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It is a common experience to be blinded by a low sun, or headlights of an approaching car. 
The cause of such blinding is a veiling luminance from the bright source (sun or head-
light) that is spread all over the retina. This veiling luminance reduces contrast of the 
retinal image, and in case this reduction is so severe that the contrast drops below thresh-
old, one is blinded. This veil of light is part of the so-called point-spread function; the 
light of a point source is not projected as a point on the retina; instead it is more or less 
spread. The exact light distribution is given by the point-spread function. This function 
has a sharp central peak, the width of which determines the smallest detail that can be 
seen. The point-spread function does not drop to zero outside the central peak; some light 
is scattered all over the retina. This scattered light is called retinal straylight, and consti-
tutes the (blinding) veil of light. 

The amount of straylight varies per eye. Young, healthy eyes have little straylight, 
because these eyes have a clear cornea and lens. In case an eye has a cataract, or corneal 
haze, the amount of straylight can become ten times and more than that of a young healthy 
eye. In clinical practice, clarity of the eye media is determined with a slitlamp. This is a 
device with a slit shaped illumination beam, and a biomicroscope. With a slitlamp the 
ophthalmologist studies the anterior segment of the eye by looking at the light that is 
scattered back from the cornea and lens. It is important to realize that this is light that does 
not go to the retina, and therefore does not partake in image formation. Of relevance for 
the optical quality is how light propagates toward the retina, so in forward direction. For 
the amount of straylight this means that the scatter in forward direction has to be quanti-
fied. Scatter is a complicated phenomenon, and there is no simple relation between for-
ward and backward behavior. 

It is the discrepancy of what the ophthalmologist observes and patient complaints 
that started the research that finally led to this thesis. Historically, the measurement of 
straylight was done by experienced observers in a research lab. A new method, developed 
by van den Berg et al. to measure intraocular straylight made the measurement of stray-
light faster, and the observation task easier. It was called the direct compensation method. 
The first publication on the direct compensation method appeared in 1986.1 The direct 
compensation method was implemented in a device called straylightmeter.2  

The direct compensation method was used in many studies, also by other groups, 
and sometimes declared the gold standard.3 Population studies were performed on normal 
subjects,4 as well as on several groups of ophthalmological patients.5-7 The results of the 
normal population studies4,8 also formed the basis for the definition of a “standard glare 
observer” by the international standards committee Commission International d’Eclairage 
(CIE).9 

Despite the success of the straylightmeter for research purposes, it never came in 
routine clinical use. The main reasons for failure in clinical use were the difficulty to 
perform the test reliably for unexperienced subjects. Although the task seems not so diffi-
cult, the patient has to turn a knob until a test field stops flickering. This appeared too 
difficult for many.  

Another approach could be to develop an objective technique to measure the light 
scattered in forward direction. It should be realized that the dynamic range of the point-
spread function is gigantic; there is a factor of 1010 difference in intensity between the 
central peak and the periphery. The technical difficulties to implement an objective device 
that is independent of patient observation are numerous. We decided to concentrate on 
techniques that make use of what a patient actually sees. 
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To measure glare sensitivity, many devices have been brought to the market that measure 
an aspect of visual performance, e.g., visual acuity or contrast sensitivity, with and with-
out a glare source. The outcome of such a test is very dependent on the exact location and 
illuminance of the glare sources. This makes comparison of outcomes of different glare 
tests complicated. But not only comparison is complicated; sometimes the outcome of 
these devices is erratic or even odd; it happened that visual performance improves in the 
presence of a glare source. 

Glare is considered an aspect of traffic safety. In 2001, a project was started to in-
vestigate what aspects of visual performance have most added value for driving licensing 
application. Two mesopic glare testers and the straylightmeter were evaluated in a popula-
tion study in three European countries. The glare testers did not have added value, 
whereas the straylightmeter had. In 2003, a second project was started. Part of this project 
was to study the prevalence of impairment of visual function among European drivers. 
The number of participants in the GLARE consortium had grown to six: Netherlands 
Ophthalmic Research Institute, Amsterdam; Vrije Universiteit Medical Center, Amster-
dam; Universitäts-Augenklinik, Tübingen; Landesklinik für Augenheilkunde und Op-
tometrie, Salzburg; Universitair Ziekenhuis Antwerpen. 

An important part of this project was the development of better technology for the 
assessment of intraocular straylight. Although many improvements of the direct compen-
sation method had been made during the first project, two aspects were not solved: For 
driver licensing purposes, the test had to be fraud resistant. The adjustment task was still 
difficult and counter intuitive for many subjects; furthermore, it did not allow a check of 
the reliability of the test outcome.  

We realized that the method of adjustment had to be replaced by a forced choice 
method. The test field was split in a left and a right half, to allow simultaneous compari-
son of the observed flicker strength. The new compensation comparison method was 
further developed in the laboratory, and various stimulus delivery strategies were tried. 
With the two-alternative-forced choice paradigm a series of 0 and 1 responses is obtained. 
The consistency of these responses gives information on the reliability of the measure-
ment outcome. 

The compensation comparison method was so promising that it was patented.10 A 
firm was found that implemented the method in a dedicated device brought to the market 
in June 2005: the C-Quant, by the German firm Oculus. The first few dozens of devices 
are in use now, all over the world. The need was felt for easily understandable background 
information on how vision is affected by straylight, and how to interpret the results of C-
Quant measurements. As a service to users of a C-Quant, interested in its usage and back-
ground, this thesis has an appendix that contains such more practical material. 

In Chapter 2, a general introduction to retinal straylight is given. It gives examples 
of how vision is affected by straylight, and some practical aspects of its measurement. 
Glare and straylight measurements have had the attention of various researchers for al-
most a century. A review of the milestones of the research done in the past is given in 
Chapter 3.  

The compensation comparison method for assessment of retinal straylight is intro-
duced in Chapter 4. A relatively simple model of the psychometric function for a com-
pensation comparison task is given that is verified by laboratory experiments, and the 
field data from the GLARE study. The relatively simple model is sufficient when describ-
ing the psychometric function of a C-Quant measurement. However, a more elaborate 
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model is necessary in the general case, when more subtle compensation comparison stim-
uli are included. This model and its validation are given in Chapter 5.  

An important aspect of the compensation comparison method is that it allows 
evaluation of the reliability of the outcome of a single measurement. This reliability is 
expressed in the expected standard deviation (ESD). The details of ESD calculation and 
its effectiveness are described in Chapter 6, where ESD is evaluated using the GLARE 
data. Possible systematic deviations of measurement outcome are an aspect of reliability 
that could not be assessed with the GLARE data. Also, a more in-depth analysis of vari-
ous sampling strategies was needed. For these purposes, Monte-Carlo simulations were 
used, as described in Chapter 7.  

The compensation comparison method helped to elaborate on some aspects of reti-
nal straylight that are often misunderstood. Because straylight is caused by scattered light, 
one tends to think that it is bluish. In fact, this thought even led to the introduction of 
yellow headlights. In Chapter 8, the wavelength dependence of retinal straylight is de-
scribed. Indeed, a bluish component was found, but also an equally strong reddish com-
ponent. The combination results in an overall spectrally neutral behavior. Another com-
mon misconception is that retinal straylight is proportional to pupillary area. In Chapter 9 
the pupil diameter dependence of retinal straylight is analyzed, to show that in practice 
there is only a marginal effect of pupil diameter. 

The first clinical study with the compensation comparison method compares preop-
erative and postoperative straylight values in refractive surgery. Realize that this is a first 
and limited study. Chapter 10 shows that in general there is no increase, but that an in-
crease can be found in some cases. 

It is desirable to have a way to simulate the straylight effects of a cataract. For this 
purpose, several light diffusing filters were measured optically and compared to the stray-
light characteristics of a cataract. Some filters were found that can be used for cataract 
simulation, as described in Chapter 11. When held in front of the eye, a mild cataract is 
mimicked. These filters have proven useful to demonstrate how cataract affects vision. 
Furthermore these filters helped in validating the compensation comparison method. The 
total straylight is a combination of the intraocular straylight, and the straylight of what is 
in front of the eye, such as spectacles. Chapter 12 describes optical measurements of the 
light scattering properties of spectacle lenses. 

In Chapter 13, a simulation of the ciliary corona is given. The ciliary corona is the 
beautiful slightly colored pattern of fine needles that is seen when looking at a point 
source of light. In vitro measurements on donor lenses11,12 resulted in a model13 for the 
particles in the crystalline lens responsible for light scattering. The particles responsible 
for the forward scatter have ∼0.7 µm radius and occupy only 0.000006 of the volume of 
the lens. They are randomly distributed in the lens, and when looking at a monochromatic 
pointsource generate a speckle pattern. This pattern scales with wavelength, and this scal-
ing causes the beautiful line pattern when looking at white light. 

Finally, a new classification system for eye pigmentation is presented in Chap-
ter 14, based on comparison of iris color to a set of 24 standard eye photographs. The 
system is intended to assess eye wall translucency and fundus reflectance as sources of 
variation in retinal straylight. 
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Basics of retinal straylight 

What is retinal straylight? 
We know that disturbances to the eye media may cause vision loss of small detail. This 
can be determined with visual acuity assessment using a letter chart. But eye media dis-
turbance can do much more harm, because it may cause light scattering, resulting in a veil 
of straylight over the retinal image. The patient complaints may include hazy vision, in-
creased glare hindrance, loss of contrast and color, etc. These problems are much en-
hanced if visual function is already low from retinal pathology, such as in macular degen-
eration or glaucoma. 

In an ideal eye there would be no light scattering at all, but because the eye media 
are not optically ideal, there will always be some light scattering. This light scattering 
reduces the contrast of the image projected on the retina, thus decreasing the quality of 
vision (Figure 1). In short, more straylight means worse vision. 
It is important to realize that the effect of straylight on vision is totally different from the 
effect of decreased visual acuity on vision. This is illustrated in the following examples, 
produced with known realistic means (Figure 2). Daily life scenes were photographed 
under three conditions: normal, with a blurring lens and with a light scattering filter in 
front of the camera lens. The blurring lens simulates decreased visual acuity of about 0.4, 
the scattering filter simulates increased light scattering of around log(s)=1.47. Normal 
visual acuity would be around 1.5, and a normal straylight value would be around 
log(s)=0.87, so in both cases the image is deteriorated by a factor of 4. These pictures 
illustrate that, in certain daily life circumstances, increased light scattering has a much 
stronger effect on the quality of vision than decreased visual acuity. 
 

 

Figure 1 Visualization of retinal straylight. The optical components of the eye form an image of the outside 
world (left picture) on the retina (right picture). In the case of such a street scene, the picture on the retina is 
much degraded. Street objects are much less visible compared to the original picture. This is caused by the 
fact that part of the light coming from the car headlight is scattered in all forward directions (represented by 
the white arrows in the figure), projecting a veil of light over the retinal image which causes a decrease in 
the contrast of this image. This veil of light is called straylight. 
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Figure 2 Comparison between (left) refraction type blur (visual acuity around 0.4) and (right) early straylight 
disturbance (log(s) around 1.47), for different daily life situations. The middle column shows what a normal 
eye would see. 



Introduction to retinal straylight 

 19 

What are the causes of retinal straylight? 
The amount of retinal straylight is different for each individual, and may even be different 
for the two eyes of one individual. It depends on age, pigmentation, pathologies such as 
cataract, and may change due to human interventions such as refractive surgery. 
 
Normal eye 
Within the eye, there are four major sources that contribute to the total amount of stray-
light: the cornea, the iris and sclera, the eye lens, and the fundus (Figure 3). 
 

For a young, healthy, Caucasian eye, the total amount of straylight is, roughly speaking, 
for 1/3 caused by the cornea, for 1/3 by the lens, and for 1/3 by the iris, sclera, and fundus. 
These ratios change with age and pigmentation: 
- Corneal light scatter is more or less constant with age, but may increase as an un-
wanted side effect of refractive surgery.  
- The iris and sclera are not completely opaque. Depending on the level of pigmentation, 
some of the light falling on the iris and sclera will be transmitted and contribute to the 
false light that reaches the retina. This contribution will be low for pigmented non-
Caucasians (who have brown eyes), but might be considerable for lightly pigmented 
blond Caucasians with blue eyes. 
- Light scattering by the crystalline lens increases with age, especially when people de-
velop a cataract, which in terms of straylight can be seen as an accelerated ageing of the 
eye lens.  
- The fundus does not absorb all the light, so part of the light that reaches the retina will 
be reflected backwards and scatter to different locations on the retina, thus contributing to 
the total amount of straylight. The amount of this scattered light is pigmentation depend-
ent. 
 
Important causes of increased retinal straylight 
- Early Cataract. If cataract starts to develop the earliest complaints often are from in-
creased straylight, such as increased glare hindrance when driving at night. In fact, most 

Figure 3 Primary sources of intraocular straylight: corneal scatter, iris and sclera transparency, lens scatter, 
and fundus scatter. 
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often the first effect of cataract is that patients stop driving at night. Other complaints may 
include hazy vision, loss of contrast and color, halos around bright lights, and difficulties 
with against-the-light face recognition (see examples in Figure 2 above). Why should 
patients be allowed cataract surgery only on the basis of visual acuity loss? 
- Most corneal disturbances as e.g. in corneal dystrophies cause strong increase in stray-
light. In some cases, visual acuity can be remarkably maintained while straylight deterio-
ration is strong, such as in corneal edema. 
- In refractive surgery there is a chance of haze in the cornea. Visual acuity hardly suf-
fers, but complaints from straylight such as glare are of considerable concern. 
- As a rule, contact lenses cause straylight to increase. Deposits or scratches can often be 
identified as a major cause of increased straylight, but if the cornea reacts to improper 
(use of) contact lenses, straylight increase can be huge. 
- Turbidity in the vitreous can cause large increases in straylight, often also without 
much effect on visual acuity. 
- External factors such as dirty spectacle lenses also contribute to the amount of stray-
light. 
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Measurement of retinal straylight 

What is the result of a straylight measurement? 
The amount of straylight in an eye is expressed in one number, called the straylight pa-
rameter, s. This parameter determines the ratio between the “unwanted” scattered light, 
which causes the retinal contrast reduction, and the “wanted” non-scattered light, which 
forms the retinal image of the visual scene you are looking at. For reasons that have to do 
with the way human perception works, it is more convenient to use the logarithm of s, 
denoted as log(s). A higher log(s) value means more straylight and thus worse vision. 

What straylight values are to be expected? 
Population studies in the past have shown that the average log(s) value for young, healthy 
eyes is around 0.85. Above 40 years of age this value starts to increase to 1.2 at 70 yrs and 
1.4 at 80 yrs (see Figure 4 for well-controlled healthy eyes). In the true population much 
more increased values can be found. Figure 5 gives results of a European multi-center 
study among people driving automobiles. A young, healthy, non-Caucasian eye may have 
a value as low as 0.6, whereas a cataract may cause the log(s) value to hit 2.0 or more. 

Keep in mind that, because of the logarithmic scale, a 0.3 increase in the log(s) value 
means in fact a doubling of the amount of straylight, and a log(s) increase of 1 means a 
ten-fold increase in straylight. 
 
 
 
 
 
 
 
 
 
 

Figure 4 Log(s) values as a function of age, in a normal, well-controlled healthy population. 
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What is the reliability of a straylight measurement? 
A strong point of the (C-quant) straylight meter is the fact that it measures the straylight 
as the subject actually sees it (and is disturbed by it). But, because it is a psychophysical 
technique, reliability of individual measurements needs to be checked (as with visual field 
measurements). So, a reliability parameter (ESD) was designed that predicts the accuracy 
of an individual measurement. In the C-Quant a limit value of Esd ≤ 0.08 is used. In the 
large European driver study an overall accuracy of 0.1 log units was found. These accura-
cies are more than sufficient compared to the effects to be measured (see above). 

Does pupil size affect the straylight measurement? 
This subject is the cause of a lot of misunderstanding. Because more glare is experienced 
at night, one might think that straylight is stronger at night. This may be believed to be 
caused by a larger pupil size. Indeed, the amount of straylight is higher because of the 
larger pupil, but also the non-scattered light (which is the light that forms the image on the 
retina) is increased, and by the same amount. So the straylight value will not change (the 
ratio stays the same)! However, this is only true in general. On an individual basis, an 
increase as well as a decrease might happen, depending on the location-dependent scatter-
ing properties of the eye. For example, a patient with a centrally located lenticular opacity 
may get a lower straylight value with larger pupil size. In other words, to assess straylight 
hindrance at night, it is not needed as a rule to dilate the patient’s eye when using the C-
Quant. 
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Figure 5 Log(s) values as a function of age for a population of European drivers. 
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Relation between straylight measurement and other tests 

Straylight and visual acuity 
There is only a weak relation between straylight and vis-
ual acuity. This is because straylight is determined by 
light scattering over larger angles (1 to 90 degrees), 
whereas visual acuity is determined by light deflections 
over small angles (<0.1 degree, more commonly known 
as aberrations). Moreover, the physical processes that 
cause these light deflections are different for the two 
angular domains. Therefore, changes in the one domain 
do not necessarily mean changes in the other domain. For 
example, putting a +2 dpt trial lens in front of a subject’s 
eye will definitely change the subject’s visual acuity, 
whereas his straylight value will stay precisely the same. 
On the other hand, putting a fog filter in front of the sub-
ject’s eye will show a dramatically increased straylight value, whereas visual acuity will 
hardly decrease. This independence is also illustrated in the practical population by Figure 
7 for the large European driver study. 

Figure 7 Straylight value as a function of visual acuity for a European driver population. Log(s) values > 1.47 
and visual acuities < 0.5 (logMAR > 0.3) are considered serious visual impairments. A lot more individuals in 
this population are impaired by increased straylight than by decreased visual acuity. Only a very small 
subgroup suffers from both impairments. 
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Straylight and contrast sensitivity 
Contrary to what is often believed, straylight affects normal 
contrast sensitivity only very weakly. It is true that straylight 
reduces the contrast of the image of the outside world that is 
projected on the retina. So, increased straylight means lower 
contrast sensitivity. However, the decrease in contrast sensitiv-
ity is much smaller than the increase in straylight. This is 
illustrated in Figure 9. Five times increased light scattering 
lowers the contrast sensitivity function by only 20%. A very 
small amount, especially when compared to the contrast low-
ering effect of blur (decreased visual acuity) or a bifocal im-
plant or contact lens. In other words, contrast sensitivity can 
not be used as a valid means to assess the amount of straylight. 
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Figure 8 Pelli-Robson Contrast 
Sensitivity Chart. 

Figure 9 Effects of optical changes (refractive type blur, 5 times increased light scattering, and bifocal-
ity) on the contrast sensitivity function (CSF) of a young normal individual. The blur in this example 
causes visual acuity to decrease by a factor of 2, whereas increased scattering and bifocality have only a 
very small effect on visual acuity. 
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Straylight and glare sensitivity 
Despite the comments in the previous section, one of the most 
important effects of straylight still is reduction of contrast 
sensitivity (see the examples in Figure 2). But the point to 
make here is that in our normal surroundings huge intensity 
differences exist. Because of straylight, high intensity areas 
influence effective contrasts and, as a consequence, effective 
contrast sensitivity in low intensity areas. A better correlation 
between straylight and contrast sensitivity may be found when 
contrast sensitivity is measured with a glare source next to the 
measurement chart. But in that case differences between sub-
jects will also depend on differences in contrast sensitivity that 
already exist without the glare source. So the parameter that 
would best relate to the straylight value is the decrease in 
contrast sensitivity caused by the glare source. There have been attempts to measure glare 
sensitivity in both ways with so-called glare testers. The Rodenstock Nyktotest, depicted 
in Figure 10, is an example of the first type (plain contrast sensitivity measurement with a 
glare source at the side). The second type is in fact a straylight measurement, but in an 
indirect, and therefore less accurate, way. In theory, it is a valid measurement, which may 
seem to relate more to all-day real-life circumstances, but in practice the results appeared 
to be unreliable and could not be related to the patients’ complaints. 

