continuous exposure was 

approximately 120 seconds and was determined by the thermal damage (Figure 2-9). The 

safe time for cumulative exposures within calculated using Eq. (28) was longer than 48 

hours. Therefore, the 48 hour cumulative exposures was constrained by the single 

continuous safe time for thermal damage (120 s). 

The measurement parameters and calculated safe times for retinal view 

examination (RV) using +60 D, +78 D, and +90 D Volk Lenses are given in Tables 2-11, 

2-12, and 2-13, respectively. The most stringent single continuous exposure safe time for 

+60 D was 9571 s (Figure 2-10). The most stringent single continuous exposure safe time 

for +78 D and +90 D was longer than 104.5 seconds (Figures 2-11 and 2-12). The safe 

times for cumulative exposures within 48 hours for all Volk Lenses calculated using Eq. 
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(28) were longer than 48 hours. Therefore, the 48 hour cumulative exposures were 

constrained by the single continuous safe time (9571 s for +60 D, and 104.5 for +78 D and 

+90 D). 
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 Figure 2-7. Power Spectral Density (PSD) of Maximum Exposure from Haag-Streit 

LI 900 LED Slit Lamp entering natural pupil. 
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Figure 2-8. Power Spectral Density (PSD) of Maximum Exposure from Haag-Streit 

LI 900 LED Slit Lamp entering dilated pupil. 

  



50 
 

Table 2-10. Haag-Streit LI 900 LED Slit Lamp (AS, OP, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 6 deg 

Radiant Power Entering the Pupil (Φ) 2.82 mW 

Single Continuous Safe Time for Thermal Damage 120 s 

Single Continuous Safe Time for Photochemical Damage 373 s 

Cumulative Safe Time within 48 hours 120 s 
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Figure 2-9. Measured Radiant Power Entering the Pupil (Φ) of Haag-Streit LI 900 

LED Slit Lamp (AS, OP, MAX) vs. Weighted Dual Limits for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Haag-Streit LI 900 LED Slit Lamp 

with direct focal broadbeam illumination and a natural pupil. The green horizontal line 

indicates the measured radiant power entering the pupil (Φ) with direct focal broadbeam 

illumination ovefilling a natural pupil at maximum intensity. The dashed blue/red arrow 

lines pointing at the intersection of the green and blue/red lines indicate the highest 

continuous usage for a single exposure determined by photochemical damage and 

thermal damage, respectively.  



52 
 

Table 2-11. Haag-Streit LI 900 LED Slit Lamp (RV, +60 D, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 68 deg 

Radiant Power Entering the Pupil (Φ) 15.32 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage  9571 s 

Cumulative Safe Time within 48 hours 9571 s 
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Figure 2-10. Measured Radiant Power Entering the Pupil (Φ) of Haag-Streit LI 900 

LED Slit Lamp (RV, +60 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Haag-Streit LI 900 LED Slit Lamp 

when used for indirect ophthalmoscopy and a dilated pupil. The green horizontal line 

indicates the measured radiant power entering the pupil (Φ) with a +60 D Volk lens 

ovefilling a dilated pupil at maximum intensity. The dashed blue arrow line pointing at 

the intersection of the green and blue lines indicates the highest continuous usage for a 

single exposure determined by photochemical damage. 
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Table 2-12. Haag-Streit LI 900 LED Slit Lamp (RV, +78 D, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 81 deg 

Radiant Power Entering the Pupil (Φ) 15.32 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage  > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-11. Measured Radiant Power Entering the Pupil (Φ) of Haag-Streit LI 900 

LED Slit Lamp (RV, +78 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Haag-Streit LI 900 LED Slit Lamp 

when used for indirect ophthalmoscopy and a dilated pupil. The green horizontal line 

indicates the measured radiant power entering the pupil (Φ) with a +78 D Volk lens 

ovefilling a dilated pupil at maximum intensity.   
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Table 2-13. Haag-Streit LI 900 LED Slit Lamp (RV, +90 D, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 74 deg 

Radiant Power Entering the Pupil (Φ) 15.32 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage  > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-12. Measured Radiant Power Entering the Pupil (Φ) of Haag-Streit LI 900 

LED Slit Lamp (RV, +90 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Haag-Streit LI 900 LED Slit Lamp 

when used for indirect ophthalmoscopy and a dilated pupil. The green horizontal line 

indicates the measured radiant power entering the pupil (Φ) with a +90 D Volk lens 

ovefilling a dilated pupil at maximum intensity.   
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2.3.3. Heine Omega 500 BIO 

The power spectral density of the exposure from the Heine Omega 500 BIO entering a 

dilated (7 mm) pupil at MAX with a condensing lens is shown in Figure 2-13. 58.0% of 

the total energy delivered to the eye consisted of wavelengths shorter than 700 nm, with a 

peak intensity of exposure occurring at wavelength of approximately 560 nm (Heine 

Omega 500 / Heine Omega 500 Unplugged User Manual, 2009). 

The measurement parameters and calculated safe times for retinal examination 

using +15 D, +20 D, and +30 D condensing lenses are given in Tables 2-14, 2-15, and 2-

16, respectively. The most stringent single continuous exposure safe time for each 

condensing lens was longer than 104.5 seconds (Figures 2-14, 2-15, and 2-16). The safe 

times for cumulative exposures within 48 hours for all condensing lenses calculated using 

Eq. (28) were longer than 48 hours. Therefore, the 48 hour cumulative exposures were 

constrained by the single continuous safe time (>104.5 s). 
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Figure 2-13. Power Spectral Density (PSD) of Maximum Exposure from Heine 

Omega 500 BIO entering dilated pupil.  
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Table 2-14. Heine Omega 500 BIO (+15 D, MAX) Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 30 deg 

Radiant Power Entering the Pupil (Φ) 1.42 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time for 48 hours >104.5 s 
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Figure 2-14. Measured Radiant Power Entering the Pupil (Φ) of Heine Omega 500 

BIO (+15 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Heine Omega 500 BIO when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering pupil (Φ) with a +15 D condensing lens overfilling a 

dilated pupil at maximum intensity.  
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Table 2-15. Heine Omega 500 BIO (+20 D, MAX) Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 40 deg 

Radiant Power Entering the Pupil (Φ) 1.42 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time for 48 hours > 104.5 s 
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Figure 2-15. Measured Radiant Power Entering the Pupil (Φ) of Heine Omega 500 

BIO (+20 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Heine Omega 500 BIO when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) with a +20 D condensing lens overfilling a 

dilated pupil at maximum intensity.   
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Table 2-16. Heine Omega 500 BIO (+30 D, MAX) Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 60 deg 

Radiant Power Entering the Pupil (Φ) 1.42 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-16. Measured Radiant Power Entering the Pupil (Φ) of Heine Omega 500 

BIO (+30 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Heine Omega 500 BIO when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) with a +30 D condensing lens overfilling a 

dilated pupil at maximum intensity.  
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2.3.4. Keeler API II Wireless LED BIO 

The power spectral density of the exposure from the Keeler API II Wireless LED BIO 

entering a dilated (7 mm) pupil at maximum intensity with a condensing lens is shown in 

Figure 2-17. The spectrum was, again, bimodal with a smaller peak at shorter 

wavelengths and a broader distribution with a larger peak (~580) at longer wavelengths 

(Keeler All Pupil Wireless Indirect Ophthalmoscope Instructions, n.d.). Nearly 71% of 

the total energy delivered to the eye consisted of wavelengths between 400 to 600 nm.  