Straylight and slitlamp based examination 
With so-called objective measurements using back-
ward light scatter, such as those based on the slitlamp 
examination principle (e.g. digital slitlamp, Scheimp-
flug system, Lens Opacity Meter, LOCS), it is possi-
ble to assess opacities of the optical media of the eye. 
These opacities are partly responsible for the amount 
of light scattering in the eye, so there may be a rela-
tion between the degree of opacity as observed with 
the slitlamp and the amount of straylight. However, 
this will not be a one-to-one relation, for two reasons. 
First, as already mentioned, the opacities account for 
only a part of the total light scattering. For example, 
the transparency of the iris and sclera, as well as the 
amount of light reflected from the fundus, are not assessed by the slitlamp examination. 
Second, with the slitlamp you look at the light that is scattered back from the optical me-
dia. This is not the light that reaches the retina, which is the light that is scattered in for-
ward direction. Studies showed that no direct relation exists between the forward and 
backward scatter. Therefore it makes more sense to measure the amount of forward scat-
ter, as this is what the patient actually sees and is bothered by.  

Straylight and patient complaints 
Patient complaints from increased straylight may be voiced in a variety of ways. It is 
important to note that straylight defines a functional condition of the eye in a straightfor-

Figure 10 Rodenstock Nyktotest.

Figure 11 Lens Opacities Classification System
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ward quantitative way, and the patient complaints will not always correspond with equal 
precision. As listed above, complaints may include hazy vision, increased glare hindrance, 
loss of contrast and color, halos around bright lights, and difficulties with against-the-light 
face recognition. It may strongly depend on the individual subject which of these com-
plaints are mentioned, or even what words are used to describe the complaints. Moreover, 
it must be mentioned that in the field of glare a particularly subjective type of patient 
response has been identified, called discomfort glare. As opposed to disability glare, 
which is the functional effect of glare, discomfort glare is a description of subjective glare. 
Complaints may be expressed in terms of discomfort, annoyance, fatigue, and even pain. 
On average, increased disability glare will also lead to more discomfort, but in some 
cases, such as with the nowadays abundant blue-light high-intensity discharge (HID) car 
headlamps, people might be severely annoyed by light sources that have only a moderate 
functional glare effect. 
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Introduction 
This chapter intends to give an overview of the developments in the field of glare and 
straylight measurement that led to the main topic of this thesis: straylight study and meas-
urement using compensation techniques. Already in the first half of the 20th century stud-
ies led to the now generally accepted view that disability glare can be fully  understood on 
the basis of the optical phenomenon of light scattering in the eye, leading to straylight at 
the retina. Consequently, the CIE (Commission International d’Eclairage) has defined 
disability glare as retinal straylight. Both are quantified by means of the psychophysically 
measurable value Leq/Ebl.1,2 This is precisely what the compensation techniques assess.3 
The compensation comparison method is the latest development in this field. The chair-
man of the CIE committee on disability glare TC1-18, Vos, together with van den Berg 
developed a Standard Glare Observer,4 accepted as CIE standard. Today it is realized that 
retinal straylight constitutes a visual handicap of a much more general nature than glare 
alone. Patient complaints may include problems of hazy vision, contrast and color loss, 
difficulty with against-the light face recognition, halos around bright lights, etc. Straylight 
will also adversely affect visual function tests, such as contrast sensitivity,5 visual field,6 
and pattern electroretinogram (PERG).7 More than a dozen so-called glare testers have 
been defined. These instruments do not assess straylight nor disability glare itself, but a 
more or less loosely related score.8,9 A straylight meter is the only device that assesses 
retinal straylight. 

Since the beginning of the 20th century, the importance of retinal straylight for vis-
ual function has been recognized by many investigators. Cobb10 introduced the concept of 
equivalent veiling luminance (Leq) as an apt way to define retinal straylight. Disability 
glare/retinal straylight, as defined by the Commission International d’Eclairage, is now 
quantified by means of this concept of equivalent luminance, i.e. the (external) luminance 
that has the same visual effect as the glare source at some angular distance.1 Holladay11 
and Stiles12 applied this concept in their measurements and formulated a disability glare 
formula, which has been widely used. Nowadays, retinal straylight can also be introduced 
as the outer skirt of the point spread function (PSF),13 outside say 1 degree. Since retinal 
straylight is defined in a functional sense by Leq, the comparison with the PSF only holds 
if the PSF is also defined in functional sense. Retinal straylight causes a veiling luminance 
over the whole retina that adds to the retinal projection of the visual scene, thereby reduc-
ing the contrast of the retinal image.  

The first attempts to measure intraocular straylight by means of equivalent lumi-
nance involved two types of threshold measurements: thresholds in the presence of a 
distant glare source and thresholds in the presence of a homogeneous background lumi-
nance. From such a series of measurements, the equivalent luminance could be derived, 
defined as the luminance giving identical thresholds as the glare source (equivalent veil 
method).1 This method did not gain practical use, such as in clinical or driver-licensing 
applications, because it was quite elaborate. Maybe because of that, variation was quite 
large between the older studies.2 However, the method continued to be used in experimen-
tal applications.14,15 Some approximate alternatives were designed to circumvent the 
measurement load,16-22 leading to discussion of validity questions.9,23-25 Especially the 
alternative method of Paulsson and Sjöstrand (P&S) has often been used.16 As even more 
easy-to-use alternatives, so-called glare testers were introduced, that usually consisted of a 
visual acuity (e.g., ETDRS,26-28 Ferris-Bailey,29 Bailey-Lovie,30,31 or Regan31 charts) or 
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contrast sensitivity (e.g., sinusoidal gratings,27,31-34 Landolt rings,27,35-38 or Pelli-Robson 
charts29,31,39) test, with and without a glare source presented at some angular distance in 
the visual field. Some studies utilized a laboratory setup based on the same principles, 
with visual field stimuli,40 a flashing test field,41 sinusoidal gratings,42 or low contrast 
letters43 as targets, and also for specific nighttime conditions.44 Although occasionally 
glare testers were appraised favorably,31 more often they proved to give unreliable results, 
demonstrated by their outcomes correlating badly with various validity measures such as 
outdoor visual acuity in bright sunlight,27,33 a questionnaire assessing perceived visual 
disability,29,38 or directly measured forward light scatter.31,38 Also, the repeatability and 
discriminative ability of studied glare tests were found to be inadequate.31,38,45,46 A par-
ticular example is the omission of the glare measurement results, performed with the 
Miller-Nadler glare tester, in the final results of the large multicenter PERK study,47 be-
cause the glare tester was not sensitive enough to detect small but significant amounts of 
light scattering,48 see also31,49. As a result of these issues with glare testers, a standard way 
of glare measurement was never adopted, and some overview papers discussing glare test 
problems appeared.8,9,50-52 

To improve on this situation, van den Berg designed a new psychophysical method, 
called the direct compensation method.5 In short, this method works as follows (see Fig-
ure 1 in chapter 4): A bright ring-shaped light source around a (dark) test field is pre-
sented flickering. Due to intraocular scatter, part of the light from the bright ring-shaped 
source will be projected on the retina at the location of the test field, inducing a (weak) 
flicker in the test field. To determine the exact amount of straylight, variable counterphase 
compensation light is presented in the test field. By adjustment of the amount of compen-
sation light, the flicker perception in the test field can be extinguished. In this way, the 
straylight modulation caused by light scattered from the glare source is directly compen-
sated.  

In 1990, the direct compensation (DC) technique was implemented in a small port-
able device, called straylight meter, to accommodate other researchers.3,53,54 This led to 
publications notably by the groups of Elliott, Kooijman, Schallhorn and Alexander on a 
variety of subjects. Moreover, some research groups defined (slightly) modified DC ver-
sions.55-61 The first publications about the direct compensation method were in 
1986/1987.5,6,62 Since then, many studies on retinal straylight have appeared using this 
approach, such as on normal population aging effects,63 on the use of red (yellow) 
glasses,64 on diaphany of the ocular wall,65,66 on the effects of ocular pigmentation differ-
ences,67 on populations with different kinds of cataracts,34 etc. An overview of straylight 
findings using this, but also some other approaches will be given in the following para-
graphs. 

 

Straylight in normal eyes 
One of the first subjects that were studied was the age dependence of straylight in the 
normal population. Earlier studies had shown a clear increase with age,35,68 but the vari-
ability in the results had proved to be too large for an accurate quantification of the effect. 
For a review, see Vos.1 With the direct compensation technique, it became possible to 
study straylight in larger populations with good accuracy, resulting in a mathematical 
description of the age dependence of straylight.63 Straylight/disability glare increases with 
age A by a factor 
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with D the age at which the amount of straylight doubles. Values for D were found to be 
between about 62.5 and 70 years. This age dependence was later implemented in a more 
extensive model including pigmentation as a second parameter.13 The model was further 
refined in a CIE Collection paper, including age dependency formulas of different levels 
of complexity, applicable in different angular validity domains.69 This led to a proposal to 
the CIE for a Standard Glare Observer,4 which was accepted as CIE standard a few years 
later.70 The development of the CIE disability glare equations was also reviewed by 
Vos.71,72 Recently, a large study among European drivers was conducted, resulting in 
straylight prevalence values for such a relatively healthy population, showing little devia-
tion from the earlier age characteristics (see Figure 5 in chapter 2).73  

The main topic in the CIE ’97 report69 was evaluation of the classical Stiles-
Holladay approximation for the angular dependence (proportionality to angle-2), espe-
cially for larger glare angles. Vos1 had adopted the angle-2 course in the large angle do-
main from Stiles and Crawford’s74 classic work. However, van den Berg and cowork-
ers63,75 showed considerable evidence for a more gradual fall off beyond about 10˚, and 
van den Berg2 found evidence that data from earlier studies constituted no firm basis to 
adhere to the Stiles-Holladay approximation, including data from Stiles and Crawford 
themselves. The apparent controversy induced Vos and van den Berg69 to a deeper analy-
sis of data on, and mechanisms of large angle scattering. The experimental controversy 
could be virtually eliminated because the Stiles and Crawford data, when corrected for the 
perspective narrowing of the pupil, roughly showed the same deviating trend from angle-2. 
Furthermore, both the large angle dependence and the dependence on eye pigmentation 
could be reasonably well understood on the basis of a significant contribution of scatter-
ing at the ocular fundus to the entoptic straylight veil found by van den Berg et al.67 A 
mostly small contribution of light entering via the iris and sclera could further comple-
ment the picture (see also chapter 976). This so obtained convergence of experimental 
evidence and theoretical analysis confirmed the reality of the upward deviations from the 
classic angle-2 course. The theoretical analysis, then, allowed for a reasonably reliable 
extrapolation into domains of glare angle and pigmentation not thoroughly covered by 
experimental data. 

In their population study, IJspeert et al.63 for the first time identified pigmentation as 
a source of variation in straylight in normal eyes. Blue-eyed caucasians were found to 
have 0.1-0.4 log units higher straylight values compared to pigmented non-caucasians, 
depending on angle. Elliott et al.77 found similar results. Van den Berg et al.67 showed that 
this pigmentation dependence is partly caused by variations in transmission of light 
through the ocular wall. For dark-brown eyes of pigmented individuals transmission was 
found to be orders of magnitude lower than for blue-eyed individuals. Furthermore, the 
authors speculated that variations in fundus reflectance are also partly responsible for 
pigmentation dependence of straylight. Straylight was also measured in patients with 
clinical forms of translucency (also called diaphany of the iris), associated with X-linked 
megalocornea65 as well as with Fuchs’ heterochromic cyclitis.66 In both cases, both stray-
light and eye wall transluceny were found to be significantly increased compared to nor-
mal subjects. 

A topic that has long escaped proper apprehension is the wavelength dependence of 
straylight. Characterizing wavelength dependence was felt important as a clue to what 
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processes in the eye might cause straylight. A strong wavelength dependence would sig-
nify scatter in the optical media to originate from particles of sizes in the same range as, 
or smaller than, the wavelength of light. Since the results from earlier (psychophysical) 
studies were contradictory, Wooten and Geri14 carefully measured wavelength depend-
ence of straylight for an annulus of 3-8 degrees, using a version of the equivalent veil 
method summarized earlier. They found no effects whatsoever over 420-650 nm. Also 
Whitaker et al.21 later failed to find effects using a similar method, but with a white test 
target. However, van den Berg et al.67 had already found the earlier mentioned pigmenta-
tion dependence, and effects of color dependence associated. For lightly pigmented eyes 
they found red light to produce more straylight than green light, for angles of 3.5 to 25.4 
degrees. They concluded that, depending on pigmentation, eye-wall transmittance and 
fundal reflections introduce a straylight component with a wavelength dependence of the 
opposite sign as what would be expected from small-particle scatter. They mentioned the 
possibility that one dependence might have obviated the other in the earlier studies, which 
was supported by the later finding that in vitro scattering in the human eye lens indeed 
showed small-particle behavior.78 It was not until the late 1990s that in vitro studies 
showed this clear wavelength dependent scattering in the intact human eye lens, sugges-
tive for such small particles.78 In vivo verification of this conclusion was obtained since 
this proved to form an explanation for a well-known visual phenomenon: the so-called 
ciliary corona, that is the radiation of sharp needles of light we perceive subjectively 
around a bright point light source (chapter 13).79 Moreover, in 1993 the human cornea 
was concluded to exhibit the very strongly wavelength dependent Rayleigh type of light 
scattering,80 following earlier studies on rabbit corneas.81 This subject is further studied in 
chapter 8 of this thesis,82 revealing more evidence, supported with in vivo measurements, 
that small-particle, wavelength-dependent light scattering is of importance in the human 
eye. 

From the previous paragraph, it may be clear that different components contribute to 
retinal straylight in the human eye. This had been realized in the old days,1 but now more 
quantitative insights emerged. A model was formulated in two ways. One described, for 
the normal human eye, all four anatomical structures contributing to retinal straylight, viz 
cornea, lens, eye wall and fundus.13 With respect to the contribution of the lens, in vitro 
studies showed quantitative values of light scatter in the lens to correspond to values that 
can be expected on the basis of in vivo data.83 However, in the practice of in vivo meas-
urements, the only accessible variables are the degree of pigmentation and the age of the 
subject. It must be noted that between normal eyes significant differences in straylight 
exist, and the task of the model was to explain or predict these differences. So, more in 
particular a model was formulated to explain differences in in vivo data on the basis of the 
age and pigmentation of the subject.13 

 

Cataract 
The cataract dependence of straylight was measured in patients with cortical, nuclear, or 
posterior subcapsular cataract (PSC). Straylight was shown to be increased for all three 
types compared with control subjects without cataract.34 When compared to visual acuity, 
on average the posterior subcapsular type showed the largest straylight increase, but indi-
vidual results varied considerably, more or less in accordance with results from Elliott et 
al.20 using the P&S method from the group of Sjöstrand. They had earlier studied stray-
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light increase specifically in the PSC group, using this method.16,17 In many cases, stray-
light was found to be increased considerably while visual acuity was still good, but also 
the opposite was found. However, the angular dependence was found to be about the same 
for the different cataract types.34 Van den Brom et al.84 found similar results. Van den 
Berg13,85 showed this behavior to be similar to normal (extreme) aging, and concluded 
that, at least with respect to straylight, cataract can be modeled as early aging of the crys-
talline lens. These data were also used as a reference in a search for light scattering filters 
that could be used to simulate the straylight characteristics of cataract (described in chap-
ter 11).86 Straylight values (in references87,88 using a modified DC method) after cataract 
surgery were found to be significantly decreased compared to preoperative values, but still 
about a factor of 2 above normal levels, which was attributed to posterior capsule opacifi-
cation (PCO).87-89 In a comparison between monofocal and multifocal intraocular lenses 
(IOLs) no significant difference was found using a modified DC method.90 In a group 
without PCO, equal levels of straylight compared to a normal reference group were 
found.91 In a study on the straylight effects of capsulotomy, only in case of wide capsu-
lotomy a significant decrease in straylight values was found, using a modified DC 
method.92,93 Studies into the clinical use of straylight measurement (in reference94 using a 
modified DC method) for cataract assessment,31,52,94,95  PCO assessment,94,96-98 and low 
vision rehabilitation99 concluded that functional severity can be properly documented with 
straylight measurement, suggesting that straylight measurement should be used as a gold 
standard for clinical evaluation of cataract.31,95 The cataract induced general reduction of 
sensitivity in visual field examination, in particular the blue-yellow type, was found to be 
highly correlated with straylight values.100,101 Van den Berg6 discussed the background of 
straylight effects on the visual field stimulus. This relationship was also studied by the 
group of Wild using the P&S technique.19,102-104 

Intraocular light scattering was also studied in patients with retinitis pigmentosa 
(RP). These patients are known, in addition to the retinal degenerative changes that typi-
cally occur in RP, to frequently develop lens opacities, most commonly posterior subcap-
sular cataracts. Indeed, in one study a patient with still good visual acuity was found to 
have increased straylight levels by about a factor of 3 (0.5 log units).64 The study was 
intended to evaluate the use of red glasses, which had been reported to subjectively im-
prove visual function. No positive functional effects were found in these patients, in par-
ticular no suppression of straylight. Alexander and coworkers found that patients with RP 
or choroideremia, who had minimal or no lens opacities by slit-lamp evaluation, also 
showed increased straylight levels, speculatively caused by subclinical changes in the 
PSC region of the lens as a consequence of photoreceptor cell degeneration.105-107 A note 
of clinical significance must be made here. For patients with a retinal condition, such as 
RP or macular degeneration (AMD), increased straylight is a more serious handicap as 
compared to patients without retinal condition. The functional effect of straylight is reduc-
tion of retinal sensitivity, aggravating the condition of the RP or AMD patients. 

 

Conditions increasing straylight in the cornea 
The cornea proved to be a particularly sensitive organ for straylight increase. Elliott et 
al.108 investigated the sensitivity of straylight to (experimentally) hydrophilic contact lens 
induced corneal edema. On average, a 10% corneal swelling induced a 50% increase in 
straylight. Variability in this relationship was speculated to be due to changes in the epi-
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thelium caused by the contact lens. After contact lens removal, individual straylight val-
ues decreased linearly with time, on a similar time scale as the decrease in corneal swell-
ing. This effect was also found in a later study by Fonn et al.109 In earlier studies, the ef-
fect of habitual contact lens wear on straylight was investigated by Elliott and cowork-
ers.77,110 Straylight scores in established contact lens wearers were found to be signifi-
cantly greater than in age-matched normals, but did not correlate with the amount of lens 
deposits. Rigid gas permeable (RGP) contact lenses were shown to induce more straylight 
than hydrophilic contact lenses. However, scores from hydrophilic lens wearers after 
removal of their lenses were significantly higher than results from RGP wearers after 
removal of their lenses and from age-matched normals, suggesting subclinical corneal 
edema to be present in some of these subjects. Using an approximate equivalent veil 
method, Applegate and coworkers had also found significantly increased straylight in 
hydrogel contact lens wearers,111 but not in all.112 Nio et al.113 found on average an in-
crease in straylight of 0.22 log units, comparing contact lens wear to spectacle use.  