The measurement parameters and calculated safe times for retinal examination 

using +15 D, +20 D, and +30 D condensing lenses are given in Tables 2-17, 2-18, and 2-

19, respectively. The most stringent single continuous exposure safe time for +15 D was 

9845 s and was dictated by photochemical damage (Figure 2-18). The safe times for 

cumulative exposures within 48 hours for all condensing lenses calculated using Eq. (28) 

were longer than 48 hours. Therefore, the 48 hour cumulative exposures were constrained 

by the single continuous safe time (9845 s for +15 D, and 104.5 for +20 D and +30 D). 
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Figure 2-17. Power Spectral Density (PSD) of Maximum Exposure from Keeler API 

II Wireless LED BIO entering dilated pupil. 
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Table 2-17. Keeler API II Wireless LED BIO (+15 D, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 30 deg 

Radiant Power Entering the Pupil (Φ) 2.25 mW 

Single Continuous Safe Time for Thermal Damage  > 104.5 s 

Single Continuous Safe Time for Photochemical Damage 9845 s 

Cumulative Safe Time within 48 hours 9845 s 
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Figure 2-18. Measured Radiant Power Entering the Pupil (Φ) of Keeler API II 

Wireless LED BIO (+15 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Keeler API II BIO when used for 

indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) with a +15 D condensing lens overfilling a 

dilated pupil at maximum intensity. The dashed blue arrow pointing at the intersection of 

the green and blue lines indicates the highest continuous usage for a single exposure 

determined by photochemical damage.  
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Table 2-18. Keeler API II Wireless LED BIO (+20 D, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 30 deg 

Radiant Power Entering the Pupil (Φ) 2.25 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-19. Measured Radiant Power Entering the Pupil (Φ) of Keeler API II 

Wireless LED BIO (+20 D, MAX) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for Keeler API II BIO with indirect 

ophthalmoscopy and a dilated pupil. The green horizontal line indicates the measured 

radiant power entering the pupil (Φ) with a +20 D condensing lens overfilling a dilated 

pupil at maximum intensity.  
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Table 2-19. Keeler API II Wireless LED BIO (+30 D, MAX) Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 30 deg 

Radiant Power Entering the Pupil (Φ) 2.25 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-20. Measured Radiant Power Entering the Pupil (Φ) of Keeler API II 

Wireless LED BIO (+30 D, MAX)vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Keeler API II BIO when used for 

indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) with a +30 D condensing lens overfilling a 

dilated pupil at maximum intensity.  



74 
 

2.3.5. Optos Optomap 200DX Ultra-widefield SLO 

The power spectral density (PSD) of the exposure from the Opto Optomap 

200DX Ultra-widefield SLO entering a dilated (7 mm) pupil at maximum intensity (high 

fixation intensity) is shown in Figure 2-21. The spectrum consisted of two narrow peaks 

at 532 nm and 633 nm (Optos Optomap 200DX Technical Specifications, n.d.). The 

measurement parameters and calculated safe times for maximum intensity are given in 

Table 2-20. The most stringent safe time for a single continuous exposure was longer 

than 104.5 seconds (Figure 2-22). The safe time for cumulative exposures within 

calculated using Eq. (28) was longer than 48 hours. Therefore, the 48 hour cumulative 

exposures were constrained by the single continuous safe time for thermal damage (>104.5 

s).  
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Figure 2-21. Power Spectral Density of Optos Optomap 200DX (High Fixation). 
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Table 2-20. Optos Optomap 200DX (High Fixation Intensity) Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 200 deg 

Radiant Power Entering the Pupil (Φ) 0.08 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-22. Measured Radiant Power Entering the Pupil (Φ) of Optos Optomap 

200DX (High Fixation Intensity) vs. Weighted Dual Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Optos Optomap 200DX when used 

for indirect ophthalmoscopy and a dilated pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) at high fixation intensity.  
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2.3.6. Carl Zeiss Cirrus HD-OCT 5000 

The power spectral density (PSD) of the exposure from the Carl Zeiss Cirrus HD-OCT 

5000 entering a dilated (7 mm) pupil is shown in Figure 2-23. The spectrum had one high 

narrow peak at wavelength of 750 nm and a low narrow peak at wavelength of 840 nm 

(Cirrus HD-OCT Model 4000/5000 User Manual, 2009). The measurement parameters 

and calculated safe times are given in Table 2-21. The safe times assume the light beam 

overfilled a 7 mm pupil (OP) and continuously illuminated the same retinal region over 

time. The most stringent safe time for a single continuous exposure was longer than 104.5 

seconds (Figure 2-24) and was dictated by thermal damage. Due to the absence of 

wavelengths between 400 – 600 nm and 500 – 700 nm, the safe times for photochemical 

damage and luminance dose within 48 hours were not applicable. 
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Figure 2-23. Power Spectral Density (PSD) of Carl Zeiss Cirrus HD-OCT 5000. 
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Table 2-21. Carl Zeiss Cirrus HD-OCT 5000 Parameters and Calculated Safe Times. 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 7 mm 

Visual Angle, α 40 deg 

Radiant Power Entering the Pupil (Φ) 1.69 mW 

Single Continuous Safe Time for Thermal Damage  > 104.5 s 
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Figure 2-24. Measured Radiant Power Entering the Pupil (Φ) of Carl Zeiss Cirrus 

HD-OCT 5000 vs. Weighted Thermal Limits for Dilated Pupil. 

The red oblique line represents the weighted Thermal MPΦ for the Carl Zeiss Cirrus HD-

OCT 5000 and a dilated pupil. The green horizontal line indicates the measured radiant 

power entering the pupil (Φ) of the Carl Zeiss Cirrus HD-OCT 5000.  
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2.3.7. Ward’s Dual Purkinje Eye Tracker 

The power spectral density (PSD) of the exposure from Ward’s Dual Purkinje Eye 

Tracker entering a natural (3 mm) pupil is shown in Figure 2-25. The spectrum consisted 

of one high narrow peak at wavelength of 912 nm. The measurement parameters and 

calculated safe times are given in Table 2-22. The safe time assumes the light beam 

overfilled a 3 mm pupil (OP) and continuously illuminated the same retinal region over 

time. The most stringent safe time for a single continuous exposure was longer than 104.5 

seconds (Figure 2-26) and was dictated by thermal damage. Due to the absence of 

spectral distribution at wavelengths of 400 – 600 nm and 500 – 700 nm, the safe times for 

photochemical damage and luminance dose within 48 hours were not applicable. 
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Figure 2-25. Power Spectral Density (PSD) of Ward’s Dual Purkinje Eye Tracker.  
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Table 2-22. Ward’s Dual Purkinje Eye Tracker Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 19 deg 

Radiant Power Entering the Pupil (Φ) 0.65 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 
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Figure 2-26. Measured Radiant Power Entering the Pupil (Φ) of Ward’s Dual 

Purkinje Eye Tracker vs. Weighted Thermal Limit for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ for the Ward’s Dual Purkinje 

Eye Tracker and a natural pupil. The green horizontal line indicates the measured radiant 

power entering the pupil (Φ) of Ward’s Dual Purkinje Eye Tracker. 
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2.3.8. Lenstar LS 900 Optical Biometer 

The power spectral density (PSD) of the exposure from the Lenstar LS 900 Optical 

Biometer entering a natural (3 mm) pupil is shown in Figure 2-27. The spectrum has one 

narrow peak at wavelength of 820 nm (Lenstar LS 900 User Manual, n.d.). The 

measurement parameters and calculated safe times are given in Table 2-23. The safe time 

assumes the light beam overfilled a 3 mm pupil (OP) and continuously illuminated the 

same retinal region over time. The most stringent safe time for a single continuous 

exposure was longer than 104.5 seconds (Figure 2-28) and was dictated by thermal 

damage. Due to the absence of wavelengths between 400 – 600 nm and 500 – 700 nm, 

the safe times for photochemical damage and luminance dose within 48 hours were not 

applicable.  
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Figure 2-27. Power Spectral Density (PSD) of Lenstar LS 900 Optical Biometer. 
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Table 2-23. Lenstar LS 900 Optical Biometer Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 5 deg 

Radiant Power Entering the Pupil (Φ) 0.33 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 
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Figure 2-28. Measured Radiant Power Entering the Pupil (Φ) of Lenstar LS 900 

Optical Biometer vs. Weighted Thermal Limit for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ for the Lenstar LS 900 

Optical Biometer and a natural pupil. The green horizontal line indicates the measured 

radiant power entering the pupil (Φ) of the Lenstar LS 900 Optical Biometer. 
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2.3.9. AMO COAS-HD 2800 Wavefront Aberrometer 

The power spectral density (PSD) of the exposure from the AMO COAS-HD 2800 

Wavefront Aberrometer entering a natural (3 mm) pupil is shown in Figure 2-29. The 

spectrum had one narrow peak at wavelength of approximately 830 nm (“COAS-HD 

2800 Wavefront Aberrometer,” n.d.). The measurement parameters and calculated safe 

times are given in Table 2-24. The safe time assume the light beam overfilled a 3 mm 

pupil (OP) and continuously illuminated the same retinal region over time. The most 

stringent safe time for a single continuous exposure was longer than 104.5 seconds (Figure 

2-30). Due to the absence of wavelengths between 400 – 600 nm and 500 – 700 nm, the 

safe times for photochemical damage and luminance dose within 48 hours were not 

applicable.  
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Figure 2-29. Power Spectral Density (PSD) of AMO COAS-HD 2800 Wavefront 

Aberrometer. 
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Table 2-24. AMO COAS-HD 2800 Wavefront Aberrometer Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 3 deg 

Radiant Power Entering the Pupil (Φ) 0.10 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 
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Figure 2-30. Measured Radiant Power Entering the Pupil (Φ) of AMO COAS-HD 

2800 Wavefront Aberrometer vs. Weighted Thermal Limit for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ for the AMO COAS-HD 

2800 Wavefront Aberrometer and a natural pupil. The green horizontal line indicates the 

measured radiant power entering the pupil (Φ) of the AMO COAS-HD 2800 Wavefront 

Aberrometer. 
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2.3.10. Canon RK-5 Binocular auto refractor/keratometer 

The power spectral density (PSD) of the exposure from the Canon RK-5 

Binocular auto refractor/keratometer entering a natural (3 mm) pupil is shown in Figure 

2-31. Over 96% of the total energy delivered to the eye consisted of wavelengths between 

400 to 600 nm. The measurement parameters and calculated safe times are given in Table 

2-25. The most stringent safe time for a single continuous exposure at 2657 seconds and 

was determined by photochemical damage (Figure 2-32). The safe time for cumulative 

exposures within calculated using Eq. (28) was longer than 48 hours. Therefore, the 48 

hour cumulative exposures were constrained by the single continuous safe time for 

thermal damage (2657 s).  

  



95 
 

 

Figure 2-31. Power Spectral Density (PSD) of Canon RK-5 Binocular auto 

refractor/keratometer. 
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Table 2-25. Canon RK-5 Binocular auto refractor/keratometer Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 3 deg 

Radiant Power Entering the Pupil (Φ) 0.042 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage 2657 

Cumulative Safe Time within 48 hours 2657 
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Figure 2-32. Measured Radiant Power Entering the Pupil (Φ) of Canon RK-5 

Binocular auto refractor/keratometer vs. Weighted Dual Limits for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Canon RK-5 Binocular auto 

refractor/keratometer and a natural pupil. The green horizontal line represents the 

measured radiant power entering the pupil (Φ) of the Canon RK-5 Binocular auto 

refractor/keratometer. The dashed blue arrow line pointing at the intersection of the green 

and blue lines indicates the highest continuous usage for a single exposure determined by 

photochemical damage.  
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2.3.11. Topcon RK-8000 Binocular auto refractor/keratometer 

The power spectral density (PSD) of the exposure from Topcon RK-8000 Binocular auto 

refractor/keratometer entering a natural (3 mm) pupil is shown in Figure 2-33. The 

spectrum has one narrow peak at wavelength of approximately 935 nm (Auto Kerato-

refractometer KR-800 User Manual, 2012). The measurement parameters and calculated 

safe times are given in Table 2-26. The most stringent safe time for a single continuous 

exposure was longer than 104.5 seconds (Figure 2-34) and was dictated by thermal 

damage. Due to the absence of wavelengths between 400 – 600 nm and 500 – 700 nm, 

the safe times for photochemical damage and luminance dose within 48 hours were not 

applicable. 
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Figure 2-33. Power Spectral Density (PSD) of Topcon RK-8000 Binocular auto 

refractor/keratometer.  
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Table 2-26. Topcon RK-8000 Binocular auto refractor/keratometer Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 3 deg 

Radiant Power Entering the Pupil (Φ) 0.19 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 
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Figure 2-34. Measured Radiant Power Entering the Pupil (Φ) of Topcon RK-8000 

Binocular auto refractor/keratometer vs. Weighted Thermal Limit for Natural 

Pupil. 