Pathological conditions of the cornea may variably induce increased light scatter, 
strongly depending on the type of disease. In central crystalline dystrophy, straylight was 
found to be increased while visual acuity was relatively well-preserved.5,114 In posterior 
polymorphous dystrophy, straylight was not increased, even with impaired visual acu-
ity.114 In macular and also lattice dystrophy, straylight and visual acuity were affected in a 
similar way.114 Ocular lubricants were reported to have no adverse effects on straylight.115 
Habitual glasses were found to add as a rule an amount of straylight that is negligible 
compared to the amount that is already present in the eye (chapter 12).116 

Ever since the introduction of laser refractive surgery, much concern has been ex-
pressed with respect to straylight problems regarding this type of corneal surgery. In ra-
dial keratotomy (RK), mean straylight increases by a factor of 1.4 (0.15 log units) in eyes 
with 4-mm sized pupils and  a factor of 2 (0.3 log units) for 8-mm sized pupils were 
found.117 These values may be considered as functionally significant increases. Using an 
approximate equivalent veil method, Applegate et al.18 even found increases of a factor of 
6 (0.8 log units). Studies on photorefractive keratectomy (PRK) provided a less clear 
picture whether functionally significant straylight increase occurs. Older studies did not 
show a significant increase on average over the population,49,118-120 but in some cases a 
significant straylight increase was found on an individual basis.118,120,121  Newer studies on 
straylight (see chapter 10,122 and reference123 where a modified DC method was used) 
after PRK and laser assisted in-situ keratomileusis (LASIK) show the same picture. More 
precise measurements in larger patient groups may be needed to investigate the preva-
lence of these individual increases after PRK or LASIK. In one study on anterior chamber 
lenses for the correction of high myopia no significant increase in straylight was found.124 

 

Forward and backward scatter 
Straylight reflects the effects of forward light scatter in the eye media. Several methods 
exist to assess the condition of the eye media using backward light scatter.  In fact, the 
basic ophthalmological tool to evaluate the eye media (the slitlamp) is based on back 
scatter. Other examples are Scheimpflug slit-image photography, Lens Opacity Meter, and 
LOCS. One may wonder whether backward light scatter faithfully reflects the functional 
effect of light scatter in the eye, which is determined by forward light scatter. To address 
this question, in vitro measurements of light scatter in human donor lenses were per-
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formed, which showed that backward and forward light scatter are governed by different 
processes.125,126 In correspondence with these in vitro studies, patient studies on the com-
parison between different measures of backward light scatter and forward light scatter 
showed variable results.22,34,39,95,105,108,121,127 It must be noted here that we consider forward 
scatter not in a very closely forward direction, but over angles more than say 1˚. For even 
more closely forward angles we approach the domain that can be captured with other 
techniques, such as double-pass and wavefront-sensing.128 

 

Compensation comparison method 
In general, the direct compensation Method has given a great boost to the study of retinal 
straylight. Moreover, it was emphasized in literature that this technique has much greater 
sensitivity over glare tests, for example in patients with corneal edema31 and posterior 
capsular opacification.97 It was also used as a gold standard to assess the validity of glare 
tests.52 However, outside the laboratory it proved to be a difficult technique.97,120 In a field 
study involving 112 subjects drawn from the patients and visitors of the outpatient de-
partments of three clinics, the standard deviations of differences between repeated meas-
urements found in such a field study were 0.15 and 0.18 log units, for two different im-
plementations of the direct compensation method.38,45,46 It appeared that the method has 
some major drawbacks for routine clinical or large-scale use: (1) Judgment of the weak 
flicker in the test field often appeared to be difficult for untrained subjects. This seemed to 
be caused by the presence of the strong flicker of the straylight source. (2) Usually visual 
tests are based on what subjects do see. Contrarily, in the direct compensation method, the 
subjects have to indicate whether the flicker perception has disappeared. The continuous 
flickering of the straylight source in the periphery made this contra-intuitive task even 
more difficult. (3) The accuracy of the measurement seemed to depend on the adjustment 
strategy, which could differ considerably between subjects, and on proper explanation of 
the test. (4) There was no control over an individual’s measurement reliability. (5) Sub-
jects had the possibility to influence the test outcome. This is particularly important in the 
field of driver testing. 

As a result of these drawbacks, the straylight meter largely remained limited to labo-
ratory use. The instrument could not be used on a large scale, such as clinical diagnosis or 
occupational health testing. For these applications, the test needs to be easy to understand, 
easy and quick to perform, easy to explain, and fraud resistant. Also it should be criterion-
independent, so that the values have universal validity and results from different locations 
can be compared. 

To overcome the above mentioned drawbacks, a new psychophysical approach was 
defined in 2003, called compensation comparison.129 The essential difference was that this 
new approach is suitable for random subjects and for routine clinical use. Moreover, the 
new approach enabled control over the reliability of the assessment. It was no longer 
possible to influence the measurement outcome, and quality control factors could be de-
fined. A large study took place in 2003-2004. More than 2400 subjects were measured in 
5 centers in Europe (Amsterdam, Barcelona, Tübingen, Salzburg and Antwerp). So a 
reference database has been established, showing the approach to work very well. The 
measurement values closely correspond to those found in the earlier studies, so that the 
full set of data accumulated over the past 15 years can serve as reference. An important 
finding in the European study was that straylight increase occurs frequently in the popula-
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tion, also for visual acuities of 1 or better. The amount of increase is often considerable. If 
one realizes that glare hindrance is already a problem for young eyes, it is clear that a 
straylight increase by a factor of 4 constitutes a serious handicap. Yet such increase was 
often found. In terms of the straylight parameter s: its value should be limited to 
log(s)<1.47 (see chapter 2 and the appendices). 

In essence, the compensation comparison method presents exactly the same stimuli 
to the subject as the direct compensation method. Note that in the direct compensation 
method, the amount of compensation light is varied until the straylight flicker has disap-
peared. In other words, in the direct compensation method, the subject compares different 
stimuli sequentially. Contrarily, in the compensation comparison method, two stimuli of 
the direct compensation method are presented to and compared by the subject simultane-
ously. In this way, the direct compensation method is implemented as a two alternative 
forced choice (2AFC) approach. The characteristics of the psychometric function for this 
2AFC method are described in chapters 4130 and 5.131 This function determines what com-
parisons would be the best to use. The Compensation Comparison method has been sum-
marized in a 2005 ARVO abstract132 and in a patent.129 A more full description is given in 
chapter 4,130 and in chapters 6133 and 7134 the reliability is discussed 

The compensation comparison method has been used in the above mentioned field 
study involving 2422 subjects (GLARE study, www.glare.eu) and in other projects such 
as a study investigating the wavelength dependence of retinal straylight (chapter 8).133 On 
the other hand, some results from the GLARE study were also used for the further devel-
opment of the compensation comparison method (chapters 4,130 5,131 and 6134). In the 
GLARE study, several visual tests, including straylight measurements, were performed 
among a population of drivers in Europe, spread over 5 age categories. Since the study 
aimed at assessing the prevalence of vision impairments in the driving population, the 
only inclusion criterion was being an active driver. As a result, the measured population 
consisted of a wide range of subjects, including ages from 20 to 85, visual acuities below 
0.5 (logMAR 0.3) to more than 1.0 (logMAR 0.0), visual field defects, and other ocular 
pathologies such as glaucoma and cataract. This huge variation in ocular conditions pro-
vided an ideal opportunity to further develop the compensation comparison method for 
use in clinical practice. 
 

CIE Standard Glare Observer 
As mentioned in the introduction of this overview, the CIE has adopted standards for the 
glare of the normal observer. Because these standards are not easily accessible, and for the 
sake of completeness, the CIE equations will be given here. The total glare function pro-
posed by Vos and van den Berg (as equation 8 in the CIE report4) does actually give the 
complete PSF. It reads: 
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for very dark eyes, p=0.5 for brown eyes, and p=1.0 for blue-green Caucasians; see 
also13).  

Figure 1 shows the angular course of the total glare function for three 
age/pigmentation conditions. Note that the total dynamics of the PSF span a range of 
about 109, or 1.000.000.000. Due to this enormous range, the differences for the various 
conditions appear to be very subtle, whereas, in fact, they are functionally very signifi-
cant. These differences are more clearly represented when the curves are presented in 
terms of the straylight parameter s. In this way, the general 1/θ2 angular dependence is 
taken into account. In Figure 2, the PSF of the total glare function, multiplied by θ2 is 
shown. This is the straylight parameter, s, that is also used to represent the outcome of a 
straylight measurement. In Figure 3, another useful representation of the total glare func-
tion is given. Here the integrated PSF starting from the center outwards is given.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 The CIE 1999 total glare function for a 35-year-old negroid (continuous line), a 35-year-old blue-
green eyed Caucasian (dashed line) and a 80-year-old blue-green eyed Caucasian (dash-dotted line). The 
vertical dotted line indicates 1 minute of arc. This is customary assumed to be the smallest detail that can be 
resolved by an eye having a visual acuity of 1. 
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Figure 2 The CIE 1999 total glare function (PSF) multiplied by θ2 to represent it in terms of the straylight 
parameter, for the same age/pigmentation conditions as in Figure 1. 

Figure 3 The CIE 1999 total glare function (PSF) integrated from the center (0 degrees) outwards, for the 
same age/pigmentation conditions as in Figure 1. At 90 degrees the integrated value is 1 by definition, since 
the PSF is normalized. For angles smaller than 90 degrees, the fraction of light up to that angle in the PSF is 
indicated. The fraction of light in the central part of the PSF, below 1 minute of arc (dotted line) that deter-
mines visual acuity is only about 30%.
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For practical purposes, the CIE 1999 total glare equation is relatively complicated. There-
fore, some simplified equations were formulated. The most simple (given as equation 9 in 
the CIE report4) version of a disability glare formula seems to be the classic Stiles-
Holladay equation, in which the constant is multiplied by an age factor. It was called the 
age adapted Stiles-Holladay equation: 

{ } 24
agead.H,Sgleq /10]70/[1]/[ θ⋅+== − AELPSF  ,  

which has a validity domain that runs from 3° to 30°. 
As it is evident that the Stiles-Holladay equation falls short in particular below 1°, 

the following equation, the simplified glare equation (equation 10 in the CIE report4), may 
serve in a more extended angular domain: 

{ } ,/5]5.62/[1/10]/[ 243
.simplgleq θθ ⋅++== AELPSF  

which has a validity domain from 0.1° to 30°. 
To also cover the very large angle domain, more terms of the total glare equation 

should be taken into account; this is the general glare equation (equation 11 in the CIE 
report4): 

{ } ,105.2]5.62/[1]/1.0/5[/10]/[ 3423
gen.gleq pApELPSF ⋅⋅++⋅⋅++== −θθθ  

which has a validity domain that stretches from 0.1° all the way up to the very limit of the 
field of view, somewhere around 100°. 

An overview of the simplified versions of the total glare equation is given in Figure 
4 for a blue-green eyed 35-year-old Caucasian. 

Figure 4 The simplified versions of the total glare equation of a 35 year old blue green eyed Caucasian. The 
age adapted Stiles Holladay equation is shown with the thick line, the simplified glare equation as +, and the 
general glare equation as o. For clarity also the total glare function is plotted for a 35-year-old negroid 
(continuous line), a 35-year-old blue-green eyed Caucasian (dashed line) and a 80-year-old blue-green eyed 
Caucasian (dash-dotted line). 
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Abstract 
Purpose.  Presently, no instrument or method exists that is generally accepted for routine 
clinical assessment of (functional) retinal straylight. Yet retinal straylight is the cause of 
major patient complaints such as hindrance from glare and loss of contrast. It results from 
disturbances in the optical media that increase light-scattering over angles of 1° to 90°. Its 
assessment would help to decide whether to perform surgery for (early) cataract and 
would help in the evaluation of corneal or vitreal turbidity. 
Methods.  The psychophysical technique of the “direct compensation” method was 
adapted to make it suitable for routine clinical assessment. In the new approach, called 
“compensation comparison”, the central test field is subdivided into two half fields: one 
with and one without counterphase compensation light. The subject’s task is a forced-
choice comparison between the two half fields, to decide which half flickers more 
strongly. A theoretical form for the respective psychometric function was defined and 
experimentally verified in a laboratory experiment on 7 subjects with and without artifi-
cially increased light scattering. The method was applied in a separate multicenter study. 
Its reliability was additionally tested with a commercial implement (C-Quant by Oculus). 
Results.   A repeated-measures SD of 0.07 log units was achieved, to be compared with 
differences in the young normal population of 0.4 log units, and an increase with healthy 
aging by 0.5 log units at 80 years, and by 1.0 or more log units with (early) cataract or 
corneal disturbances. Reliability was further found to be high when using the commercial 
version of the method. 
Conclusions.  The compensation comparison method for measuring retinal straylight is 
suited for clinical use to diagnose patients with complaints caused by large angle light 
scattering in the eye such as early cataract. 
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Introduction 
Since the beginning of the 20th century, the importance of retinal straylight for visual 
function has been well recognized by many investigators. After Cobb1 introduced the 
concept of equivalent veiling luminance, Holladay2 and Stiles3 applied the concept in a 
disability glare formula, which has been well accepted and widely used. Retinal straylight 
was first studied in the normal aging population (reviewed by Vos4) and it was found to 
increase with age. Subsequently, it was also studied in eyes with various ocular diseases, 
such as cornea diseases,5 cataract,6,7 and corneal edema,8 where the straylight was found 
to increase with an increase in opacities and irregularity of ocular media. The extent to 
which retinal straylight from headlights of oncoming cars impairs visual function in night 
traffic has been investigated by many researchers (see Ref. 9 for a review). 

Retinal straylight can be seen as the outer skirt of the point spread function,10 out-
side, say, 1°. It causes a veiling luminance over the whole retina that adds to the retinal 
projection of the visual scene, thereby reducing the contrast of the retinal image. Disabil-
ity glare, as defined by the Commission International d’Eclairage,4  corresponds to retinal 
straylight, which is quantified by means of the concept of equivalent luminance, (i.e. the 
[external] luminance that has the same visual effect as the glare source at some angular 
distance).4 

The first attempts to measure intraocular straylight by means of equivalent lumi-
nance involved the comparison of two threshold measurements: one threshold in the pres-
ence of a distant glare source and one threshold in the presence of a homogeneous back-
ground (equivalent) luminance.4 Van den Berg and IJspeert11 compared the results from 
various groups, all using this method, and concluded that these results varied considera-
bly. Moreover, the method was not widely used, because it was not easily accessible for 
clinical application. As easy-to-use alternatives, so-called glare testers were introduced, 
that usually consisted of a visual acuity (e.g. ETDRS,12 Ferris-Bailey,13 or Regan14 charts) 
or contrast sensitivity (e.g. sinusoidal gratings, 7,12,14,15 Landolt rings,12,16 or Pelli-Robson 
charts13,14,17) test, with and without a glare source presented at some angular distance in 
the visual field. Although glare testers were occasionally appraised favorably,14 more 
often provided unreliable results, demonstrated by their outcomes correlating badly with 
various validity measures such as outdoor visual acuity in bright sunlight,12,15 a question-
naire assessing perceived visual disability,13,16 or directly measured forward light scat-
ter.14,16 Also, the repeatability and discriminative ability of studied glare tests were found 
to be inadequate.14,16 A particular example is the omission of the glare measurement re-
sults, performed with the Miller-Nadler glare tester, in the final results of the large multi-
center PERK study,18 because the glare tester was not sensitive enough to detect small but 
significant amounts of light scattering,19 which was also mentioned in later studies.14,20 As 
a result of these issues with glare testers, a standard way of glare measurement was never 
adopted, and some overview papers discussing glare test problems appeared.21-25 
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To improve on this situation, van den Berg5 proposed a new psychophysical method, 
called the direct compensation method. In short, this method works as follows (Figure 1): 
A bright, ring-shaped, flickering light source is presented at a certain angular distance θ 
from a (dark) test field. Because of intraocular scatter, part of the light from the bright 
straylight source is projected on the retina at the location of the test field, inducing a 
(weak) flicker in the test field. To determine the exact amount of straylight, variable 
counterphase compensation light is presented in the test field. By adjustment of the 
amount of compensation light, the flicker perception in the testfield can be extinguished. 
In this way, there is “direct compensation” for the straylight modulation caused by light 
scattered from the glare source. 

Using this technique, straylight was found to increase with age.26 A new finding was 
that straylight depends on pigmentation of the eye. In further studies on pigmentation 
dependence, iris and ocular wall transmission was found to decrease with pigmentation in 
normal subjects27 and found to be significantly increased in patients with Fuchs’ hetero-
chromic cyclitis.28 Furthermore, intraocular light scattering was found to be increased in 
retinitis pigmentosa29 and cataract.7 

In 1990, the direct compensation technique was implemented in a small portable de-
vice, called a straylight meter, to accommodate other researchers.30-32 This method led to 
publications notably by Elliott et al.6 on a variety of subjects, such as the already men-
tioned cataract  and disability glare test evaluation14 studies. Furthermore, they found 
increased straylight values after induced corneal edema,8 in contact lens wearers33 as well 
as in 25% of the subjects one year after excimer laser photorefractive keratectomy.34 Ad-
vantages of the direct compensation method over alternative methods of assessing wide 
angle-scatter were mentioned in a paper discussing these methods for use in evaluating 
visual function in cataract.24 Other researchers used the straylight meter after refractive 
surgery and found increases in small scatter angles and dilated pupils after radial keratot-
omy,35 and no increased values more than two weeks after photorefractive keratec-
tomy,20,36 except in some individuals.37,38 Ocular lubricants were reported to have no ad-
verse effects on the optical quality of the eye.39 The straylight meter again showed in-
creases in patients with retinitis pigmentosa40,41 and also in those with choroideremia.42 
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 Figure 1 The direct compensation method. Retinal modulation in a foveal testfield (inset: black field), 
resulting from scattered light from a constantly flickering annulus (white) is plotted against the amount of 
counterphase modulation in that test field. At point s, the flicker is extinguished, and the precise value of the 
straylight found. 
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Straylight meter readings were found to correlate significantly with clinical grading of 
lens opacities and lens back scatter,17 with corneal swelling,43 with lens opacity measure-
ments in patients with glaucoma,44 and with posterior capsule opacification.45 Most re-
cently, the direct compensation method was used in a field study investigating the suit-
ability of several glare tests for driver’s license applications and found to be the most 
promising candidate.16,46  

In general, the direct compensation method has given a great boost to the study of 
retinal straylight. Moreover, it was emphasized in literature that this technique has much 
greater sensitivity than do glare tests, for example in patients with corneal edema8 and 
posterior capsular opacification.45. It was also the gold standard for assessing the validity 
of glare tests.14 However, outside the laboratory it was a difficult technique to use.38,45 In a 
field study16,46 involving 112 subjects drawn from the patients and visitors of the outpa-
tient departments of three clinics, the standard deviations of differences between repeated 
measurements found in such a field study were 0.15 and 0.18 log units, for two different 
implementations of the direct compensation method. It appears that the method has some 
major drawbacks for routine clinical or large-scale use: (1) Judgment of the weak flicker 
in the test field often appeared to be difficult for untrained subjects. This seemed to be 
caused by the presence of the strong flicker of the straylight source. (2) Usually visual 
tests are based on what subjects do see. On the contrary, in the direct compensation 
method, the subjects have to indicate whether the flicker perception has disappeared. The 
continuous flickering of the straylight source in the periphery made this contraintuitive 
task even more difficult. (3) The accuracy of the measurement seemed to depend on the 
adjustment strategy, which could differ considerably between subjects, and on proper 
explanation of the test. (4) There was no control over an individual’s measurement reli-
ability. (5) Subjects had the possibility to influence the test outcome. This aspect is par-
ticularly important in the field of driver testing. 

As a result of these drawbacks, the straylight meter largely remained limited to labo-
ratory use. The instrument could not be used on a large scale, such as clinical diagnosis or 
occupational health testing. For these applications, the test must be easy to understand, 
easy and quick to perform, easy to explain, and fraud resistant. Also it should be criterion 
independent, so that the values have universal validity and results from different locations 
can be compared. 

To overcome these limitations, we proposed a new method to measure retinal stray-
light, the “compensation comparison” method. In essence, this method presents exactly 
the same stimuli to the subject as the direct compensation method. Note that in the direct 
compensation method, the amount of compensation light is varied until the straylight 
flicker has disappeared. In other words, in the direct compensation method, the subject 
compares different stimuli sequentially. In contrast, in the compensation comparison 
method, two stimuli of the direct compensation method are presented to and compared by 
the subject simultaneously. In this way, the direct compensation method is implemented 
as a two-alternative-forced-choice (2AFC) approach. The characteristics of the psycho-
metric function for this 2AFC method will be reported in this article. This function deter-
mines what comparisons would be the best to use. The compensation comparison method 
has been summarized in abstract form (Van den Berg TJTP, et al. IOVS 2005;46:ARVO 
E-Abstract 4315) and in a patent.47 

The compensation comparison method has been used in a field study involving 2422 
subjects (GLARE study, see www.glare.be) and in other projects such as a study investi-
gating the wavelength dependence of retinal straylight.48 Some results from the GLARE 
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study, pertinent to the present question, will be used in this report. In this study, several 
visual tests, including straylight measurements, were performed among a population of 
drivers in Europe, spread over five age categories. Data were collected in clinics in The 
Netherlands, Austria, Germany, Spain and Belgium. Since the study was designed to 
assess the prevalence of vision impairments in the driving population, the only inclusion 
criterion was being an active driver. As a result, the measured population consisted of a 
wide range of subjects, including ages from 20 to 85, visual acuities below 0.5 (logMAR 
[logarithm of the minimum angle of resolution] 0.3) to more than 1.0 (logMAR 0.0), vis-
ual field defects, and other ocular pathologies such as glaucoma and cataract. This huge 
variation in ocular conditions provided an ideal opportunity to evaluate the compensation 
comparison method in clinical practice. 

In the present paper, the principles, design considerations and advantages of the 
compensation comparison method with respect to the direct compensation method are 
discussed, and a model for flicker comparison using this method is proposed and tested in 
a laboratory experiment. This model comprises a psychometric function designed to de-
scribe the (stochastic) characteristics of the responses in a compensation comparison ex-
periment. For simplicity, real error responses (false positive and false negative mistakes of 
the subjects) were not included in the formulas given below. These values are very low 
(on the order 1% or less) in laboratory experiments. Their inclusion is straightforward 
though, and they were included in the final formulas used for the field study. The reliabil-
ity of the compensation comparison method was tested using a commercially available 
embodiment of the method (C-Quant, manufactured by the Germany based firm Oculus 
Optikgeräte GmbH).47 
 

Methods 
The compensation comparison method was tested on seven subjects (age range, 21 - 57 
years; mean 30). They were laboratory students and co-workers, including the authors. All 
subjects were without ocular defects. Testing was performed monocularly on the subject’s 
preferred eye. Refraction ranged from -7 to emmetropic. Habitually worn glasses were 
allowed, but contact lenses were replaced by trial glasses. It must be noted that the test 
does not require refractive correction to be precise. Corrections were chosen for comfort-
able viewing, resulting in a +2 near addition for the older subjects, since the tests were 
performed at a distance of 32 cm from the stimulus screen. The study adhered to the 
guidelines of the Declaration of Helsinki for research in human subjects. 
 To test the compensation comparison method also for conditions of increased scat-
tering, the same subjects were measured with a light-diffusing filter (Black Pro Mist 
BPM2; Tiffen Manufacturing, Hauppauge, NY) in front of the tested eye. This filter, 
among a collection of 23 commercially available light-diffusing filters, was found to have 
the best light scattering characteristics for mimicking (early) cataract or aging effects in 
the human crystalline lens.49 

As mentioned before, the compensation comparison method was evaluated in the 
European GLARE study. In the course of this study, some improvements were made on 
the implementation of the test, as will be described at the end of this section. 

For stimulus generation, a computer system with either a CRT monitor or combina-
tion of digital light processing (DLP) projector and back-projection screen was used. The 
straylight source was a white light annulus extending from 7° to 14°. Because of the ap-
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proximate 1/θ2 dependence of retinal straylight, this corresponds to a 10˚ scattering an-
gle.10 

To test the reliability of the clinical version of the compensation comparison method 
(C-Quant; Oculus Optikgeräte), 17 subjects with no experience in the direct compensation 
and compensation comparison measuring techniques were recruited from a neighboring 
institute. The average age was 44 years (range 28-81). Except for the oldest subject, all 
were without ocular defects. Refraction ranged from -7 to +3 D. All measurements were 
performed monocularly on the subjects’ preferred eyes, without glasses or contacts. Thor-
oughly cleaned trial glasses were used when appropriate. All subjects performed 6 meas-
urements, 3 without and 3 with the BPM2 filter in front of the studied eye. 

 
Basics of the compensation comparison method 
The test screen layout of the compensation comparison-based straylight meter is similar to 
that of the direct compensation method, only the test field is now divided in two halves 
(Figure 2). Compensation light is presented in one of the two test field halves (randomly 
chosen, referred to as field b in the remainder of the article), whereas no compensation 
light is present in the other test field half (referred to as field a). As a result, two flickers 
are perceived, that differ in modulation depth: one results from straylight only (field a), 
the other is a combination of straylight and compensation light (field b), flickering in 
counterphase with this straylight. Simplified, the procedure runs as follows (Figure 3): 
during the test, a series of limited-duration stimuli are presented that differ in the amount  
of compensation light in test field b. After a 2AFC paradigm, the task for the subject is to 
decide for each stimulus which test field half flickers stronger. The subject’s responses are 
recorded by means of two push buttons, representing the left and right test fields. Using 
the psychophysical model for this flicker comparison task, which will be described in 
detail later in the article, a psychometric curve is fitted to the subject’s responses, from 
which both the straylight parameter and a measure for the quality of the measurement can 
be deduced.  

The fitting process makes use of a maximum-likelihood procedure, which can 
briefly be described as follows. Assume that an experiment consists of n stimuli, to which 
n binary answers (e.g. yes or no, left or right, etc.) are obtained. Given a specific psycho-
metric function, each answer of a subject has a certain likelihood, ranging between 0 and 
1, since a psychometric function gives a certain probability (between 0 and 1) for a certain 
answer (yes or no) to the stimulus. For a complete experiment, the n answers correspond 
to n likelihoods. The total likelihood of the experiment is defined as the product of these n 
likelihoods, and the value of this total likelihood depends on the assumed psychometric 

Straylight source

Right test field
Left test field

Straylight source

Right test field
Left test field

Figure 2 Stimulus layout for the compensation comparison method for retinal straylight measurement. 
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function. The best-fitting psychometric function is the one that gives the highest total 
likelihood value (Figure 5 shows an example of an actual compensation comparison ex-
periment). For a more complete description of the maximum likelihood concept,50 a sepa-
rate paper discussing reliability assessment in the compensation comparison method, 
using the likelihood function, is in preparation.51 
 It must be noted that the compensation light added in field b results in a change in 
average luminance. This might confuse the subject, cause bias, or form a clue to manipu-
late the test outcome. To ensure that the two test fields are only different in retinal modu-
lation, an offset of half the compensation value is added to field a (Figure 4). This equates 
the average luminance in both test fields, while maintaining the (absolute) modulation.  
 
Trial strategy 
The measurement procedure (Figure 5 shows an example of an actual measurement from 
the GLARE study) consists of two consecutive stages with different types of stimuli: the 
“dark” or “initial” phase and the “light” or “final” phase. The initial phase (Figure 5, dots) 
serves to obtain a first coarse estimate of the straylight value and to make the task easy at 
first. The final phase (Figure 5, X’s) serves to refine the first coarse estimate. In the initial 
phase, the amount of straylight is varied by varying the intensity of the flickering ring, 
while the compensation light is kept constant. In this phase, the task is very easy at first, 
becoming gradually more difficult, until the straylight value of the respective individual is 
approached. In other words, apart from giving a first coarse estimate, the initial phase 
serves as a training phase for the flicker comparison task, in which the potentially disturb-
ing peripheral flicker is very weak at first. In the final phase, maximum light intensity of 
the straylight source is used, in order to have maximum light intensity in the comparison 
task. At higher light intensities, the comparison task is performed more accurately (see 
also the Results section). 
 The stimuli in the initial phase are equidistant with a step size of 0.1 log units (ex-
cept for the first step which is 0.3 log units) and presented in order from high to low stray-
light value (Figure 5, increasing numbers). The absolute stimulus values of the initial 
phase can be placed differently. This can be chosen by the operator, but in the GLARE 
study this was set to adjust for the known population average values as a function of age.10 
The example given in Figure 5 is for a 30-year-old subject. For a 70-year-old subject, all 
initial phase stimuli were shifted upward by 0.3 log units.  
 In the first stimulus, a very weakly flickering ring is presented (stimulus 1 in Fig-
ure 5). Then it is very easy to recognize the test field half with compensation. Subse-
quently, the intensity of the ring is increased, thereby increasing the difficulty of the 
flicker comparison task. This relates to the real-life experience of being disturbed more 
and more by glare sources with higher intensities. In the final phase, the ring flickers at 
constant intensity, whereas the compensation luminance in field b is varied. The stimuli in 
the final phase (Figure 5, X’s) are logarithmically equidistant at 0.05 log units in a fixed 
interval around the first coarse estimate of the 50% point of the psychometric curve, as 
based on the data of the initial phase (Figure 5, dots). In the final phase, the stimuli are 
presented in random order, according to the method of constant stimuli.52 
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Figure 3 (a) A simplified straylight test with variable compensation in one test field and no compensation in 
the other field. Note that the V-shaped function (modulation field b) also corresponds exactly to the function 
of the direct compensation method shown in schematic form in Figure 1. (b) Probability of getting a 1 score 
(compensation test field flickers the most) as a function of the strength of the counterphase compensation 
light (psychometric function). The straylight value for this subject is 10. 

(compensation much higher than straylight)

0

5

10

15

20

25

30

35

on off on off

Li
gh

t i
n 

su
bj

ec
t's

 e
ye

 [s
 u

ni
ts

]

lum. equalization offset

compensation light

straylight

test field btest field a

Saon

Saof f

Sbon

Sbof f

straylight parameter s =10, compensation level S comp=30

straylight ringb

(compensation identical to straylight) 

0

5

10

15

20

25

30

35

on off on off

Li
gh

t i
n 

su
bj

ec
t's

 e
ye

 [s
 u

ni
ts

]

lum. equalization offset

compensation light

straylight

test field btest field a

Saon

Saof f

Sbon Sbof f

straylight parameter s =10, compensation level S comp=10

a

Figure 4 The average luminance is equalized between the two half fields. The result is shown for two 
different examples of a stimulus in a compensation comparison experiment (both indicated in Fig. 3). (a) 
Precise compensation for the straylight flicker; (b) Overcompensation for the straylight flicker by a factor of 
3. Light gray: pure straylight flicker, which is the same in both half fields, also in both stimuli of one ex-
periment, since straylight, expressed in s units, did not change in one experiment (it only depended only on 
the light-scattering characteristics of the eye under examination). In both cases, average luminance is equal-
ized by adding half the compensation value as an offset to the other half field (white bars = 0.5 · dark gray 
bars) 
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Figure 5 Example of an actual measurement in a 30-year-old subject from the GLARE study (emmetropic, 
no ocular disease, clear eye media, best corrected visual acuity 1.25 (logMAR -0.1)). The dots represent the 
initial phase of the measurement (stimuli presented to the subject in fixed order, 1-12), (X) The final-phase 
responses (stimuli presented in random order, centered around the initial phase estimate of the 50% value). 
A psychometric curve was fitted to the data by means of a maximum-likelihood procedure, with shape 
parameter MDCc fixed at a certain pre-chosen level. The fit results in a straylight value s=7.14, or 
log(s)=0.85. 
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Figure 6 Function used as a psychometric function for flicker comparison (equation 1). MDCc was set at 
0.13 for this example. 
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The psychometric function 
As a basis to describe the psychometric function we started out from the well-known 
logistic function.53 Comparing two flickering test fields a and b with different modulation 
depths, the chance P of choosing one of the test fields as having the stronger flicker was 
written as (Figure 6) 
           ,

1
1

ce MDC
MDCP

−+
=      (1) 

where MDCc is the parameter in the equation, giving a critical value for modulation depth 
contrast. MDC is the independent variable in the equation, giving the contrast between the 
two flickers, defined as 
             ,

MDaMDb
MDaMDbMDC

+
−

=     (2) 

where MDa and MDb represent the retinal modulation depths in both test fields.  
 It must be noted here that the light the fovea (the two half fields) receives, consists 
of two parts: light originating from the flickering annulus by the process of scattering, and 
light originating from the half fields the subject is looking at. Both lights correspond to 
certain luminances in the outside world (in the two half fields). The light originating from 
scatter (i.e., the straylight) corresponds to an outside luminance (called equivalent lumi-
nance4) according to the equation10 
       ,0013.0 srceq LsL ⋅⋅=     (3) 
where Lsrc is the luminance of the straylight ring, and s is the straylight parameter, a value 
that characterizes the amount of light-scattering in the eye under investigation. A more 
extensive explanation has been published.10 Conversely, because Lsrc is known, we can 
use equation 3 to express the external luminance in the test fields (as seen by the fovea) in 
“equivalent” straylight parameter units. In other words, each given external luminance L 
corresponds to an equivalent s value. The modulation depths can then be written as 

            
onoff

onoff

LaLa
LaLaMDa

+
−

=          and ,onoff

onoff

LbLb
LbLbMDb

+
−

=   (4) 

where L is the true or equivalent luminance, or eventually a combination  of both. Laoff 
and Lboff represent the light in the off-phase of the straylight ring, whereas Laon and Lbon 
represent the light in the on-phase of the straylight ring. By combining equations 3 and 4 
we can express the retinal light levels in (equivalent) straylight parameter units, referred 
to as “s units” in this article 

           
onoff

onoff

SaSa
SaSaMDa
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−

=           and ,onoff

onoff
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+
−

=   (5) 

since for any given situation the factor 0.0013 · Lsrc drops out of equation 4. The on-phase 
light is the straylight s originating from the flickering ring, summed in field a with the 
luminance equalizing light which equals half of the compensation light in field b (Fig-
ure 4). The off-phase light is the compensation light Scomp in field b. Half of this amount is 
again added as an offset to field a, serving as luminance-equalizing light. In formulas 
        sSb =on          

comp
off SSb =    (6) 

        
comp

on 5.0 SsSa ⋅+=         
comp

off 5.0 SSa ⋅= .  (7) 
Plotting the probability against Scomp or log(Scomp) results in psychometric curves as in 
Figure 3b and Figure 5, respectively. The model parameters (s and MDCc) were fitted by 
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means of a maximum likelihood procedure (described in short earlier) to the seven sub-
jects’ laboratory data. 
 Once the shape of the psychometric function has been established, estimation of the 
straylight parameter value s of individual subjects involves shifting of the psychometric 
function to fit the dataset of that individual. Fitting is achieved by means of the maximum 
likelihood procedure, as just outlined. An example of such a fit is given in Figure 5. In 
this case, log(s) was found to be 0.85. The straylight value is determined by the horizontal 
position of the minimum of the curve, where MDb=0 and Scomp=s. This approach was 
applied in the European GLARE study involving 2422 subjects in total. In the course of 
the study some improvements were made on the implementation of the straylight test: (1) 
A 3 trial instruction phase was added prior to the real measurement, to familiarize the 
subject with the flicker-comparison task. (2) The subject’s responses were displayed to the 
operator during the measurement, making it possible to interfere in case the response 
pattern was erratic and start a new measurement after additional explanation. (3) The 
luminance in the test fields was increased by a factor of 2 in the initial phase, making the 
measurement easier for older subjects. In total, 1073 subjects were measured with this 
final version (including these improvements). More detailed reports of this study are in 
preparation, but some preliminary data will be given herein to test the psychometric func-
tion (equation 1) and to illustrate the performance of the test. 

Results 
Figure 7 shows the results of experiments performed to evaluate the model described in 
the previous section. All measurements were repeated with the cataract simulating BPM2 
filter in front of the eye. Values for the independently fitted parameters s and MDCc are 
given in Table 1. 

Figure 7 shows that the mathematical expression for the psychometric function, pro-
posed in the Methods section (equation 1), performs very well in describing all measure-
ments. Apart from the straylight value log(s), which determines the horizontal position of 
the curve, the differences in shape between the curves in Figure 7 all derive from differ-
ences in one parameter only, MDCc (see also Table 1). Although the differences are not 
large, there seems to be a systematic effect of a steeper slope (MDCc somewhat lower) 
with more straylight (cataract model curves). This may be understood by noting that with 
more straylight (curve shifted to the right), the flicker intensity in the central test fields is 
higher, which might make the flicker comparison task easier. This may turn out to be an 
advantage in practice. Speculatively, in eyes that are in worse ophthalmologic condition, 
possible detrimental effects on psychometric behavior may be counteracted by this phe-
nomenon. 
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Figure 7 Measured psychometric curves and corresponding model curves (equation 1) in seven subjects. All 
measurements were performed monocularly. Each subject was measured without and with a BPM2 filter in 
front of the measured eye. Data points are averages over 8 (TK, DT), 10 (TB, JC, LF) or 12 (LR, GS) 
responses for the no-filter measurements, and averages over 4 (TB, JC, LF), 6 (LR, GS) or 8 (TK, DT) 
responses for the BPM2 measurements. In each subject, equation 1 was fitted to all data points with stray-
light parameter s and psychometric function shape parameter MDCc as parameters (Table 1). 
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Fit Results Subject Details 
without filter with BPM2 filter 

Initials age 
(y) 

average age 
normal 

log(straylight 
parameter) 

log(straylight 
parameter) 

shape 
parameter 

psychometric 
function 

log(straylight 
parameter) 

shape 
parameter 

psychometric 
function 

  log(s) log(s) log(MDCc) log(s) log(MDCc) 
TK 24 0.85 0.76 -1.07 1.31 -1.07 
DT 23 0.85 0.81 -0.98 1.27 -1.08 
TB 57 1.00 1.15 -0.98 1.37 -1.68 
JC 35 0.87 1.08 -0.99 1.39 -1.04 
LF 29 0.86 0.76 -0.77 1.26 -1.09 
LR 21 0.85 0.55 -0.75 1.22 -0.96 
GS 22 0.85 0.66 -0.79 1.20 -1.25 
Average 30.14   -0.90  -1.17 
SD    0.13  0.24 

Table 1 Maximum-Likelihood Fits of Equation 1 to the Compensation Comparison Measurements 

Data were obtained in seven subjects, without and with a BPM2 filter (artificial straylight increase) in front 
of the measured eye. Fitted parameters are the straylight parameter s and the critical modulation depth 
contrast MDCc, the latter being the shape parameter for the psychometric function. 
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Figure 8 Equation 1 fitted to field measurements of 1073 subjects. Measurements were divided into nine 
groups of equal size, sorted on log(s) differences of repeated measurements (denoted as dif in the graphs). 
After normalization for log(s), the psychometric function model (equation 1) was fitted to the data, resulting 
in an MDCc value in each group. The corresponding psychometric curves are drawn in each graph. 
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The model was further validated by applying it to field measurements of 1073 subjects, 
performed in the European GLARE study, as described in the previous section. The wide 
variation in ocular conditions found in this population can be expected to reflect itself in 
different psychophysical behaviors, and therefore in psychometric functions that differ 
between these 1073 individuals. To analyze this, all measurements were performed twice, 
and divided in nine groups of equal size, sorted on the differences between the two re-
peated measurements. In each group, equation 1 was then fitted to all data, after normaliz-
ing each individual curve for the individual straylight value. Results are given in Figure 8. 
The best 67% (top six panels) of the 1073 subjects have a repeated-measurement SD of 
0.036, and 89% (all but the last panel) of 0.059 log units, whereas the SD for all meas-
urements is 0.099 log units. 

The C-Quant measurements are summarized in Figure 9. The three separate meas-
urements without filter are plotted against the average of these three measurements. This 
figure shows that the repeatability of the compensation comparison method is very high. 
In addition to these repeatability data, the average of the three measurements with BPM2 
filter is also plotted against the average of the three measurements without filter. The 
dashed line represents the expected straylight value for the eye plus filter combination, 
obtained by adding the straylight values of the filter and the eye on a linear scale. 
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Figure 9 Reliability of the compensation comparison method, using the C-Quant. Seventeen untrained 
subjects were measured three times without and three times with a BPM2 filter in front of the studied eye. 
The three separate measurements without filter are plotted against the average of these three measurements. 
In addition, the average of the three measurements with filter is plotted against the average without filter. 
Dashed line: expected straylight value for the eye-plus-filter combination. 