The red oblique line represents the weighted Thermal MPΦ for Topcon RK-8000 

Binocular auto refractor/keratometer and a natural pupil. The green horizontal line 

indicates the measured radiant power entering the pupil (Φ) of Topcon RK-8000 

Binocular auto refractor/keratometer. 
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2.3.12. Oculus Pentacam HR Anterior Segment Tomography 

The power spectral density (PSD) of the exposure from the Oculus Pentacam HR 

Anterior Segment Tomography entering a natural (3 mm) pupil is shown in Figure 2-35. 

The spectrum had a narrow peak at a wavelength of approximately 460 nm. 

The measurement parameters and calculated safe times are given in Table 2-27. 

The most stringent safe time for a single continuous exposure was longer than 104.5 

seconds (Figure 2-36) and was not limited by thermal or photochemical damage. The safe 

time for cumulative exposures within calculated using Eq. (28) was longer than 48 hours. 

Therefore, the 48 hour cumulative exposures were constrained by the single continuous 

safe time for thermal damage (104.5 s).   
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Figure 2-35. Power Spectral Density (PSD) of Oculus Pentacam HR Anterior 

Segment Tomography.  
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Table 2-27. Oculus Pentacam HR Anterior Segment Tomography Parameters and 

Calculated Safe Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 10 deg 

Radiant Power Entering the Pupil (Φ) 0.003 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-36. Measured Radiant Power Entering the Pupil (Φ) of Oculus Pentacam 

HR Anterior Segment Tomography vs. Weighted Dual Limits for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Oculus Pentacam HR Anterior 

Segment Tomography and a natural pupil. The green horizontal line represents the 

measured radiant power entering the pupil (Φ) of the Oculus Pentacam HR Anterior 

Segment Tomography.  
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2.3.13. Optikon 2000 Corneal Topographer 

The power spectral density (PSD) of the exposure from the Optikon 2000 Corneal 

Topographer entering a natural (3 mm) pupil is shown in Figure 2-37. Nearly 33% of the 

total energy delivered to the eye consisted of wavelengths between 400 to 600 nm. The 

measurement parameters and calculated safe times are given in Table 2-28. The most 

stringent safe time for a single continuous exposure was longer than 104.5 seconds (Figure 

2-38). The safe time for cumulative exposures within calculated using Eq. (28) was 

longer than 48 hours. Therefore, the 48 hour cumulative exposures were constrained by 

the single continuous safe time for thermal damage (104.5 s).   
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Figure 2-37. Power Spectral Density (PSD) of Optikon 2000 Corneal Topographer. 
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Table 2-28. Optikon 2000 Corneal Topographer Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 3 deg 

Radiant Power Entering the Pupil (Φ) 0.04 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-38. Measured Radiant Power Entering the Pupil (Φ) of Optikon 2000 

Corneal Topographer vs. Weighted Dual Limits for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Optikon 2000 Corneal Topographer 

and a natural pupil. The green horizontal line represents the measured radiant power 

entering the pupil (Φ) of the Optikon 2000 Corneal Topographer.  
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2.3.14. Alcon EH-290 Corneal Topographer 

The power spectral density (PSD) of the exposure from the Alcon EH-290 Corneal 

Topographer entering a natural (3 mm) pupil is shown in Figure 2-39. Approximately 68% 

of the total energy delivered to the eye is at wavelengths between 400 to 600 nm. The 

measurement parameters and calculated safe times are given in Table 2-29. The most 

stringent safe time for a single continuous exposure was longer than 104.5 seconds (Figure 

2-40). The safe time for cumulative exposures within calculated using Eq. (28) was 

longer than 48 hours. Therefore, the 48 hour cumulative exposures were constrained by 

the single continuous safe time for thermal damage (104.5 s).   
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Figure 2-39. Power Spectral Density (PSD) of Alcon EH-290 Corneal Topographer. 
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Table 2-29. Alcon EH-290 Corneal Topographer Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 6 deg 

Radiant Power Entering the Pupil (Φ) 0.01 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 

Single Continuous Safe Time for Photochemical Damage > 104.5 s 

Cumulative Safe Time within 48 hours > 104.5 s 
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Figure 2-40. Measured Radiant Power Entering the Pupil (Φ) of Alcon EH-290 

Corneal Topographer vs. Weighted Dual Limits for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ and the blue oblique line 

represents the weighted Photochemical MPΦ for the Alcon EH-290 Corneal Topographer 

and a natural pupil. The green horizontal line represents the measured radiant power 

entering the pupil (Φ) of the Alcon EH-290 Corneal Topographer.   
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2.3.15. Discovery Innovative Visual System 

The power spectral density (PSD) of the exposure from the Discovery Innovative Visual 

System entering a natural (3 mm) pupil is shown in Figure 41. The spectrum had one 

narrow peak at wavelength of approximately 830 nm. The measurement parameters and 

calculated safe times are given in Table 2-30. The most stringent safe time by thermal 

damage for a single continuous exposure was longer than 104.5 seconds (Figure 2-42) and 

was dictated by thermal damage. Due to the absence of wavelengths between 400 – 600 

nm and 500 – 700 nm, the safe time for photochemical damage and luminance dose 

within 48 hours were not applicable. 
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Figure 2-41. Power Spectral Density (PSD) of Discovery Innovative Visual Systems.  
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Table 2-30. Discovery Innovative Visual System Parameters and Calculated Safe 

Times. 

 

 

 

 

 

 

 

 

  

Pupil Diameter, dp 3 mm 

Visual Angle, α 3 deg 

Radiant Power Entering the Pupil (Φ) 0.59 mW 

Single Continuous Safe Time for Thermal Damage > 104.5 s 
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Figure 2-42. Measured Radiant Power Entering the Pupil (Φ) of Discovery 

Innovative Visual System vs. Weighted Thermal Limits for Natural Pupil. 

The red oblique line represents the weighted Thermal MPΦ for the Discovery Innovative 

Visual System and a natural pupil. The green horizontal line indicates the measured 

radiant power entering the pupil (Φ) of the Discovery Innovative Visual System. 
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2.3.16. Cross-instrument Comparisons 

Evaluation with reference to adjusted thermal and photochemical MPΦs for dilated pupils 

(0.7 cm) and natural pupils (0.3 cm) is summarized in Table 2-31 and presented in 

Figures 2-43 to 2-46, respectively. The bold red oblique line labeled 

“log{MPΦ(700)/C_E}” indicates the adjusted thermal limit of MPΦ(700). The bold blue 

oblique line labeled “log{MPΦ(450)/ α^2} indicates the adjusted photochemical limit of 

MPΦ(450). The remaining horizontal lines indicate broadband spectral weighted radiant 

powers representing each individual ophthalmic instrument and device that was measured.
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Table 2- 31. List of Selected Specifications and Safe Times for Ophthalmic Instrument or Device. 