Chapter 4 

 60 

Discussion 
In this article, we have presented an approach toward retinal straylight measurement, 
intended to be feasible for routine clinical use. Reliability analysis of the population data 
(Figure 8) can be refined by using the available response pattern (Figure 5) of each indi-
vidual to test for reliability. In fact, a reliability parameter has already been developed 
(described later). With this parameter, an overall repeated measurement standard devia-
tion between 0.06 and 0.1 log units can be obtained, depending on the filter criterion (per-
centage that is filtered out). Even without filtering, this SD is better than the repeatability 
of the direct compensation method, which was found to be 0.15 and 0.18 log units in field 
studies, for two different implementations of this method.16  In practice we use a value of 
0.07. The reliability parameter will be discussed in more detail in a separate paper.51 It 
should be noted that this parameter can also be used to evaluate the quality of a single 
measurement, which is important for clinical use. This ability to check and reinstruct or to 
exclude measurements based on an individual-specific measurement quality criterion is a 
main advantage of the compensation comparison technique with respect to the direct 
compensation technique. 

This study was provoked, among others, by existing evidence in the literature that 
there is a clinical need for testing a patient’s glare sensitivity. As outlined in the introduc-
tion, many different glare testers have been proposed, most of which have disappeared 
from the market. Some studies tried to validate glare testing against straylight as the gold 
standard, but with questionable results.7,14,16,17 Repeatability was compared between dif-
ferent glare tests and the direct compensation method, 14 leading to the conclusion that the 
direct compensation method performs better. With the improved performance of the com-
pensation comparison method, this will, a fortiori, be the case again. The present compen-
sation comparison technique offers new opportunities to test and validate the performance 
of glare testers. 
 To obtain these results, some understanding of the underlying psychometric function 
was needed. The proposed model describes measured laboratory data well (Figure 7) for a 
wide range of straylight values (Table 1). The log(s) values without BPM2 filter all fall 
within the normal population range, which in the past was shown to increase with age.10 
From this study, it follows that the relation between straylight parameter s and age can be 
approximated, in a white population with a 10˚ scattering angle, by the equation s = 
7(1+(age/70)4), with an uncertainty of 0.1 log units. In Table 1, this average age-normal 
population value is given for each subject. 
 The log(s) values with BPM2 filter show less variation. This is because the total 
straylight here is a combination of the filter (which itself has log(s) =1.12) and the eye 
(log(s) values from 0.55 to 1.15). The experimental values for the eye-filter combinations 
(log(s) values from 1.20 to 1.39) correspond well to values that can be predicted by calcu-
lation (log(s) values from 1.22 to 1.44). 
 Figure 8 shows that the model is capable of accurately describing the psychophysi-
cal behavior of a population that varies widely with respect to physical condition of the 
eye. Subdividing the population according to differences between two repeated measure-
ments reveals different slopes of the psychometric curves of the various subgroups, ac-
counted for in the model by different MDCc values. The model fits fairly well to all sub-
groups of Figure 8, except for the subgroup with the largest repeated measurement differ-
ences (lower right panel). For some cases in this subgroup, response behavior was so 
erratic that reliably fitting a psychometric curve, and therefore reliably estimating the 



Compensation comparison method 

 61 

log(s) value, is not possible. To detect such erratic behavior automatically during meas-
urements, a reliability parameter was developed, as mentioned earlier. This parameter 
must assume a certain shape of the psychometric function and was based on the analysis 
of the present paper. After the lowest-quality measurements were filtered out with this 
parameter, the overall SD of repeated measurements was between 0.06 and 0.1 log units, 
which is very good, considering the variation in straylight parameter in the (clinical) 
population. 

Figure 9 shows that the compensation comparison method gives highly repeatable 
results for untrained subjects, over a wide range of straylight values. The measurements 
with BPM2 filter follow the additive model for eye plus filter very accurately, indicating 
that the instrument measures absolute straylight values very well. The fitted log(s) value 
for the filter (1.14) is very well in accordance with the objectively measured log(s) value 
for this filter of 1.12.49  
 The compensation comparison method for measuring retinal straylight was designed 
as improvement on the direct compensation technique. According to feedback we got 
from the operators in the clinics who participated in the GLARE study, and who also had 
earlier experience with the direct compensation method, the task is easier and more intui-
tive (mostly suprathreshold, short stimulus presentations), easier to explain and less de-
pendent on explanation from the operator. The measurement time is fixed and limited, 
making the test more pleasant for both patient and operator. However, we did not collect 
systematic statistical data on these subjective assessments. Moreover, the reliability of the 
compensation comparison method was shown to be very good, and a reliability index was 
developed, based on the dataset of a tested individual. 
 Given these advantages, retinal straylight measurement is now possible on a large 
scale and in the clinical routine. As a result, the compensation comparison method, de-
scribed in this article, has been implemented in a commercially available measurement 
device (the C-Quant; Oculus Optikgeräte). For future development, the model for flicker 
comparison gives a basis for improving on the measurement performance by studying 
different measurement strategies, such as adaptive methods. 
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Abstract 
Recently, the compensation comparison method was introduced for measuring retinal 
straylight. In this article, basic aspects are described, in particular a generalization of the 
approach using the concept of precompensation, and including flicker threshold as pa-
rameter in the psychophysical model. The model was experimentally verified in labora-
tory measurements with and without artificially increased straylight, and tested on the data 
from the multi-center GLARE study. The resulting flicker threshold estimates were ana-
lyzed to better understand their origin. An effect of flicker adaptation over distance was 
found. The new approach proved suitable to describe compensation comparison meas-
urements including precompensation, and also for subjects with poor psychometric behav-
ior.  
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Introduction 
Recently, the compensation comparison method was introduced as a new technique for 
measuring straylight on the retina of the human eye.2 Retinal straylight is a clinically and 
practically important phenomenon, degrading visual function. It is caused by intraocular 
light scatter. This is the phenomenon that part of the light reaching the retina does not 
partake in normal image formation.3 Most rays originating from a certain point in space 
are converged by the refracting elements of the eye to the focal spot on the retina. How-
ever, some of the rays are dispersed to other areas by optical imperfections of the eye. 
This already occurs in the healthy eye,4 but to a much larger extent in pathological states, 
such as cataract5 and corneal dystrophy.6 These dispersed rays are distributed all over the 
retina, but with decreasing densities at distances further away from the original focal spot.  

It is important for assessment of functional integrity of a patient’s eye to develop a 
method to measure straylight in an accurate way. Due to straylight, the retinal light distri-
bution in any visual environment is composed of two parts: the image of the external 
world based on the more or less properly focused rays, superimposed upon a background 
caused by the dispersed rays. As a result, contrast is lost in the retinal image. The severity 
of the contrast loss depends on the luminance ratio between background and image. This 
ratio is a function of the optical clarity of the eye, and can be quantified and expressed in 
the physically well-defined retinal straylight parameter s.1,3 The extreme situation of con-
trast loss due to intraocular light scatter is represented by the classical (disability) glare 
condition4: strong light somewhere in the visual field while a weakly lit object has to be 
observed. In such a situation, the contrast of the retinal image may drop below the contrast 
threshold, and can lead to complete blinding. The typical situation is blinding by oncom-
ing traffic at night. 

The compensation comparison method to measure the straylight parameter is based 
upon the previously used direct compensation method,3 but implemented in a two-
alternative-forced-choice (2AFC) paradigm.2 In short, the direct compensation method 
works as follows (Figure 1): An annulus at a certain angular distance θ from a (dark) test 
field is presented flickering. Due to intraocular scatter, part of the light from the bright 
straylight source will be projected on the retina at the location of the test field, inducing a 
(weak) flicker in the test field. To determine the exact amount of straylight, variable coun-
terphase compensation light is presented in the test field. By adjustment of the amount of 
compensation light, the flicker perception in the test field can be extinguished. In this 
way, the straylight modulation caused by light scattered from the glare source is directly 
compensated. In essence, the compensation comparison method presents exactly the same 
stimuli to the subject as the direct compensation method. Note that in the direct compen-
sation method, the amount of compensation light is varied until the straylight flicker has 
disappeared. In other words, in the direct compensation method, the subject compares 
different stimuli sequentially. Contrarily, in the compensation comparison method, two 
stimuli of the direct compensation method are presented to and compared by the subject 
simultaneously. This is achieved by splitting the test field in two halves (Figure 1). Com-
pensation light is presented in one of the two half fields, whereas no compensation light is 
present in the other half field. As a result, two flickers are perceived, that differ in modu-
lation depth: one results from straylight only, the other is a combination of straylight and 
compensation light, flickering in counterphase with this straylight. The subject’s task is to  
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decide which test field half flickers stronger. In this way, the direct compensation method 
is implemented as a 2AFC approach. 

The compensation comparison method has some important advantages with respect 
to the direct compensation method: (1) Subject-dependent bias as well as the ability to 
deliberately influence the test outcome has been eliminated.2 (2) A measurement reliabil-
ity parameter, expected standard deviation (ESD), could be developed to assess the qual-
ity of individual measurements.7 With the direct compensation technique, repeatability 
information had been limited to only population-based repeated measures standard devia-
tions. Given these advantages, retinal straylight measurement was made possible on a 
large scale and in the clinical routine, as demonstrated in the European GLARE study2 
(www.glare.eu). In this study, which aimed at assessing the prevalence of vision impair-
ments in the driving population, several visual tests, including straylight measurements, 
were performed among a population of drivers in five European countries, spread over 
five age categories. The measured population consisted of a wide range of subjects, in-
cluding ages from 20 to 85, visual acuities below 0.5 (logMAR 0.3) to more than 1.0 
(logMAR 0.0), visual field defects, and other ocular pathologies such as glaucoma and 
cataract. The straylight data from the GLARE study, which were already used to evaluate 
the compensation comparison method in clinical practice,2 will be utilized in the present 
paper to evaluate a more complete psychophysical model for the comparison task.  

According to feedback we got from operators in the clinics that participated in the 
GLARE study, and who also had earlier experience with the direct compensation method, 
the compensation comparison test is easier, more intuitive, easier to explain, and needs 
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Figure 1 Schematic representation of the direct compensation and compensation comparison methods. 
Retinal modulation in a foveal test field (black fields in the two insets), resulting from scattered light from a 
constantly flickering annulus (white), and counterphase modulation in that test field, is plotted against this 
counterphase modulation. In the direct compensation method, the counterphase modulation is varied around 
point s, where flicker is extinguished and the precise value of straylight is found. In the compensation 
comparison method, counterphase modulation in one of the test field halves (represented by the right point 
on the curve), is varied around 2s, the point where the retinal modulation is equal to the (constant) retinal 
modulation in the other test field half, where no counterphase modulation is added (represented by the point 
on the vertical axis). 
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less explanation from the operator. The measurement time is fixed and limited, making 
the test more pleasant for both patient and operator. We did however not collect system-
atic statistical data on these subjective assessments. 

As a result of the proven suitability of the compensation comparison method for 
large-scale and clinical use, the method has been implemented in a commercially avail-
able measurement device (called C-Quant) by the Germany based firm Oculus. 

Apart from the improvements mentioned above, the accuracy of the compensation 
comparison method appeared to be somewhat better with respect to the direct compensa-
tion method in field studies. The direct compensation method was evaluated in a study 
that compared several devices for measuring straylight and glare,8 involving 112 subjects 
drawn from the patients and visitors of the outpatient departments of three clinics. The 
standard deviations of differences between repeated measurements found in such a field 
study were 0.15 and 0.18 log units, for two different implementations of the direct com-
pensation method. The repeated measures standard deviation for the compensation com-
parison technique in the GLARE study was found to be 0.1 log units or lower, depending 
on the filter criterion for excluding low quality measurements.7 Although for many appli-
cations a repeated measures standard deviation of 0.1 log units may be adequate, a need 
was felt for improvement, e.g., when a more precise cutoff value is involved (e.g., for 
driver testing or clinical treatment decisions). In the present situation, the reliability crite-
rion ESD is used for this purpose. ESD gives the expected standard deviation for individ-
ual measurements. Using this criterion, substandard measurements can be detected and 
redone in order to get a better measurement. In this way, the repeated measures standard 
deviation could be improved to values around 0.06 log units, depending on the ESD crite-
rion used.7 

A better way would be to improve the measurement precision directly. In the begin-
ning, expectations were high in this respect, and for good reasons. Realize that the task in 
the direct compensation method is in essence the same as in a flicker threshold experi-
ment. In the direct compensation method, counterphase flicker is adjusted until it is pre-
cisely equal to the straylight flicker, thus silencing the flicker percept. The precision to 
perform this task should be comparable to flicker threshold. So, the accuracy of the direct 
compensation method was originally expected to be of the order of the flicker threshold 
corresponding with the test field characteristics used.  Flicker thresholds were measured 
by  de Lange9 and many others after him, and found to be in the order of 1% (0.004 log 
units) for a flicker frequency of 8 Hz and average test field luminance of around 1-4 
cd/m2, values used in the direct compensation as well as the compensation comparison 
test. It was therefore somewhat disappointing to find the much higher values mentioned 
above for these straylight tests. Causes for these differences have not been systematically 
investigated so far. Speculatively, for the direct compensation method it was thought that 
the continuous presence of a strong flicker in the periphery lowered sensitivity in the 
center. This was one other reason for a change to the compensation comparison method, 
in which short duration stimulus presentations are used. Some form of retinal lateral adap-
tation, induced in the test field by the flickering straylight ring, might be involved. 

However, the compensation comparison method may have also introduced a disad-
vantage with respect to the sensitivity to be expected. It differs from the direct compensa-
tion method in that it is not similar to a flicker threshold test anymore: the task is now to 
compare two supra-threshold flicker signals. Such a task may be considerably less precise, 
depending on the absolute values of the flicker levels. Assuming a kind of Weber-like 
behavior, precision will suffer if the absolute flicker levels are higher. Presently, the com-
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parison task is performed with the full straylight flicker in one half field, or, in other 
words, at maximum flicker level. If this could be lowered to, say, threshold level, the 
straylight value could be determined with maximum accuracy. It is indeed possible to 
generate stimuli closer to threshold levels by adding counterphase light to both test field 
halves (Figure 2). This will be further explained in the Methods section. Such stimuli are 
not only closer to flicker threshold levels, but also closer to the “silent point” of the direct 
compensation method. This means that the (simultaneous) comparison task of the com-
pensation comparison method comes closer to the (sequential) comparison task of the 
direct compensation method. In other words, stimuli can be chosen that are in between the 
two extremes of full straylight flicker (current compensation comparison method) and 
threshold flicker (direct compensation method). In this way, the compensation comparison 
method can be optimized for maximum accuracy.  

 
 

Figure 2(a) Schematic representation of a simplified straylight test with variable compensation in one test 
field (field b) and some fixed amount of precompensation in the other field (field a). Two cases are presented: 
no precompensation (the original compensation comparison method, as described before) and precompensa-
tion of value 5, which is half of this subject’s straylight value. Note that the V-shaped function (legend: modu-
lation field b) corresponds exactly to the function depicted in Figure 1. (b) Corresponding psychometric 
functions, resulting from the average scores of the subject at different compensation levels. These psychomet-
ric functions give the probability of getting a 1 score (choice for field b as flickering the most) as a function of 
the compensation level in this field (the strength of the counterphase compensation light). Each precompensa-
tion value results in a different psychometric function, also depending on the straylight value of the subject. 
However, the minimum of each psychometric function will stay fixed at the straylight level of the subject (10 
in this example). 
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This article will be devoted to understanding the psychophysics of the processes involved. 
As measurement technique the extended compensation comparison method will be used, 
referred to as “generalized compensation comparison method” (CC*) method. A model 
for the associated psychometric function will be developed and tested with a small num-
ber of laboratory subjects. The model serves not only to develop the new approach as 
described above, but also as an improvement to the model used for analysis of data ob-
tained with the compensation comparison method.2 This analysis will be done for the data 
of 2422 subjects that participated in the GLARE study. As essential part, a model for 
threshold behavior will be incorporated, which will also be of importance to study the 
causes of the discrepancy between the accuracy of the direct compensation and compensa-
tion comparison methods on the one hand, and the classical flicker thresholds on the other 
hand. For this part of the study, flicker threshold experiments were performed with stimu-
lus layouts ranging from the full straylight case to the classical case used by de Lange and 
others, with intermediate steps in between. We should explicitly state here that the current 
study does not assess the (improvement in) reliability of the CC* method in a practi-
cal/clinical environment. This would have required an extensive population study involv-
ing all three variations of straylight compensation techniques (direct compensation, com-
pensation comparison and CC*), which would be outside of the scope of this study. 

Methods 
Seven subjects (ages ranging from 21 to 57 years, with a mean age of 30 years) partici-
pated in the experiments. They were laboratory students and co-workers, including the 
authors. All subjects were without ocular disease. Testing was done monocularly on the 
subject’s preferred eye. For all types of refraction, habitual glasses were allowed, but 
contact lenses were replaced by trial glasses. The actual refraction values ranged from -7 
to emmetropic. It must be noted here that the test does not require refractive correction to 
be precise. Corrections were chosen for comfortable viewing, resulting in a +2 near addi-
tion for the older subjects, since the tests were performed at a distance of 32 cm from the 
stimulus screen. The study adhered to the guidelines of the Declaration of Helsinki for 
research in human subjects. 
 To test the CC* method also for conditions of increased scattering, five subjects 
were additionally measured with a light diffusing filter (Tiffen Black Pro Mist 2, in short 
BPM2) in front of the tested eye. This filter, among a collection of 23 commercially avail-
able light diffusing filters, was found to have the best light scattering characteristics for 
mimicking (early) cataract or aging effects in the human crystalline lens.10 

As mentioned before, the CC* method was evaluated with the straylight data from 
the European GLARE study, involving 2422 subjects in total. In the course of the study, 
some improvements were made on the implementation of the straylight test: (1) A 3 trial 
instruction phase was added prior to the real measurement, to familiarize the subject with 
the flicker comparison task. (2) The subject’s responses were displayed to the operator 
during the measurement, making it possible to interfere in case the response pattern was 
erratic. In such a case, a new measurement can be started after additional explanation. (3) 
The luminance in the test fields was increased by a factor of 2 in the first part of the test, 
making the measurement easier for older subjects. In total 1073 subjects were measured 
with this final version (including these improvements).  