# Model Company 

Pupil  

Diameter  

(cm) 

Visual  

Angle  

(deg) 

Single 

Continuous 

Safe Time 

for 

Thermal 

Damage  

(s) 

Single 

Continuous Safe 

Time for 

Photochemical 

Damage 

(s) 

Cumulative 

Safe Time 

within 48 

hours 

 

1 SL-D7 Topcon 

0.3 AS: 6 394 941 394 

0.7 

RV(+60D): 68 

RV(+78D): 81 

RV(+90D): 74 

> 104.5 > 104.5 > 104.5 

2 LI 900 Haag-Streit 

0.3 AS: 6 120 373 > 48 h 

0.7 

RV(+60D): 68 > 104.5 9571 9571 

RV(+78D): 81 

RV(+90D): 74 
> 104.5 > 104.5 > 104.5 

3 Omega 500 Heine 0.7 

RV(+15D): 30 

RV(+20D): 40 

RV(+30D): 60 

> 104.5 > 104.5 > 104.5 

4 API II Wireless LED Keeler 0.7 RV(+15D): 30 > 104.5 9845 9845 
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# Model Company 

Pupil  

Diameter  

(cm) 

Visual  

Angle  

(deg) 

Single 

Continuous 

Safe Time 

for 

Thermal 

Damage  

(s) 

Single 

Continuous Safe 

Time for 

Photochemical 

Damage 

(s) 

Cumulative 

Safe Time 

within 48 

hours 

 

RV(+20D): 40 

RV(+30D): 60 
> 104.5 > 104.5 > 104.5 

5 Optomap 200DX Optos 0.7 200 > 104.5 > 104.5 > 104.5 

6 Cirrus HD-OCT 5000 Carl Zeiss 0.7 30 * 30 > 104.5 n/a n/a 

7 n/a Ward 0.3 19 > 104.5 n/a n/a 

8 Lenstar LS 900 Haag-Streit 0.3 3 > 104.5 n/a n/a 

9 COAS-HD 2800 AMO 0.3 3 > 104.5 n/a n/a 

10 RK-5 Canon 0.3 3 > 104.5 2657 2657 

11 KR-8000 Topcon 0.3 3 > 104.5 n/a n/a 

12 Pentacam HR Oculus 0.3 10 > 104.5 > 104.5 > 104.5 

13 2000 Optikon 0.3 6 > 104.5 > 104.5 > 104.5 

14 EH-290 Alcon 0.3 6 > 104.5 > 104.5 > 104.5 

15 Discovery Innovative Visual Systems 0.3 3 > 104.5 n/a n/a 
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Figure 2-43. Weighted Measurements vs. Adjusted Thermal MPΦ (700) for a 0.7 cm Dilated Pupil. 
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Figure 2-44. Weighted Measurements vs. Adjusted Photochemical MPΦ (450) for a 0.7 cm Dilated Pupil.  
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Figure 2-45. Weighted Measurements vs. Adjusted Thermal MPΦ (700) for a 0.3 cm Natural Pupil. 
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Figure 2-46. Weighted Measurements vs. Adjusted Photochemical MPΦ (450) for a 0.3 cm Dilated Pupil. 
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2.4  Discussion 

The purposes of this study were (1) to assess and compare light exposure levels of current 

ophthalmic instruments with MPE limits defined by the 2014 ANSI Standard and (2) to 

provide a safety time “limit” for each instrument. The safe times (or theoretical durations 

required to reach the MPEs) for thermal damage, photochemical damage and 48 hour 

cumulative exposures were each computed separately, and the shortest duration for any 

damage mechanism was considered as the most stringent safe time. We found all 

ophthalmic instruments and devices examined in our study to be safe for typical, 

clinically relevant usage times. Slit lamps used for direct illumination with open apertures 

had the shortest exposure times before exceeding the MPEs. Exposure times were 

significantly relaxed when using the same slit lamps to indirectly illuminate a larger 

patch of retina. 

The MPEs are supposed to be at least 10 times below the damage threshold that 

corresponds to a 50% probability of inducing a minimum visible lesion in the retina 

(Calkins & Hochheimer, 1980; Sliney et al., 2002). If the actual exposure duration 

exceeds its corresponding theoretical safe time, irreversible changes or damage can 

potentially occur in the retina. The longer the exposure duration exceeds the calculated 

safe time, the higher the chance that a visible lesion in the retina will be observed. 

Thermal damage is caused by the transfer of radiant electromagnetic energy of a 

photon to human tissue. Molecules in human tissue absorb photons in the visible 

spectrum (400 – 1400 nm), enabling the predominant kinetic energy in the photons to be 

transferred to the tissue molecules (Youssef et al., 2011). The absorption of the kinetic 

energy of photons is believed to be facilitated by (1) hemoglobin in the retinal and 
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choroidal blood vessels, (2) xanthophyll in Müller cells and the neurosensory retina, 

and/or (3) melanosomes and melanocytes in the RPE and choroid (Brancato et al., 1989; 

Gibbons et al., 1977). The fundus, which contains an abundance of melanosomes 

pigments, is thought to absorb the photonic kinetic energy more readily (Youssef et al., 

2011).  

The kinetic energy transferred increases vibrational and rotational movements of 

the tissue molecules and serves to further increase their temperature. The photon energy, 

E, can be expressed as: 

 E = hc/λ (29) 

where h is Planck’s constant (6.62607 × 10−34  
𝑚2∗𝑘𝑔

𝑠
), c is the speed of light, and λ is 

the wavelength of light. A greater amount of kinetic energy can be transferred for light 

absorbed at shorter wavelengths, potentially giving rise to higher temperatures in the 

tissue. The irreversible thermal damage in retinal tissue often happens when the 

temperature of the tissue increases more than 10°C (Birngruber et al., 1983, 1985). 

Denaturation of proteins in the tissue molecules depending on the extent of kinetic energy 

transferred can result in apoptosis for 55-58°C, apoptosis and necrosis for 60-68°C, and 

immediate cell death for temperatures higher than 72°C (Youssef et al., 2011). Thermal 

damage is now commonly induced intentionally using a laser, such as in 

photocoagulation procedures used to treat retinal diseases (e.g., retinal detachments, 

diabetic retinopathy, retinal edema). The temperature of the ocular tissue immediately 

treated by laser photocoagulation typically increases to above 65°C to induce tissue 

destruction (Youssef et al., 2011). 
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Photochemical damage is caused by the toxicity of free radicals to retinal tissue 

when exposed to bright light and is traditionally categorized into Noell damage (Noell, 

1979, 1986) and Ham damage (Ham et al., 1979). Noell damage (Class I damage) 

commonly occurs for an exposure to green-filtered fluorescent and incandescent white 

light with a duration longer than 1.5 hours (Hunter et al., 2012). The primary sites of 

impact for Noell damage are photoreceptors and RPE cells due to the fact that the action 

spectrum of retinal damage matches the absorption spectrum of the visual pigments 

(Harwerth & Sperling, 1975; Sperling & Harwerth, 1972). Ham damage (Class II, or blue 

light, damage) usually happens for an exposure to white and laser line light with a 

duration shorter than 5 hours (Hunter et al., 2012). The primary site of impact for Ham 

damage is the RPE and is caused primarily by exposure to violet and ultraviolet light 

(Ham et al., 1979; van Norren & Gorgels, 2011). The ANSI Standard primarily takes 

Ham damage into account throughout the development of guidelines designed to protect 

the eye from photochemical damage (American National Standard Institute, 2014). 