For stimulus generation, a computer system with either a CRT monitor or combina-
tion of DLP projector and back-projection screen was used. The straylight source was a 
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white light annulus with angle θ extending from 7 to 14 degrees. Because of the approxi-
mate 1/θ2 dependence of retinal straylight, this corresponds to an average scattering angle 
of 10˚.1 

Simplified, the measurement procedure runs as follows2: during the test, a series of 
limited duration stimuli is presented that differ in the amount of compensation light in one 
test field half. In the other test field half, no compensation light is presented (Figure 1). 
Following a two-alternative-forced-choice (2AFC) paradigm, the task for the subject is to 
decide for each stimulus which test field half flickers stronger. The subject’s responses are 
recorded by means of two push buttons, representing the left and right test halves. A 
choice for the test half with the compensation light is recorded as a 1 score, a choice for 
the test half without the compensation light is recorded as a 0 score (Figure 2). Using the 
psychophysical model for this flicker comparison task, which will be described in detail 
below, a psychometric curve is fitted to the subject’s responses by means of a maximum 
likelihood procedure. From this fitted curve both the straylight parameter and a measure 
for the quality of the measurement (ESD) can be deduced. This procedure is explained in 
more detail in a separate publication.7 
 
Psychometric function including threshold behavior 
As a basis to describe the psychometric function we started out from the well-known 
logistic function.11 Comparing two flickering test fields a and b with different modulation 
depths, the chance P of choosing one of the test fields as having the stronger flicker was 
written as 
           .
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1
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MDCc is the parameter in the equation, giving a critical value for the contrast between the 
two flickers. MDC stands for Modulation Depth Contrast. MDC is the independent vari-
able in the equation, giving the actual contrast between the two presented flickers, defined 
as 
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where MDa and MDb represent the retinal Modulation Depths, or flicker levels, in both 
test fields.  
 The retinal light levels can be expressed in (equivalent) straylight parameter units, 
referred to as s units in this article2: 
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if field b is defined as the half field with compensation light and field a as the half field 
without compensation light. Saoff and Sboff represent the light in the off-phase of the stray-
light ring, whereas Saon and Sbon represent the light in the on-phase of the straylight ring. 
The on-phase light in the test fields is the straylight s originating from the flickering ring, 
summed in field a with half of the compensation light in field b to equalize the average 
luminance in both half fields (luminance equalizing light2). The off-phase light is the 
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compensation light Scomp in field b. Half of this amount is again added as offset to field a, 
serving as luminance equalizing light. Plotting P against Scomp or log(Scomp) results in psy-
chometric curves as they are measured in the practice of the compensation comparison 
method.  
 The right part of equation 5 also considers the more general case that counterphase 
light can be added to both half fields (Figure 2). A fixed amount of light, called precom-
pensation, is added in field a in the off-phase, and the term Sprec is added to Saoff in equa-
tion 5. In that case the luminance equalizing term 0.5Scomp changes to 0.5(Scomp-Sprec) in 
equation 5 when Scomp>Sprec, or to 0.5(Sprec-Scomp) in equation 5 when Scomp<Sprec. With 
precompensation, very small modulation depths in both test fields are possible. Therefore 
the model needs to be further refined by considering near and below threshold behavior. A 
formulation was chosen that gives the above equation 1 as limit case for large su-
prathreshold flicker, and a threshold function (see below) as limit case for small flicker: 
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The exponent tr controls the transition between the two domains, the suprathreshold do-
main (left part of equation 6) and the threshold domain (right part of equation 6). MDT 
stands for Modulation Depth Threshold. The threshold function was also based on psy-
chometric functions often used in literature.11 When MDa (or MDb) is equal to zero, this 
function reduces to a form that compares well to logistic or Weibull distributions. It is 
easily checked that its key values are as they should be: the function value is 0.5 when 
also MDb (or MDa) is equal to zero (corresponding to guessing chance if both half fields 
are identical (or equal zero)); it is 0 for large MDa and 1 for large MDb; and it is precisely 
halfway if the other field is at threshold level: 0.75 when MDa=0 and MDb=MDT, and 
0.25 when MDb=0 and MDa=MDT. The parameter β determines the slope of the thresh-
old function. A value of β=10/3ln3≈3 gives the same slope as a logistic function with β=5 
or a Weibull function with β=3.5, values often found in literature.11 For the analysis of the 
data presented here, β was set to 3 (see below). 
 The transition parameter tr was further defined as 
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MDA
MDT
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          (7) 

where )( MDbMDaMDA ⋅= , the geometrical average of the modulation depths, and ε a 
parameter (set to 3 also, see below) that determines the speed of the transition between the 
two domains. The definition (7) of the transition parameter ensures that the transition is 
precisely half-way (tr=0.5) if the average modulation depth equals the threshold value 
(MDA=MDT). 
 The model parameters (s, MDCc and MDT) were fitted by means of a maximum 
likelihood procedure12 to the 7-subject laboratory data. After some preliminary experi-
ments, the transition speed parameter ε was fixed at a value of 3. To better include the 
threshold domain, measurements were performed with different fixed values of compen-
sation light in test field a. These precompensation values (Sprec in equation 5) used were 
chosen depending on the straylight parameter (s) values of the individual subjects. E.g., 
for the oldest subject (s=14), precompensation values up to 12.6 were used. For the 
youngest subject (s=3.9), precompensation values up to 3.2 were used. As mentioned 
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before, measurements were repeated with artificially increased straylight values for five 
subjects, achieved by holding a light scattering filter, found to represent early cataract10 
(BPM2 filter), in front of the tested eye.  
 The model was also evaluated using the data of the GLARE study, but with two 
considerations: (1) The wide variation in ocular conditions found in this population can be 
expected to reflect itself in different psychophysical behaviors, and therefore in psycho-
metric functions that differ between these 1073 individuals. However, the limited number 
of trials (around 25) in clinical cases does not allow estimation of the full model parame-
ters on an individual basis. (2) Precompensation was set to zero early in our studies on 
clinical/practical use of the method, such as the GLARE study. This makes the su-
prathreshold part of equation 6 the dominating factor in most cases. Therefore it was not 
possible to accurately estimate the modulation depth threshold MDT independently from 
these measurements. 
 To solve these issues, the straylight parameter value s of individual subjects was 
estimated by shifting a fixed shape psychometric function (with Sprec=0) to fit the dataset 
of that individual. Fitting was again done by means of the maximum likelihood procedure. 
The straylight value was determined by the horizontal position of the minimum of the 
curve, where MDb and Scomp=s. Once the s values for the individual measurements were 
obtained, the different data sets of the GLARE study could be summed to sufficient num-
bers to test the full model described above. All GLARE study measurements were per-
formed twice and divided in 9 groups of equal size, sorted on the differences between the 
two repeated measurements. In each group, equation 6 was fitted to all data of that group 
together, after normalizing each individual curve for the individual straylight value. In this 
way, the data of the GLARE study could be used to study the psychometric behavior of a 
clinical/practical population, according to the model developed above. 
 
Threshold experiments 
The new parameter MDT found with the above approach was researched with some inde-
pendent experiments to try to better understand the discrepancy between repeatability 
values and flicker sensitivity, as mentioned in the Introduction section. Flicker thresholds 
were measured for five test screens with the same geometrical layout as the compensation 
comparison test (7°-14° radius ring and 2° radius test field, see Figures 3 and 4). In these 
five experiments, luminance values in the test screen were altered in order to approach the 
screen layout for a classical flicker threshold experiment in a stepwise manner (Table 1). 
So, with the different screen layouts the effects on flicker threshold of different aspects of 
the layout in the compensation comparison experiment could be estimated. In the same 
way as with the compensation comparison test, the threshold experiments were performed 
with short stimuli, following a 2AFC procedure. 
 The general field geometry for the experiments is depicted in Figure 3. During a 
test, the flickering stimulus was presented randomly in either field area I or II, whereas the 
luminance values of the other field areas were constant. Between different experiments, 
some of these luminance values were different. Table 1 gives the luminance values in the  
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Field area 

Experiment IV (before 
stimulus) 

IV (during 
stimulus) III + V VI 

1 100% 50% 100% 100% 
2 50% 50% 100% 100% 
3 100% 0% 100% 100% 

4 + 5 0% 0% 0% 100% 

 
 

Figure 3 Field geometry for the flicker threshold experiments. During a test, the flickering stimulus was 
presented randomly in either area I or II, whereas the luminance values of the other fields were constant. 
Between different tests, some of these luminance values were different (see Figure 4). 

Figure 4 Field layouts for the different flicker threshold experiments. The luminance of area IV (the straylight 
ring) in between stimuli was 100% in experiment 1 and 3, 50% in experiment 2, and 0% in experiment 4 and 
5. 

Table 1 Luminance values in the different field areas as percentages of the maximum luminance, for the five 
threshold experiments. Field areas refer to Figure 3. The resulting field geometries are depicted in Figure 4. 
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different field areas as percentages of the maximum luminance (100 cd/m2), for all five 
experiments. The separation ring (area VI in Figure 3) luminance was 100% in all ex-
periments. The only difference between experiment 4 and 5 is the width of this separation 
ring (1 pixel (about 3 arcmin), as opposed to 10 pixels (30 arcmin) in the other experi-
ments). The resulting field geometries are depicted in Figure 4. Note that in experiments 1 
and 3 there was a step in the ring luminance (area 4) at the beginning of each trial (as also 
present in the compensation comparison test), whereas no step occurred in the other ex-
periments. 
 In all experiments, one of the two test field halves had a constant luminance, corre-
sponding to the straylight value of the subject (s=14 or L=1.8 cd/m2). The other (flicker-
ing) test field half had the same average luminance. Both test field halves were dark (0%) 
between trials.The data were fitted to a threshold psychometric function of the following 
shape (logistic function11): 
      

( ) .
101

5.05.0 loglog MDTMDaP −−+
+= β

   (8) 

In this function, the threshold value is situated at the 75% point of the curve (P=0.75 
when MDa=MDT). 
 

Results 
Results of the laboratory experiments are presented in Figure 5 (without BPM2 filter) and 
Figure 6 (with BPM2 filter). The results of each subject are plotted in a separate graph, 
and model fit curves are drawn for each precompensation condition. Values for the inde-
pendently fitted parameters s, MDCc and MDT are presented in Table 2. From the results 
in this table it seems that MDCc and MDT are more or less equal. Moreover, since in the 
fit process both parameters counteract each other, we tested to set them equal. A renewed 
analysis was carried out, of which results are given in Table 3. The log(s) values here are 
almost identical to those in the original fit (Table 2), and also the (average) MDT/MDCc  
values did not change much. Moreover, the choice MDT=MDCc virtually did not influ-
ence the precision of the fit. Therefore, this simplification was adopted. The curves in 
Figures 5 and 6 were fitted with this condition. 
 Tables 2 and 3 and Figures 5 and 6 show that in this small laboratory population the 
model fitted all data equally well, with small differences in the model parameters, apart 
from the parameter log(s). The log(s) parameter not only differed because of inter-
individual differences (such as age), but also because of the addition of the BPM2 filter. 
Note that the inter-individual differences found are smaller for the BPM2 data, which is as 
expected, because the straylight from the filter dominates over the straylight differences 
between the subjects. 
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Subject (age) log(s) log(MDCc) log(MDT) 0.5*log(MDCc*MDT) 
TK (24) 0.75 -0.99 -1.27 -1.13 
DT (23) 0.84 -0.89 -1.10 -0.99 
TB (57) 1.14 -0.94 -1.08 -1.01 
JC (35) 1.04 -1.09 -0.73 -0.91 
LF (29) 0.72 -0.93 -0.68 -0.80 
LR (21) 0.57 -0.70 -1.05 -0.87 
GS (22) 0.65 -0.79 -0.97 -0.88 

TK BPM2 1.29 -1.09 -1.08 -1.09 
DT BPM2 1.26 -1.01 -0.92 -0.96 
TB BPM2 1.39 -1.33 -0.95 -1.14 
JC BPM2 1.39 -0.93 -0.90 -0.91 
LF BPM2 1.26 -1.14 -0.99 -1.06 
average  -0.98 -0.97 -0.98 
st.dev  0.17 0.16 0.12 

 
 

 

Subject (age) log(s) log(MDT) = log(MDCc) 
TK (24) 0.76 -1.14 
DT (23) 0.83 -1.00 
TB (57) 1.15 -0.97 
JC (35) 1.05 -0.83 
LF (29) 0.73 -0.72 
LR (21) 0.57 -0.91 
GS (22) 0.65 -0.91 

TK BPM2 1.29 -1.09 
DT BPM2 1.26 -0.94 
TB BPM2 1.39 -1.17 
JC BPM2 1.39 -0.91 
LF BPM2 1.26 -1.04 
average  -0.97 
st.dev  0.13 

 

Table 2 Results from maximum likelihood fits of equation 6 to the compensation comparison measure-
ments of seven subjects and five subjects with BPM2 filter (artificial straylight increase). The last column 
gives the logarithm of the geometrical average of MDCc and MDT. 

Table 3 Similar to Table 2, only now with MDT set equal to MDCc in the model fit (equation 6). The 
resulting psychometric curves are drawn in Figures 5 and 6. 
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Figure 5 Measured psychometric curves and corresponding model curves (equation 6) for seven subjects. 
Data points are averages over 8 (TK, DT), 10 (TB, JC, LF) or 12 (LR, GS) responses. Results are given 
for measurements with various levels of precompensation Sa (depending on the individual straylight 
parameter value). For each subject equation 6 was fitted to all data points with s and MDCc (=MDT) as 
parameters (see Table 3). 
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Figure 6 Similar to Figure 5, only now for 5 subjects with BPM2 filter in front of their eye. Data points are 
averages over 4 (TB, JC, LF) or 8 (TK, DT) responses. Model parameter values are given in Table 3. 
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The model was further validated by applying it to the field measurements of 1073 sub-
jects, performed in the GLARE study, as described in the previous section. For these 
measurements, it would not have been possible to accurately estimate the modulation 
depth threshold MDT independently from these measurements, since the precompensation 
was set at zero, as mentioned in the previous section. So, in this case only the condition 
MDT=MDCc was fitted. Data were sorted from the best to the worst observers and split in 
9 groups, in the same way as reported earlier.2  Results for the first group (the best ob-
servers) are shown in the top row of Figure 7; results for the last group (the worst observ-
ers) are shown in the bottom row. The areas of the circles in this figure indicate the 
amount of trial responses that were averaged for the corresponding data points. The larg-
est circles represent around 500 trial responses. Also note the differences between the 
slopes of the fitted psychometric functions of the different subgroups, accounted for in the 
model by different MDT=MDCc values.  
 Results of the flicker threshold experiments under the different field layout condi-
tions, as well as the psychometric function fits and their corresponding MDT values are 
given in Figure 8 and Table 4. The parameter β (equation 8) was simultaneously fitted and 
found to be 4.88, well in correspondence with the value of 5 commonly found in litera-
ture.11 The figure and table show a general decline from around 4% (0.02 log units) to 
around 2% (0.01 log units) in modulation threshold (MDT) with field layouts closer to the 
classical case. The step function in the ring (area IV) at the start of each trial seems to 
have little effect on the threshold value (experiments 1 and 2), and the same seems to hold 
for the width of the separation ring (area VI, experiments 4 and 5). 

Figure 7 Top left: Psychometric data from the 11% best observers from the GLARE study fitted with the 
simple model given by equation 1. Top right the same data but now fitted with the enhanced model given 
by equation 6. Bottom: As the top row, but now for the 11% worst observers. 
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luminance (cd/m2) in test fields (area I & II) 

equivalent luminance from area: 
stimulus  
condition stimulus luminance 

III IV VI 
total luminance 

MDT 

1 1.85 2.94 0.93 0.60 6.32 0.041 
2 1.85 2.94 0.93 0.60 6.32 0.043 
3 1.85 2.94 0.00 0.60 5.39 0.029 
4 1.85 0.00 0.00 0.60 2.45 0.021 
5 1.85 0.00 0.00 0.07 1.92 0.025 

 

Figure 8 Results of the flicker threshold experiments under different field layout conditions. Each point in the 
graphs is the average of 20 trials. The data were fitted to a logistic psychometric function (Equation 8) with 
MDT and β as parameters. The MDT values are given in the corresponding graphs, and also indicated by a 
vertical line at the 75% point in each graph. The parameter β was found to be 4.88. 

Table 4 Effects in the central test field (areas I and II in Figure 3) for the different experimental stimulus 
conditions. Column 2: mean luminance really presented in areas I and II. Columns 3-5: Equivalent luminance 
in the two test fields resulting from light presented in the other stimulus areas. These values were calculated 1 
for the maximum test screen luminance of 100 cd/m2 and for the subject’s straylight parameter s= 14. Column 
6: total luminance in the test fields (sum of columns 2 to 5). Column 7: fitted Modulation Depth Threshold 
(MDT) (from Figure 8).  
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 The largest effect seems to be caused by the area surrounding the test field halves (area 
III). It must be noted here that each field layout causes a different amount of straylight in 
the test fields (areas I and II). To evaluate the importance of straylight in this experiment, 
equivalent luminance values in the test fields from each stimulus area were calculated and 
presented in Table 4, along with the fitted modulation threshold values for each stimulus 
condition. As outlined elsewhere,1 calculation of equivalent luminance involves the lumi-
nance of the straylight source, the straylight parameter of the subject, and the ratio be-
tween the outer and inner radius of the straylight source. 
 Note that the threshold value for the field layout most resembling the compensation 
comparison field layout (experiment 1) is more than twice as low as the average threshold 
value found in the compensation comparison laboratory experiments (Table 2). The only 
difference between these conditions is the flickering aspect of the luminance in area IV 
(the straylight ring in the compensation comparison test). This points to a significant sen-
sitivity-lowering effect of flicker in area IV per se. So, a kind of flicker adaptation effect 
over distance seems to play a role here. 
 

Discussion 
In this paper, a more general model for the psychophysics of the Compensation Compari-
son method for measuring retinal straylight was introduced. The generalization comprised 
the addition of counterphase flickering light, called precompensation, to the test field half 
originally without compensation light. To take into account the low modulation depths 
which can occur in the test fields as a result of this precompensation, the psychophysical 
model for the flicker comparison task was extended with a component describing the 
behavior near flicker threshold. Actual flicker thresholds were further investigated with 
measurements under various screen geometry conditions. A second importance of the 
extension is to incorporate psychometric behavior of subjects with low flicker sensitivity. 
 Figure 7 shows that the extended model is capable to describe the psychophysical 
behavior of a population that varies widely with respect to physical condition of the eye. 
The model fits very well to the data, even for the subgroup with the largest repeated 
measurement differences (bottom right graph). Yet it is clear that for this subgroup there 
are real differences between model and reality. However, it must be noted that for some 
cases in this subgroup response behavior was so erratic that reliably fitting a psychometric 
curve, and therefore reliably estimating the log(s) value, is not possible. For the best sub-
group the model fits to the data equally well as the simple model without threshold (equa-
tion 1), but for the worst subgroups (Figure 7, bottom row) the extended model (equation 
6) clearly performs better. As already mentioned in the Methods section, the supra-
threshold part of equation 6 was dominant for most measurements of the GLARE study. 
However, this might be less so for the worst measurements, which would explain the 
better performance of the extended model for these cases.  
 The generalized approach with precompensation was evaluated with laboratory 
experiments on a small number of subjects. The new model describes the measured data 
well (Figures 5 and 6) for a wide range of straylight values (Tables 2 and 3). The log(s) 
values without BPM2 filter all fall within the normal population range, which in the past 
was shown to increase with age.1 The log(s) values with BPM2 filter show less variation, 
as explained in the previous section. The straylight values found with or without the 
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model restriction MDT=MDCc (Tables 2 and 3) are virtually the same, which is another 
indication that this model restriction is justified. 
 In Figure 5 as well as in Figure 6 the minimum of the psychometric curves drifts 
away from 0 with increasing precompensation value. In this minimum, the straylight 
flicker is completely extinguished by the compensation flicker in one test half (MDb=0 
and Scomp=s). In the other test half the retinal flicker is determined by the straylight and the 
precompensation value. In other words, these minima correspond precisely to a threshold 
experiment (one half with no flicker at all). With increasing precompensation value, the 
flicker in this test half varies from above threshold to near zero, causing the minimum in 
the curve to vary from near 0 to near 0.5. In case the precompensation would precisely 
equal the straylight, the curve would have a minimum at P=0.5. 
 The choice for the logistic function as the basis for our psychometric model was 
mainly made for simplicity reasons. Since the data could be fitted to a high level of preci-
sion with this model, we saw no reason to switch to a different function, such as the 
Weibull function. It cannot be excluded, though, that a different function might have 
worked equally well. Several authors11 have pointed out that the different mathematical 
descriptions for the psychometric function effectively work out in a very similar way. 
 As with most models, however, there are some limitations. On close inspection, 
some of the curves in Figures 5 and 6 show a discontinuity in the minimum of the curve 
(where MDb=0 and Scomp=s). This is caused by the transition between the two domains in 
equation 6. We could have remedied this by much more complicated modeling. Since the 
discontinuities are small we adhered to the present model. 
 One of the questions for the study was to understand the high thresholds suggested 
by the relatively low level of accuracy in the direct compensation method. The depend-
ence of MDT on screen layout was summarized in Table 4. To understand this, the fact 
must be considered that steady light sources in the surroundings (areas III to VI in Figure 
3) cause a straylight offset in the test fields (areas I and II), thereby decreasing the retinal 
modulation depth. Assuming Weber law behavior, the threshold level is proportional to 
mean light level. Table 4 illustrates how much light in total reaches the fovea, apart from 
the intended light in a straylight experiment (L=1.85 cd/m2 for this subject). From column 
6 (total) it seems clear that light scattered from the other areas plays a significant role in 
the reduction of sensitivity found in the fovea. However, although the MDT values found 
in stimulus layout situations 4 and 5 (0.021 and 0.025) are close, they still seem a bit high 
as compared to classical threshold values (order of 0.01 or 1%, as mentioned in the Intro-
duction section). It must be noted though that in these classical experiments the luminance 
of the field surrounding the test fields was kept at the value of the average luminance of 
the test field, which appeared to yield the lowest possible modulation threshold.9 The test 
field layout in two half fields may also play a role here. 
 To summarize the discrepancy between the classical flicker threshold (around 1%) 
and the flicker threshold in a straylight measurement (around 10%), three factors seem to 
play about equal roles: (i) the test field itself (ii) straylight from the surroundings (iii) 
flicker adaptation effects over distance from the straylight source (area IV). Further study 
is needed to evaluate this adaptation over distance. The strength of this effect might vary 
from subject to subject, and it would be of interest to establish whether subjects with 
poorer psychometric behavior exhibit higher foveal increases in flicker thresholds in re-
sponse to peripheral flicker. 
 The generalized psychophysical model for the compensation comparison method, as 
presented in this paper, fits to laboratory data as well as field data. If no precompensation 
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is used, the model performs equally well as the previous model that did not take into ac-
count flicker threshold. However, the new model does perform better with subject groups 
showing less reliable psychometric behavior. 
 It is to be expected that implementation of precompensation in the compensation 
comparison method will result in better efficiency and more accurate straylight measure-
ments in clinical as well as research applications. To assess this issue, large scale popula-
tion studies are necessary. How much precompensation should be used is aother central 
question. The amount of precompensation may depend on several factors, but will at any 
rate be related to the straylight value of the subject. Adaptive procedures as trial strategies 
are currently under investigation, “adaptive” meaning that the amount of precompensation 
depends on the previous responses of the subject.13 Preliminary results show promise for 
significant improvement of efficiency and accuracy. 
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Abstract 
The compensation comparison (CC) method is a psychophysical technique to measure 
retinal straylight. It uses a two-alternative-forced-choice (2AFC) measurement paradigm. 
The 25 binary (0 and 1) responses resulting from the 2AFC test are analyzed using 
maximum likelihood estimates. The likelihood function is used to give two quantities: the 
most likely straylight level of the eye under investigation, and the accuracy of this 
estimate [called expected standard deviation (ESD)]. The CC method is used in 2422 
subjects of the GLARE study. Each eye is tested twice to allow analysis of measurement 
repeatability. Furthermore, the large amount of responses is used to evaluate the shape of 
the psychometric function, for which a mathematical model was used. The shape of the 
psychometric function found by averaging the 0 and 1 responses fit well to the model 
function. Data sorted according to ESD show differences in the shape of the psychometric 
function between good and bad observers. These different shapes for the psychometric 
function are used to reanalyze the data, but the straylight results remain virtually identical. 
ESD proves to be an efficient tool to detect unreliable measurements. In clinical practice 
ESD may be used to decide whether to repeat a measurement.  
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Introduction 
Intraocular light scatter is the phenomenon where part of the light reaching the retina does 
not partake in normal image formation1. Most rays originating from a certain point in 
space are converged by the refracting elements of the eye to the focal spot on the retina. 
Some of the rays, however, are dispersed to other areas by optical imperfections of the 
eye. This already occurs in the healthy eye,2 but to a much larger extent in pathological 
states, such as cataract and corneal dystrophy.3 These dispersed rays are distributed all 
over the retina, but with decreasing densities at distances farther away from the original 
focal spot. The luminance distribution on the retina of an eye looking at a point source is 
called the point-spread-function (PSF). The large angle part of this PSF (angles from 1° to 
90°) is called retinal straylight. Due to straylight, the retinal light distribution in any visual 
environment is composed of two parts: the image of the external world based on the more 
or less properly focused rays, superimposed on a background caused by the dispersed 
rays. As a result, contrast is reduced in the retinal image. The severity of this contrast 
reduction depends on the luminance ratio between background and image. This ratio is a 
function of the optical clarity of the eye, and can be quantified and expressed in the 
physically well-defined retinal straylight parameter s.1,4 