Further protective guidelines have been implemented in the 2014 Standard, such as the 

addition of a cumulative limit for light exposures within a 48 hour period for sources with 

wavelengths between 500 and 700 nm (Section 8.3, (American National Standard 

Institute, 2014; Morgan et al., 2008, 2009) based on recent studies on photochemical 

damage that have shown a long-term reduction of retinal autofluorescence following 

exposure to 568 nm at an intensity of 2.5 times below the MPE ((American National 

Standard Institute, 2014; Morgan et al., 2008, 2009). Despite these recent changes, 

further work is likely required to improve the safe times provided by the current Standard. 

For example, a long-term reduction of retinal near-infrared autofluorescence following 
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exposure to 790 nm light at an intensity of 2-3 times below the MPE dictated by the 2007 

and 2014 ANSI Standards has also been observed (Masella et al., 2014). It is postulated 

that the long-term reduction in retinal autofluorescence is an indicator of photooxidation 

of lipofuscin within the RPE as part of the visual cycle and may be linked with permanent 

RPE disruption. However, further research is required to validate this hypothesis. 

The eye’s susceptibility to phototoxicity is affected by a number of factors 

including age, diurnal fluctuations, and pathology (Hunter et al., 2012). For example, 

eyes that are older tend to have cutoff wavelengths for transmission through the 

crystalline lens (due to its natural yellowing) that are shifted upward to approximately 

450 nm (van de Kraats & van Norren, 2007), potentially providing increased levels of 

light safety (through a reduction in the transmission of short wavelength light to the 

retina). However, lipofuscin accumulation and the risk of photooxidation due to 

photochemical damage also increases with age (Hunter et al., 2012), likely offsetting the 

protective effects due to changes in lens transmission. Many ocular diseases thought to 

affect the visual cycle and the accumulation of lipofuscin (such as Stargardt’s macular 

dystrophy and age-related macular degeneration) are believed to potentially increase the 

eye’s susceptibility to phototoxicity. Other diseases that are not directly related to the 

visual cycle and the amount of lipofuscin have also been found to sustain more severe 

retinal damage (Vaughan et al., 2006). Aphakic patients who are not afforded the 

protective effects of the crystalline lens from UV light also have a higher risk when 

exposed to high energy illumination at shorter wavelengths. Since diseased or aged 

retinas may be more susceptible to light damage, a more conservative MPE and/or a 

shorter safe time should be considered.  
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In addition, a patient’s refractive error (or axial length) could also affect the eye’s 

susceptibility to the light exposure, particularly for instruments that image the eye over 

fixed visual angles. For instance, consider an instrument that exposes the eye to light 

which subtends a specific visual angle (such as a 30 degree fundus photograph). The 

physical area that is exposed on the retina for a fixed angle of illumination will be smaller 

in an axially hyperopic eye (shorter axial length) compared to an axially myopic eye 

(longer axial length), leading to an increased power density in the hyperopic versus 

myopic eye (assuming the same incident power in the pupil). Future work should model 

and consider whether differences in axial length yield appreciable differences in the MPE 

for eyes of different refractive errors.  

 

2.4.1  Continuous Exposure vs Capture Duration 

Ophthalmic instruments that facilitate an examination of the eye (such as slit lamps and 

binocular indirect ophthalmoscopes) do not have a pre-determined capture duration set by 

manufacturers. It is the clinician’s/user’s responsibility to restrict nonessential light 

exposure to the patient’s eye. Electronic ophthalmic devices (such as fundus cameras, 

OCT systems, and autorefractors) have a set capture duration that is normally a few 

seconds (Table 2-5). None of the single capture durations for our measured devices 

exceeded their corresponding calculated safe times. However, it has been observed that 

there is little modulation of the spectral distribution and/or power of the light exposure 

between times when the patient’s eye is being aligned for imaging and actually acquiring 

the image itself. Therefore, the calculated safe time for electronic ophthalmic devices 

should most conservatively begin when the clinician/user begins to position and align the 
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patient’s eye and end when the final image is acquired. Due to the limited function of our 

measuring tools, we were not able to detect whether small fluctuations occurred in the 

power or spectrum of the illuminating light source between alignment and imaging time 

points. In addition, one of the devices that was available for examination (Nidek MP-1 

Fundus Camera) did not produce a light exposure for imaging with only a detector in 

place. To examine this issue in the future, we propose to build a beam splitter attached to 

a bite bar to permit light level measurements in selected ophthalmic devices when a real 

human eye is simultaneously in place. We anticipate that this testing method will provide 

more confidence in our measurements and may help to establish a model for future 

assessment.  

 

2.4.2  Slit lamp Evaluation 

The intensity of the slit lamp beam was assumed to be independent of its width. The two 

slit lamps measured, the Topcon SL-D7 and Haag-Streit LI 900, were discussed for 

anterior segment examination (direct, focal broadbeam illumination) and posterior 

segment examination (indirect ophthalmoscopy). Instruments that were calculated to have 

the shortest exposure times before exceeding the MPEs were slit lamps when used for 

direct illumination (~100-400 seconds for continuous usage). Exposure times were much 

less hazardous when using a condensing lens with a slit lamp for indirect illumination of 

a larger retinal area. The main reason that the safe exposure times for indirect 

illumination are longer than direct illumination is that the former illuminates a much 

larger retinal area (i.e., subtends a much larger visual angle). This result may seem 

counterintuitive when compared to clinical observations that patients are often more 
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intolerant to exposures from indirect illumination using a condensing lens than to those 

from direct illumination. Possible reasons that could explain why patients perceive an 

indirect mode of operation with a condensing lens to be brighter than a direct more, 

despite the direct mode being “safer”, could be that 1) a larger amount of energy may be 

focused through the pupil when performing indirect illumination using a condensing lens 

and 2) a larger retinal area is illuminated and stimulated in indirect illumination. 