The extreme situation of contrast loss due to intraocular light scatter is represented 
by the classical glare condition2: strong light somewhere in the visual field when a weakly 
lit object has to be observed. In such a situation, the contrast of the retinal image may drop 
below the contrast threshold, and can lead to complete blinding. A typical situation is 
blinding by oncoming traffic at night. 

Recently, a new test for measuring retinal straylight has been developed. This test is 
based on the compensation comparison principle as explained in full earlier,5 an 
enhancement of the direct compensation principle.1 The test is intended for large scale 
routine clinical use. Therefore, assessment of the reliability of the test outcome is an 
important issue. This new test has been used in a European multicenter study (GLARE, 
see www.glare.be) to evaluate prevalence of visual impairment among 2422 drivers. 
Furthermore, this new technique has been used successfully to investigate the spectral 
nature of retinal straylight as function of age and pigmentation.6 

It is the purpose of the present work to discuss the stochastic properties of a 
compensation comparison straylight measurement. Based on these properties, data 
analysis methods are discussed that were developed to optimize for maximum reliability 
of the test outcome. A parameter indicating measurement reliability was developed and 
validated. 
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Compensation comparison measurement 

The compensation comparison method is explained in full elsewhere.5 In short: the field 
of view for a compensation comparison straylight measurement is shown in Figure 1. An 
annulus-shaped straylight source is presented flickering. Due to intraocular scatter, part of 
the light from this ring is not focused on its proper place on the retina, but spreads out to 
other areas on the retina, such as the center of the annulus. This center is the location of 
two test fields. The flickering ring induces a weak flicker in the test fields. In one of the 
test fields, counterphase flicker is added. This counterphase flicker can compensate the 
flicker induced by the straylight source. The amount of counterphase flicker that has to be 
added to completely extinguish the flicker induced by intraocular light scatter directly 
gives the amount of straylight in an eye. This principle was used in the direct 
compensation method; in this method, an adjustment was made until the flicker 
perception in the test field disappeared.  

In the compensation comparison method, counterphase compensation light is 
presented in only one of the test fields, not in the other one. The task for the subject is to 
indicate which of the two test fields flickers the strongest. The compensated half will be 
chosen when a large amount of compensation is presented (e.g., at test level 50 in Fig. 1); 
such a response is recorded as 1. The noncompensated test field half will be chosen when 
the compensation in the other half extinguishes the straylight flicker of the eye being 
tested (in Fig. 1 at test level 10); such a response is recorded as 0. 

A compensation comparison measurement consists of a series of trials at various 
levels of compensation. The first phase of the test consists of test levels separated by 0.1 

Figure 1 Left side: field of view in a compensation comparison straylight meter. The subject is required to 
compare the two test fields with respect to observed flicker strength. Right side top: example of a test with 
compensation in the right test field, and no compensation in the left test field. On the y axis the retinal 
modulation depth is shown. This is given as an absolute value of light modulation, expressed in so-called s 
units, explained earlier.5 In the left test field, retinal modulation equals the straylight induced flicker. In the 
right test field, retinal modulation equals the sum of straylight induced flicker and compensation flicker. 
Right side bottom: average of many binary responses as function of the compensation level. This curve is 
the psychometric function that describes the chance of obtaining a 1 response. The amount of straylight in 
this example is set to an arbitrary value of 10. 
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log units. This phase is used to obtain an initial estimate of the straylight value. Around 
this first estimate, a second test phase with 11 stimuli spaced by 0.05 log units concludes 
the test. The straylight value is subsequently determined by a maximum likelihood 
estimate of all recorded responses. Examples of measurement results are given later in the 
Methods section. 
 

Measurement reliability 

An important aspect of a test of visual function is the reliability of the test outcome. Due 
to the stochastic nature of the responses, repeated measurements will not yield identical 
results. This depends, among others, on the number of trials in a test, but also on the 
observation ability of the subject. To investigate the reliability, repeated measurements of 
retinal straylight were obtained on a large number of subjects (see next). The 
compensation comparison method uses a two-alternative-forced-choice (2AFC) 
measurement paradigm. In such a paradigm, one of two alternatives can be given as a 
response, recorded as either 0 or 1. These binary responses allow the use of well-known 
statistical techniques in psychophysics, such as maximum likelihood algorithms. The 
latter algorithms are based on a chosen psychometric function, and are therefore called 
parametric.7 The psychometric function describes the chance of a 1 response, given a trial 
at a certain straylight test level and the subject’s (true) straylight value.  

For well-established visual tests, such as those measuring visual acuity and contrast 
sensitivity, the shape of the corresponding psychometric function is described abundantly 
in the literature.8-11 Important to note here is that the aforementioned tests measure a 
threshold, i.e., the borderline of stimulus level that can be seen. The new 2AFC 
compensation comparison straylight measurement is quite different in this respect; it is a 
comparison of two stimuli, at least one of which is well above threshold level. Both 
stimuli are equally strong, near twice the true straylight level of a subject (20 in Fig. 1), 
resulting in chance performance (50%). At the true straylight level of that subject (10 in 
Fig. 1), one of the stimuli is zero, resulting in a near 0 value of the psychometric function. 
At even lower levels, the value of the psychometric function increases again. So, the 
psychometric function for this measurement has a more complicated shape when 
compared to that of the well-known threshold tests. Note that the 0 point corresponds to 
the value of the subject’s straylight, and is a factor of 2 (or 0.3 log units) below the 50% 
point. As becomes clear later, attention will shift from the 0 point to the 50% point at 
twice the straylight value in the new approach.  
 

Methods 
In the present work, patient data are described from the multicenter GLARE study (see 
www.glare.be). Five centers participated, spread over Europe (Department of 
Ophthalmology, VU University Medical Center Amsterdam; Universitair Ziekenhuis 
Antwerpen; Centro de Oftalmología Barraquer Barcelona; Universitätsklinik für 
Augenheilkunde und Optometrie Salzburg; and Universitäts-Augenklinik Tübingen). In 
total, 2422 subjects were included. With two tests per eye, and some missing values, a 
total of 9340 straylight measurements resulted and are used in this work. The measured 
population consisted of a wide range of subjects, including ages from 20 to 85, visual 
acuities from below 0.5 (logMAR 0.3) to more than 1.0 (logMAR 0.0), visual field 
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defects, and ocular pathologies such as glaucoma and cataract. The total (2422 subjects) 
dataset has a wide range of differences in repeated straylight values, making it very 
suitable as a study object for measurement reliability. Straylight measurements were 
performed as part of this study into the prevalence of visual impairment in drivers. The 
overall results of the GLARE study are reported separately. The study adhered to the 
guidelines of the Declaration of Helsinki for research in human subjects. 

Given the 0 and 1 responses to a set of trials at various test levels, two questions 
have to be answered. 1. What is the best estimate of the true straylight value of the subject 
tested? 2. How reliable is this estimate? Both questions can be answered by a likelihood 
analysis. To explain the principle of such an analysis, a very simple (fictive) dataset is 
used, containing only seven responses, at equidistant test levels, shown in Figure 2 as 
filled circles. A psychometric function with arbitrary (assumed) transition level of the 
subject is shown in the upper left part of this graph with a continuous line, centered at test 
level 0.4, denoted with a vertical dotted line. In this simple example, an arbitrary shape for 
the psychometric function was used. For the plotted psychometric function, we can 
calculate the chance of obtaining the seven responses shown. For each response, the 
chance is indicated with a vertical bar. For the 1 responses, this is the distance from 0 to 
the value of the psychometric function at the respective test level. For the 0 responses, this 
is the distance from 1 to the value of the psychometric function at the respective test level. 
Since the psychometric function describes the chance of a 1 response, the chance of a 0 
response equals 1 minus the chance of a 1 response. The likelihood of obtaining the seven 
shown responses, assuming the shown psychometric function, is the multiplication of the 
chances for each response. This likelihood is shown in the lower half of the upper left 
quadrant of Figure 2. 

The assumed transition level of the psychometric function in the prior example was 
arbitrarily chosen. Maybe our subject had a different transition level than the one 
assumed. Looking at the upper right quadrant of Figure 2, transition level 1.0 shows a 
higher likelihood than the lower transition levels. The lower left quadrant of Figure 2 
shows that for very high transition levels (e.g., 1.7), the likelihood is very low. Using a 
denser sampling, the maximum of the likelihood function is obtained at 1.35, shown in the 
lower right quadrant of Figure 2.  

Note that the 0 response at test level 1.0 seems to be a false response (outlier). In the 
psychometric function used in this example, a 5% rate for this kind of mistakes is 
assumed. The 0 response at test level 1.0 has virtually no influence on the location of the 
maximum, so outliers do not influence the result. This example suggests that the 
maximum of the likelihood function may be a robust estimate of the true transition level. 

As explained in the Introduction section, an estimate of the transition level should be 
accompanied by a measure of its reliability. Several reliability measures were formulated 
and tried on the dataset from the GLARE study. Some of these measures were 
independent on knowledge of the psychometric function (nonparametric measures). 
Although nonparametric methods may be preferred in psychophysics, since with these 
methods no a-priori information is used, a parametric measure of reliability appeared to 
be most effective (see next). 
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As suggested by Harvey,8 the width of the peak in the likelihood function can be used as a 
measure of reliability, and was used as a stopping criterion in his adaptive procedure ML-
PEST. Asymptotically, that is, for a large number of trials, the shape of the likelihood 
function will approach that of a Gaussian.12 For the relatively small number of trials in a 
compensation comparison measurement, the shape of the likelihood function may deviate 
from a Gaussian. 

We determined the width of the likelihood function at four levels below the peak 
level, corresponding to confidence levels of 68, 95, 99.7, and 99.99%, respectively. 
Assuming a Gaussian shape for the peak of the likelihood function, these confidence 
levels correspond to a width of 2, 4, 6, and 8 standard deviations, respectively. Each width 
is divided by the number of standard deviations it represents, and then these four values 
are averaged. The resulting value is used as a reliability parameter called expected 
standard deviation (ESD).  

Figure 2 Simplified example of a maximum likelihood fit. Top left: the upper half of the graph shows seven 
responses from a hypothetical 2AFC test, with filled circles. The continuous S-shaped curve indicates an 
(arbitrarily shaped) psychometric function for this test. Its horizontal position was chosen arbitrarily at a 
transition level of 0.4. The chance for each obtained response is indicated with the length of the bars. The 
likelihood for all seven responses is the multiplication of the chances for the individual responses. This 
likelihood is plotted with an X in the lower half of the plot. Top right: if the psychometric function is moved 
to a transition level of 1, the likelihood starts to increase. Bottom left: at transition level 1.7, the likelihood is 
beyond its maximum near 1.3. Bottom right: using a denser sampling, a maximum is found at transition 
level 1.35. 
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Figure 5 Experimental psychometric function 
based on all measurements with ESD<0.10. The 
binary responses of these measurements were 
shifted according to each eye’s straylight value 
[log(s)]. Then, these responses were averaged in 
0.05 log unit wide bins. The result is shown with 
crosses. Due to the measurement strategy, most 
responses were collected near the transition 
from 1 to 0. The amount of responses (weight) is 
indicated by the area of the circle at each point. 
The thick line is a maximum likelihood fit of a 
model function to the normalized binary re-
sponses. The two thin lines indicate two extreme 
possibilities for the dataset, which follow from 
the alternative normalization strategies ex-
plained in the text. 

Figure 3 Example of a perfect compensation 
comparison measurement. Responses are shown in 
the upper half with filled circles for the initial 
phase, and crosses for the final (refinement) phase 
of the test. The psychometric function is the S-
shaped continuous line, plotted at the most likely 
horizontal position. The likelihood (ratio) function 
is plotted in the lower half of the figure, with 
horizontal bars indicating the 4 “confidence” levels 
used for calculation of expected standard deviation 
(ESD). 

Figure 4 Left side: example of a fair measurement. There is a region where 0 and 1 responses overlap. 
Right side: example of a bad measurement. In this case, no reliable estimate of the straylight value can be 
found. The peak of the likelihood function is very wide, and the lower two confidence levels for the ESD 
are not bounded by the likelihood function.  
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The process of obtaining ESD is illustrated in Figure 3 for a realistic set of stimuli. In the 
upper part of this figure, the responses are shown with a dot for the data from the initial 
phase, and with a cross for data from the final phase of the measurement. In this figure, a 
more realistic psychometric function is introduced.5 The continuous line is the 
psychometric function at its most likely horizontal position.  

In the lower part of Figure 3, the likelihood function is shown. Note that the vertical 
scale is logarithmic. On a logarithmic scale, a Gaussian resembles a parabola. 
Furthermore, the likelihood has been normalized such that the maximum is 1. The 
horizontal bars indicate the width of the likelihood function at the four sample levels. The 
maximum of the likelihood function indicates the best estimate of the straylight value. 
Note that this value lays a factor of 2 (or 0.3 log units) below the 50% point of the 
psychometric function.  

In Figure 4 (left), an example is given of a fair measurement, showing a region with 
overlapping 0 and 1 responses. Figure 4 (right) shows an example of a bad measurement, 
with responses that do not yield a reliable estimate of the straylight value. 
Correspondingly, the peak of the likelihood function is ill defined in this case. At the 
lower two confidence levels of 99.7 and 99.99%, no valid estimate of the width can be 
obtained. The resulting ESD of 0.42 is an artificial value, and well above a reasonable 
maximum of 0.15. 

This concludes the explanation of how measurement reliability is obtained from the 
0 and 1 responses in a compensation comparison straylight measurement. Verification of 
the value of ESD as a reliability measure was done with population data from the GLARE 
study. The result of the verification of ESD is given here in the results section. The total 
(2422 subjects) dataset has a wide range of differences in repeated straylight values, 
making it very suitable as study object for measurement reliability. During the course of 
the study, two different versions of the stimulus presentation were used. The instruction 
stimuli and the flicker levels presented in the initial phase were improved. 1073 subjects 
were tested with this newer version.  

Figures 3 and 4 show an a-priori chosen shape for the psychometric function, based 
on the results of trial experiments.5 Other shapes for the psychometric function are 
considered later. The shape of the psychometric function is independent of the straylight 
level when logarithmic scales are used.5 Only the horizontal position of the psychometric 
function is different for different straylight levels. The shape itself is determined with two 
parameters: MDCc and delta.5 MDCc is a parameter determining the steepness of the 
psychometric function. The steepness is proportional to the reciprocal of MDCc. Delta is a 
parameter describing the lapse rate; the percentage of accidental mistakes. Parameters of 
the a-priori shape of the psychometric function are: MDCc=0.16 and delta=0.05. 

Repeated measure standard deviation was calculated in the usual way. The 
difference between two repeated measurements was determined for each eye, and then the 
standard deviation of this series of differences was calculated. Finally, this standard 
deviation was divided by 2  to account for the fact that it originates from two 
independent measurements. 
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Results 
Experimental psychometric function 

Figure 5 shows the psychometric function, averaged over a large part (worst data 
excluded, see next) of the 2422 subjects. Before averaging, data were shifted along the 
log(s) axis, to normalize the data for differences in the straylight value of the individual 
eyes. Originally, we normalized on the log(s) of the respective measurement itself, but 
then realized that this could give some bias. The maximum likelihood fit to obtain this 
log(s) value might act as a kind of matched filtering, resulting in a too steep estimate of 
the psychometric function. To prevent this, the (independent) fellow measurement 
outcome of each eye was used for normalization. However, this could also give bias, but 
in the opposite direction. In this case, due to the finite measurement accuracy, the 
measurement “jitter” will result in a too shallow estimate of the psychometric function. 
Finally, the average log(s) of the two repeated measurements was used for normalization. 
So, we used three alternative ways of normalization: 1. based on log(s) from the 
measurement itself; 2. based on log(s) from the fellow measurement; or 3. the average 
between these two log(s) values. The results for all three alternatives are shown in Figure 
5, with symbols for the alternative 3, and with continuous thin lines for the alternatives 1 

Figure 6 Experimental psychometric function for various ranges of ESD. Data have been sorted according 
to ESD, and split into 12 equally sized groups. With increasing ESD the psychometric function becomes 
less steep. The thick line is a fit to the data. The thin line is the (fixed) a-priori shape of the psychometric 
function that was used for obtaining log(s) and ESD values. 
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and 2. Clearly, the differences are not large, and alternative 3 was used for further 
analysis. The shape of this psychometric function lies between those for the two other 
alternatives. 