Stimulation of a larger number of photoreceptors could lead to an increase in the 

perceived brightness of the illumination source. Simultaneously, we believe that different 

retinal regions may possess different susceptibilities to light-induced damage due to 

differences in the density of relevant pigments throughout the retina (e.g., higher pigment 

densities likely occur in the fovea as RPE cells are smaller and more tightly packed in the 

fovea than in the periphery), a factor that is not yet accounted for in the ANSI Standards. 

In our calculations, we find that the safe exposure times tend to depend more on the 

visual angle of a light source than the power within pupil for sources with large visual 

angles, thus rendering indirect illumination using a condensing lens as a safer mode of 

operation when compared to direct illumination. 

 

2.4.2.1. Direct Focal Broadbeam Illumination 

Direct focal broadbeam illumination is frequently used to examine the anterior segment 

with a natural pupil that constricts under intense illumination (3 mm). The broad beam of 

the light is used to illuminate a block of cornea offering a three-dimensional layered view 

of the cornea. This procedure overfills the natural pupil and was found to illuminate the 

retina with a visual angle of approximately 6 deg (~104.72 mrad).  
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For the Topcon SL-D7 Slit Lamp at maximum intensity, the most stringent safe 

time was 394 seconds and was determined by thermal damage. For the Haag-Streit LI 

900 LED Slit Lamp at maximum intensity, the most stringent safe time (also determined 

by thermal damage) was as short as 120 seconds and closely matched the safe time 

reported by its user’s manual. The Haag-Streit LI 900 LED Slit Lamp User’s Manual 

states, “An exposure time with this instrument at maximum intensity of longer than 143 

seconds exceeds the guideline value for a risk in accordance with EN ISO 15004-4” 

(LED Illumination Set LI 900, Instructions for use, 2015). An earlier version of a Haag-

Streit slit lamp used in the 1970s (Haag-Streit Model 900) was evaluated by Calkins and 

Hochheimer. This slit lamp was reported to yield an average maximum retinal radiant 

exposure (Φr) of 358 mW/cm2 and a safe time of only 8 seconds at maximum intensity. 

We converted our measured radiant power at the pupil (Φ) to retinal radiant exposure (Φr) 

and compared our vales with their measurements in Table 2-32. Notice that the formula 

used by Calkins and Hochheimer to calculate the retinal radiant exposure (Φr) is not 

applicable to our case of direct focal broadbeam illumination. The condition they 

assumed was slit lamp biomicroscopy of the macula through a plano contact lens and the 

slit beam converged on the retina. In addition, the 2014 ANSI Standard is more 

conservative than the 1967 ANSI Standard. 
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Table 2-32. Comparison of Calkins and Hochheimer’s study and current study. 

Instrument 

Haag-Streit Model 900 Slit Lamp  

for biomicroscopy of the macula through a plano 

contact lens  

(1967 ANSI) 

Haag-Streit LI 900 LED Slit 

Lamp  

for direct focal broadbeam 

illumination  

and 0.3 cm natural pupil 

(2014 ANSI) 

5 V 6 v (design voltage) 7.5 v MAX Typical Usage 

Retinal Radiant Exposure Φr 

(mW/cm2) 

140 217 358 40 8 

Single Continuous Safe time 

 (s) 

21 13 8 120 1961 

Cumulative Safe Time within 48 

hours  

n/a 120 1961 
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2.4.2.2. Slit Lamp Indirect Ophthalmoscopy 

Slit lamp indirect ophthalmoscopy is a standard diagnostic procedure used to examine the 

fundus with a dilated pupil (7 mm). The procedure commonly uses a non-contact double 

aspheric lens (such as Volk +60 D, +78 D, and +90 D lenses) in combination with the slit 

lamp. Our measurements of visual angle when using these lenses largely agreed with the 

magnification and static field of view obtained from specifications of the manufacturer’s 

catalog. The +60 D Volk lens, which is primarily used to provide a detailed view of the 

posterior pole, optic disc, and macula, provided the largest magnification (1.15X) and the 

smallest field of view (68 deg). The +78 D Volk lens, most commonly used for general 

diagnosis with a good balance of magnification and field of view, offered moderate 

magnification (0.93X) and the largest field of view (81 deg). The +90 D Volk lens, which 

is ideal for dynamic fundoscopy, provided the smallest magnification with a moderate 

field of view.  

As generally shown in Figures 2-43 and 2-44, increasing the Volk lens power 

(which consequently increases the field of view) extended the safe times of slit lamp 

indirect ophthalmoscopy. As shown in Table 2-33, the shortest safe time for a single 

continuous exposure (9,751 s or ~ 2.7 hours) was produced by the Haag-Streit LI 900 

LED Slit Lamp when used with a +60 D Volk lens for indirect illumination. For a general 

fundus examination that may take place within a few minutes, slit lamp indirect 

microscopy appeared to be quite safe with reference to the 2014 ANSI Standard even 

when being operated at the maximum intensity. The main reason indirect illumination 

merits a much longer safe time than direct illumination is that the former illuminates a 

much larger retinal area (or subtends a much larger visual angle). The safe times for 
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cumulative exposures within 48 hours for all Volk Lenses calculated using Eq. (28) were 

longer than 48 hours. Therefore, the 48 hour cumulative exposures were constrained by 

the single continuous safe time (9571 s for +60 D, and 104.5 for +78 D and +90 D). 

Despite these encouraging results, one must carefully consider additional factors 

that can occur during the use of these instruments. For example, it is possible that the 

illuminated fields of view will be overlapped throughout the course of a typical fundus 

examination. Inexperienced trainees may also subject their “patients” to longer 

examination times as they practice, potentially yielding examination durations that can 

begin to approach the safe times when using condensing lenses with smaller dioptric 

power. In addition, aged or diseased retinae may be more susceptible to light damage 

than the healthy eyes assumed in the 2014 ANSI Standard. Therefore, their corresponding 

safe times should be shorter. 
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Table 2-33. Comparison of Topcon SL-D7 Slit Lamp and Haag-Streit LI 900 LED Slit Lamp for Slit Lamp Indirect 

Ophthalmoscopy with +60 D, + 78 D, and + 90 D Volk lens at corresponding maximum intensities available. 

Volk 

Lens 

Power 

 (D) 

Magnification 

Manufacturer’s 

Static Field of View 

(deg) 

Manufacturer’s 

Working Distance  

from Cornea  

(mm) 

Photochemical Safe 

Times  

for  

Topcon SL-D7 Slit 

Lamp (MAX) 

(s) 

Photochemical Safe 

Times  

for  

Haag-Streit LI 900 LED 

Slit Lamp (MAX) 

(s) 

Single 48 h Single 48 h 

+60 1.15X 68 13 > 104.5 > 104.5 9571 9571 

+78 0.93X 81 8 > 104.5 > 104.5 > 104.5 > 104.5 

+ 90 0.76X 74 7 > 104.5 > 104.5 > 104.5 > 104.5 
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2.4.2  Binocular Indirect Ophthalmoscope (BIO) 

The two BIOs (Heine Omega 500 and Keeler API II Wireless LED) evaluated this study 

consisted of using a +20 condensing lens for examining the fundus with a dilated pupil 

(7 mm). The technique is called “indirect” as the non-contact condensing lens is normally 

hand-held for both illumination and for forming an inverted fundus image that resides 

between the condensing lens and the clinician. Commonly used condensing lens have 

powers of +15 D, +20 D, and +30 D (Table 34). The magnification of the retina is given 

by the product of the ratio of the total dioptric power of the eye divided by the dioptric 

power of the condensing lens and the relative distance magnification determined by the 

location at which the clinician holds the condensing lens. The field of view is two times 

the dioptric power of the condensing lens. 

The +15 D condensing lens, often used to obtain the most detailed view of the 

fundus in indirect ophthalmoscopy, typically provides the largest magnification (~3X) 

and the smallest field of view (~30 deg). The +30 D condensing lens, which is primarily 

used to obtain a more panoramic view of the retina, typically provides the smallest 

magnification (~2X) and the largest field of view (~60 deg). The +20 D condensing lens 

is most commonly used because it offers intermediate magnification (~2.5X) and field of 

view (~40 deg).  

As generally shown in Figures 2-43 and 2-44, increasing the condensing lens 

power (which consequently increases the field of view) typically extended the safe time 

for using the BIO. Since most general fundus examinations performed by experienced 

clinicians/users require exposures of less than 10 seconds for a particular retinal position 

or less than 1 minute to identify pathology (Calkins & Hochheimer, 1980), BIOs seem to 
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be quite safe with reference to the 2014 ANSI Standard even when being operated at their 

maximum intensity (Table 2-34). Our results are in contrast to the data presented in 

Calkins & Hochheimer’s safety evaluation of BIOs in 1980 using the 1976 ANSI 

Standard (Calkins & Hochheimer, 1980). This study performed on American Optical and 

Frigi-Xonix indirect ophthalmoscopes for maximum light intensity usage reported an 

average irradiance entering the pupil of 125 mW/cm2 (or 48.125 mW for a 7 mm pupil) 

with an average safe time of only 23 seconds. This safe time could easily have been 

approached in a typical fundus examination. 
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Table 2-34. Comparison of Heine Omega 500 BIO and Keeler API II Wireless LED BIO for fundus examination with +15 D, 

+20 D, and +30 D condensing lens at corresponding maximum intensities available. 

Lens 

Power 

 (D) 

Magnification 

Calculated Field of 

View  

(deg) 

Working 

Distance  

from Cornea  

(mm) 

Photochemical Safe Times 

 for  

Heine Omega 500 BIO 

(MAX)  

(s) 

Photochemical Safe Times  

for  

Keeler API II Wireless LED 

BIO  

(MAX)  

(s) 

Single 48 h Single 48 h 

+15 4X 30 72 > 104.5 > 104.5 > 104.5 > 104.5 

+20 3.25X 40 47 > 104.5 > 104.5 > 104.5 > 104.5 

+30 2X 60 26 > 104.5 > 104.5 > 104.5 > 104.5 
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4 CHAPTER 3 

 

           General conclusions  



142 
 

3.1  General Conclusion 

All examined instruments were calculated to be light safe for normal eyes using our 

methods. However, caution should be exercised when using slit lamps for direct 

illumination as exposure levels for these devices can most quickly reach the MPE within 

achievable durations and exposure effects are considered to be cumulative over a 48 hour 

period. In particular, caution should be exercised when practicing with and training in the 

use of these instruments, as longer exposure times are expected compared with a typical 

clinical examination. One reason that instruments using broadband white light LED 

sources most quickly reach the MPE could be due to the presence of large amounts of 

short wavelength light. 

Based on these findings, we suggest that manufacturers for ophthalmic devices 

reduce the more hazardous portion of the illumination spectrum (if relevant) by better 

balancing accurate imaging information and the minimum power within pupil. Due to the 

uncertainty with which these standards apply to diseased eyes that possess retinas that are 

already compromised, it is suggested that manufacturers of ophthalmic instruments 

reduce the recommended exposure times for instruments that emit light with wavelengths 

between 400 and 600 nm, as well as increase the transparency of device specifications 

with regards to exposure parameters and safety. We also urge manufacturers to provide 

more transparency on device specifications with regards to exposure parameters, 

especially light intensities. Information on the recommended time of continuous usage 

within a 48-hour period for each condition should also be provided to the users.  

Finally, the safe times reported in this study with reference to the ANSI Standard 

can protect patients and any exposed individuals (including students in training) from 
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light damage. It should be pointed out that light exposures within the safe times 

calculated in this thesis may still induce some extent of discomfort during an eye 

examination depending on the wavelengths used for illumination and exposure. Therefore, 

we suggest the operator to also work to balance a suitable comfort level for the patient 

with ocular safety (as described in this document) and the risk/benefit ratio for 

illuminating the retina to learn more/new information. 

 

3.2  Future Directions 

There are multiple ways that the work described in this thesis could be improved upon to 

develop a more comprehensive view of the impact of light exposures from instruments 

used in the clinic. Despite the fact that we observed no modulation of power or spectral 

distribution for the electronic devices we measured, it is unknown whether the inability to 

perform the entire imaging process in some devices when placing our optical detectors at 

the pupil plane would lead to erroneous measurements. For example, one of our available 

devices, the Nidek MP-1 Fundus Camera, did not produce a light exposure for imaging 

with only a detector in place. To examine this issue, we suggest building a beam splitter 

attached to a bite bar to permit measurements of light levels in selected ophthalmic 

devices when a real human eye is required to be in place. The beam splitter can be 

positioned in front of the eye such that light can be transmitted through the beam splitter 

to the retina (allowing the instrument to detect that a retina is present) and reflected off 

the beam splitter to a detector to simultaneously allow for the measurement of the 

illumination spectrum and power. Knowing the reflection/transmission properties of the 

beam splitter, it would be possible to estimate the total power levels emitted by the device 
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for the measured illumination spectrum. We anticipate that this testing method will 

provide more confidence in our measurements and may help to establish a model for 

future assessment.  

In addition, future efforts should be made to understand to whether the limits that 

apply to normal eyes are also valid for aged and diseased eyes. Retinas in eyes with a 

higher susceptibility to phototoxicity, such as a naturally occurring dog model of human 

retinitis pigmentosa, have been found to be damaged at light intensities used in routine 

clinical practice (Cideciyan et al., 2005). Furthermore, a “typical” clinical eye exam 

normally requires multiple forms of imaging and, consequently, the cumulative effects of 

light exposure across multiple instruments within a single visit to the clinic has yet to be 

considered in our current study. Future study on building mathematical models that 

address cumulative thermal and photochemical damage following exposure to multiple 

instruments is strongly suggested. 
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