Figure 5 shows the result, sorted into 0.05 log unit wide bins and averaged. The 
crosses show the data points normalized on the mean log(s) of the two measurements. The 
area of the circles indicates the number of responses (weight). The largest circles are 
averages of more than 10.000 responses. The two thin lines show the result for the other 
normalization strategies, and may serve as limits for the true shape. The thick line is a 
maximum likelihood fit of the model for the psychometric function.5 

In Figure 5, all data have been used with an ESD of 0.10 or lower. These were 
considered sufficiently reliable (see next). It must be realized that in reality, different 
individuals may have different psychometric functions. To study potential differences in 
the shape of the psychometric function, the data were sorted according to ESD, and 
divided into 12 subsets, with an equal number of measured eyes (389) in each subset. The 
resulting shapes of the psychometric function are shown in Figure 6. The thick line is a fit 
of the model function.5 The thin line is the fixed shape used to obtain log(s) and ESD. 
These data may suggest that the shape of the psychometric function is not the same for the 
different subgroups.  
 

Optimum psychometric parameters 

Results shown earlier were based on an a-priori choice for the shape of the psychometric 
function. Perhaps, the results found can suggest improvements that will give better results 
than the a-priori choice. The assumption of constant shape of the psychometric function is 
not rigidly valid, as suggested by Figure 6. Let us accept for the moment that a fixed 
psychometric function is adopted for data analysis. This raises the question what shape of  
the psychometric function should be chosen to yield optimum results for the population as 
a whole. In other words: what function gives the smallest repeated measure standard 
deviation? 

To study this question, measurement pairs were sorted according to the maximum of 
the two ESD values of the (repeated) measurements. In Figure 7, repeated measure 
standard deviations are plotted, starting from lowest ESD at the right, and including more 
and more of the measurements with higher ESD values (cumulative standard deviation). 
At the extreme left of Figure 7, all data are included, also the worst. 

In Figure 7, the cumulative standard deviation is shown, as obtained with four 
different shapes of the psychometric function. The shapes of the psychometric functions 
are those from the first, fifth, and eighth dataset in Figure 6, and the a-priori shape 
(MDCc=0.16 delta=0.05). Fitted parameters of the experimental psychometric function are 
(from steep to shallow) MDCc=0.08, 0.16, 0.28, and delta=0.02, 0.02, and 0.08. 

For a reliability criterion of 0.1 log units, the different choices of psychometric 
functions show only very subtle differences in the fraction of data that have to be 
excluded. This fraction (about 17%) is given by the horizontal position where the 
cumulative standard deviation crosses the y=0.1 line. 

The similarity of the results obtained with the different shapes of the psychometric 
functions came as a surprise to us. Given this similarity, there was no reason to abandon 
the a-priori shape in the further analyses. 
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Figure 7 Cumulative standard deviation for 3 experimental shapes of the psychometric function, and the a-
priori shape. On the right extreme end, only the best measurements are included. Starting at this end, going 
leftward, more and more measurements are included, until at the extreme left end all measurements are 
included in the calculated standard deviation. The inset shows the shapes of the psychometric functions that 
gave these results. 
 

Figure 8 Left side: Scatter plot of repeated straylight measurements; the straylight value from the first 
measurement is plotted against that of the second measurement. Only data where both measurements were 
considered reliable are plotted. The correlation between the two measurements is summarized by the ellip-
ses. The continuous ellipse indicates the 68% confidence limit, the dashed ellipse the 95% confidence limit. 
Right side: Similar plot, but now for the data considered unreliable. 
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In practical applications, ESD can be used to filter out the unreliable results. We applied a 
limit value of 0.1 in the GLARE study. The effect is illustrated in Figure 8. The 
measurement pairs considered reliable are shown in Figure 8 (left side), with the straylight 
value of the first measurement along the x axis, and the straylight value of the second 
measurement along the y axis. Two ellipses have been added that summarize the data; 
they indicate the 68 and 95% confidence limits of the data. For an ideal measurement 
accuracy, all data would lie on the y=x line, and correspondingly, the ellipses would have 
zero width. For real measurements, the ratio of width and length of the ellipses indicates 
correlation of the two (repeated) measurements. The right side plot in Figure 8 is 
comparable to the left side, but now for the fraction of data considered unreliable. 
Comparison of the correlation coefficients in the left (r=0.79) and right (r=0.05) side of 
Figure 8 indicates that ESD is an effective filter for inclusion of reliable data. 

 

Expected clinical performance 

Demands for clinical use of a test may be stricter than those for a population study; results 
must be reliable for an individual patient as opposed to the average of a population. 
Therefore, the cumulative standard deviation as shown in Figure 7 has limited clinical 
relevance. More important is how ESD is related to the measurement uncertainty of an 
individual patient. Again, the repeated measurements from the GLARE study were used. 
Only now the analysis will be restricted to the improved final version of the method (see 
Methods section), to better reflect the performance to be expected in future clinical use of 
the test.  

The a-priori psychometric function was used to obtain log(s) and ESD values. The 
differences of the two log(s) values of repeated measurements were sorted according to 
the maximum of the two ESD values, as before. But now, repeated measure standard 
deviation was calculated over a window of 100 measurement pairs. This window was 
shifted from lowest ESD to highest ESD, like a moving average. Results are shown in 
Figure 9. Note that in this figure 2049 measurement pairs are included, so a 100 point 
average corresponds to 5% along the horizontal axis. Assuming a clinically relevant limit 
value for the standard deviation of 0.1, Figure 9 shows that in 13% of the eyes, at least 
one of the two measurements was substandard. This value follows from the percentile 
where the repeated measures standard deviation crosses the y=0.1 line. 
 

Relation expected standard deviation and repeated measure standard deviation 

Figure 10 shows the repeated measure standard deviation that was also given in Figure 9. 
In Figure 10, however, it is plotted as a function of ESD. Note that the density of points is 
high for the lower ESD values (0.05 to 0.07), and much lower for ESD>0.07. The points 
coarsely follow the continuous y=x line that represents identity. 
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Figure 9 Repeated measures standard deviation sorted according to ESD. Repeated measures standard 
deviation was calculated in a window of 100 measurements. The result is kind of moving average over the 
true standard deviation, sorted according to ESD. Highest ESD results (worst performance to be expected) 
are on the left side; lowest ESD results (best performance to be expected) on the right side. 

Figure 10 Repeated measures standard deviation plotted as function of ESD. The dataset is the same as that 
in Figure 9. The continuous y=x line represents identity of true standard deviation and ESD. The dotted 
horizontal line represents a limit of 0.1 log units standard deviation.  
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Discussion 
For a psychophysical test, a measure indicating reliability of the test result is desirable; 
after all, the test result depends, for the major part, on accurate observations of the subject. 
This reflects both the power and the weakness of a psychophysical test. On the one hand, 
the result directly represents in a quantitative way a functional aspect of a subject’s vision. 
On the other hand, reliability of the test result depends on human factors, such as 
explanation of the task, experience with the task, and mental state of the subject (is the 
subject paying attention to the task?), etc.  

Ideally, psychophysical measurements are done by experienced observers in a 
laboratory environment. For this ideal situation, usually one shape of the psychometric 
function is assumed for all observers, and may be a near valid assumption. For a 
population study, it is obvious that there are differences in observation ability between 
individuals, and differences in the circumstances under which the measurements were 
done.  

Such differences in observation ability have been found in this study. Data were 
divided in groups, sorted according to ESD. A maximum likelihood fit of a model 
function for the psychometric function for a compensation comparison straylight 
measurement shows that poor observers might have a higher threshold for flicker 
discrimination, as well as a higher lapse rate.  
 Given the found differences of the psychometric function between good and poor 
observers, and the central role that this function plays in the maximum likelihood 
analysis, one might be tempted to adapt the shape of the psychometric function in each 
individual test. Instead of having only the straylight value as a free parameter in the 
likelihood estimation, also the steepness and lapse rate of the psychometric function could 
be free parameters. This approach was tried, but abandoned in an early stage of the study. 
The number of trials in a test is limited to a practical value of 25. This number of samples 
appeared to be insufficient for estimation of more than one degree of freedom in the 
maximum likelihood analysis. So, only the straylight level should be determined. When 
more degrees of freedom were allowed, the accuracy of the estimation of the straylight 
level would decrease unacceptably. Luckily, the results showed no need to allow more 
degrees of freedom. 

Thus, calculation of ESD is based on a single assumed shape of the psychometric 
function. In accordance with the theory laid out in the literature,8,12 this is (asymptotically) 
correct, assuming the shape of the psychometric function to be known. However, there are 
very good and very bad observers, with a corresponding change of shape of the (observer 
dependent) psychometric function. This raises the question how correct the value obtained 
for ESD is, since it is based on a single assumed psychometric function for all observers. 
Presently, we cannot offer a good answer to this question. To judge data reliability, ESD 
has proven to be of great value, as can be seen in Figure 8. Its precise meaning as 
predictor for the true standard deviation to be expected from an observer is the subject of 
further study. For practical purposes, it was important to find that different shapes of the 
psychometric function turned out to have surprisingly little effect on the repeatability of 
the analysis outcome, and on the effectiveness of ESD as reliability criterion.  

During the GLARE study, the stimulus design was slightly modified. A stronger 
flicker was presented in the initial phase of the test. A stronger flicker is more clearly 
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perceived, important especially for the group of poor observers. Apart from stimulus 
design, feedback to the operator was also improved, such that the responses of the subject 
could be monitored. In the case of erratic responses from the subject, the comparison task 
could be re-explained. However, during data collection in the GLARE study, ESD was 
not available yet as criterion to redo a measurement. Interpretation of the “raw” binary 
responses appeared to be difficult for the operators in the field, resulting in repetition of 
the measurement only in extreme cases. This difficulty of interpretation of test responses 
as found in the field emphasizes the importance of having a number indicating 
measurement reliability.  

The use of ESD in clinical practice may be to check whether the subject understood 
the task. Assuming a clinically relevant limit value for the standard deviation of 0.1, 
Figure 9 shows that in 13% of the eyes at least one of the two measurements was 
substandard. This value follows from the percentile where the repeated measure standard 
deviation crosses the y=0.1 line. In practice one would use the individual ESD of the 
measurement. Using a limit value of 0.1 for ESD, 9.8% of the measurements should have 
been redone in the GLARE study. With further improvements since the GLARE study, 
this value may drop. 

The compensation comparison method for measuring retinal straylight and the 
maximum likelihood analysis described in this work have been implemented by Oculus 
GmbH in a commercially available instrument, called C-Quant. Instead of the cathode ray 
tube (CRT) that was used for stimulus presentation in the GLARE study, dedicated 
hardware was developed. This dedicated hardware allows presentation of better defined 
stimuli. Most notably, the intrinsic straylight of the C-Quant is negligible, and the 
luminance is a factor of 3 higher than in the CRT implementation. Preliminary evaluation 
of this device has shown an improved rate of reliable results. In this instrument, the ESD 
limit value has been set to 0.08. 

In conclusion, the binary responses obtained in a compensation comparison 
straylight measurement can successfully be used for an accurate estimate of the straylight 
value, as well as a measure of reliability of this straylight value. Analysis is based on a 
single chosen shape of the psychometric function. Although the population data suggest a 
wide range of shapes for the psychometric function, using these various shapes is 
unnecessary, as the likelihood analysis gives similar results. 
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Abstract 
Recently, the psychophysical compensation comparison method was developed for rou-
tine measurement of retinal straylight. The subject’s responses to a series of two-
alternative-forced-choice trials are analyzed using a maximum likelihood approach as-
suming some fixed shape for the psychometric function (PF). In the present paper the 
reliability of the method was evaluated using Monte-Carlo simulations. 

Various sampling strategies were investigated, including the two phase sampling 
strategy that is used in a commercially available instrument. Results are given for the 
effective dynamic range and measurement accuracy. The effect of a mismatch of the 
shape of the PF of an observer and the fixed shape used in the maximum likelihood analy-
sis was analyzed. 

Main outcomes are that the two phase sampling scheme gives good precision 
(SD=0.07 log units on average) for estimation of the straylight value. Bias is virtually 
zero. Furthermore, a reliability index was derived from the responses and found to be 
effective. 
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Introduction 
Recently, a novel psychophysical method to measure retinal straylight was introduced. 
Details of this so-called compensation comparison (CC) method have been published 
earlier.1 The CC method is a psychophysical approach to assess the amount of light scat-
tered by the ocular media (a.o. cornea and crystalline lens) towards the retina, or to be 
more precise the straylight as it is sensed by the retina.2 Retinal straylight is a disturbing 
effect to vision, resulting in complaints such as blinding by headlights while driving at 
night, or hazy vision during day time.3,4 The CC method can be used in clinical practice to 
determine the severity of pathological states such as cataract and corneal edema in a func-
tional sense. The CC method has been implemented by Oculus GmbH in a commercially 
available instrument called C-Quant. It is the purpose of this paper to discuss the psycho-
physics involved in a CC test, and to gain more insight in the stochastic behavior of the 
method. 

The CC method works as follows: a subject is presented a stimulus as shown in Fig-
ure 1. It consists of an annulus-shaped straylight source, and centered within this annulus 
there are two half circular test-fields. During a short trial period the annulus flickers at 
8Hz. Due to intraocular light scatter, part of the light from the (strongly) flickering annu-
lus is deflected, inducing a (weak) flicker in the two test fields. This deflected light is 
called straylight. The amount of straylight in an eye can be quantified by means of the 
(equivalent) luminance it induces in the test fields. More precisely, straylight is defined as 
the equivalent luminance normalized on the illuminance of the straylight source at the 
pupil plane.4,5 So, when the induced flicker luminance in the test fields is known, the 
amount of straylight in an eye can be determined. 

Direct compensation 
The induced flicker luminance in the test fields can be assessed by adding a compensating 
counterphase flicker luminance in the test fields. Originally, in the direct compensation 
method this luminance was adjusted by the subject until the flicker perceived in the test 
fields was extinguished. The amount of counterphase luminance needed equals the 
equivalent luminance induced by the flickering source, giving a direct measure of the 
amount of straylight in an eye. This direct compensation method for measuring retinal 
straylight has been used as golden standard.6 The direct compensation method however 
was not suitable for use in routine clinical practice.7,8 Most notably, the direct compensa-
tion method lacked control over the adjustment strategy of the subjects, and no indication 
of the reliability of an individual adjustment result was available.  
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Compensation comparison 
The compensation comparison method for measuring retinal straylight was developed to 
solve the problems met in clinical practice with the direct compensation method. Most 
important improvement is that the test follows a two-alternative-forced-choice (2AFC) 
paradigm. Instead of adjusting the compensating flicker luminance, a fixed number (25) 
of short duration trials (1 to 2 seconds) are presented. In these trials only one of the test 
fields is given counterphase compensation flicker. So, in one of the test fields only the 
induced straylight flicker is perceived, and in the other one the combination of induced 
straylight flicker and added compensation flicker. Task for the subject is to compare the 
flickers perceived in both test fields and to indicate which of the two test fields flickers 
strongest. A choice in favor of the compensated field is recorded as 1, a choice for the 
uncompensated field as 0.  

When the compensated test field is presented with a strong counterphase flicker, this 
field is chosen as flickering most, resulting in a 1 response (Figure 1 lower right). When 
the counterphase flicker exactly compensates the induced straylight flicker, the perceived 
flicker in the compensated field is zero, and therefore, the uncompensated field will be 
chosen as flickering most, resulting in a 0 response (at compensation level 10 in Figure 1). 
When the compensated test field has twice the amount of induced straylight flicker (at 
compensation level 20 in Figure 1), both test fields will have equal flicker strength. How-
ever, the subject is forced to give a response (0 or 1), and the chance of a 1 response will 
be 50%.  

  
 

Figure 1 (left) Stimulus layout presented in a compensation comparison test. The annulus shaped straylight 
source is presented flickering at 8Hz during a trial. The source induces a (relatively weak) flicker in the 
central test fields, due to intraocular light scatter. (upper right) Retinal flicker modulation is plotted as 
function of compensation level. Assume that the right test field is given counterphase compensation flicker, 
and that the left test field is not compensated. (lower right) The psychometric function that describes the 
average response as function of compensation level. The task of the subject is to indicate which test field 
flickers strongest. If the compensated field is chosen, this is scored as 1. For high levels of compensation 
flicker (e.g. 50) the right field flickers clearly stronger than the left, resulting in a 1 response. When the 
straylight flicker is exactly compensated (at compensation level 10 in this example), there is no flicker in the 
right test field, resulting in a 0 response. When the compensation level is twice the straylight value (20 in 
this example) both test fields flicker equally strong, resulting in chance response (0.5). 
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The whole chance process is described by the psychometric function (PF). This function 
starts at 0.5 for no compensation, goes to (almost) 0 at exactly the compensation level, 
and rises to (almost) 1 for higher compensation levels, see Figure 1 bottom right. In an 
earlier article1 a mathematical formulation of the PF for the compensation comparison 
method is discussed; a summary of this formulation is given in the appendix of this report. 
The upper half of Figure 2 shows the actual PF used and a set of responses obtained in a 
measurement.  

Sampling strategy 
In clinical practice, a relatively low number of trials in a test is desirable to minimize test 
duration. After some preliminary tests we arrived at the following sampling strategy. The 
test starts with 12 initial trials. These trials are presented starting with a high level of 
compensation and subsequently have lower levels of compensation, spaced by 0.1 log 
units. So a subject will start responding with 1 and at lower compensation levels (lower  

Figure 2 Example of a compensation comparison straylight measurement with range setting A. The upper 
plot shows the raw 0 and 1 responses obtained as function of compensation level. The responses of the 
initial phase are shown as dots; the responses of the final phase are shown as crosses. The continuous line is 
the psychometric function describing the chance of a 1 response. The psychometric function is plotted at its 
most likely horizontal position for the responses shown. The lower plot shows the likelihood ratio function. 
The horizontal position of the maximum of this function indicates the most likely straylight value, given the 
responses shown in the upper plot. The thick horizontal lines show the levels where the width of the peak of 
the likelihood is determined for calculation of expected standard deviation (ESD). The dotted line is a 
Gaussian function (resembling a parabola due to the logarithmic scaling of the y axis), with ESD as width 
parameter σ.
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Range initial compensation levels 
presented 

intended 
log(s) range 

Intended use 

A 2.0, 1.7, 1.6,…0.7 ≤ 1.1 Healthy eye (age ≤ 45) 

B 2.1, 1.8, 1.7,…0.8 0.8-1.2 Healthy eye (age 46-55) 

C 2.2, 1.9, 1.8,…0.9 0.9-1.3 Healthy eye (age 56-65) 

D 2.3, 2.0, 1.9,…1.0 1.0-1.4 Healthy eye (age 66-75) 

E 2.5, 2.2, 2.1,…1.2 1.2-1.6 Healthy eye (age ≥ 76)/early opacity 

F 2.7, 2.4, 2.3,…1.4 1.4-1.8 Moderate opacity 

G 3.0, 2.7, 2.6,…1.7 ≥ 1.7 Severe cataract/corneal edema 

 
than twice the straylight level of the eye tested) respond with 0. The transition from 1 to 0 
responses is used to obtain an initial estimate of the straylight level. The test is then re-
fined in a final phase, where 13 stimuli spaced by 0.05 log units are presented around the 
initially found transition level. These final trials are presented in random order. The range 
of initial trials can be set to seven levels (range A-G), depending on the straylight level 
expected, see Table 1. The ranges A-E follow the normal age dependence of straylight in 
healthy eyes.  

Maximum likelihood analysis 
A subject’s straylight value in a compensation comparison test is determined using the 
binary 0 and 1 responses on basis of a maximum likelihood (ML) analysis. In short: the 
likelihood of obtaining a 1 response is given by the value of the PF at the respective com-
pensation level. The likelihood of obtaining a 0 response is given by 1-PF. The total like-
lihood of all 0 and 1 responses is then given by the product of the likelihood of all the 
single responses. One of the parameters of the PF is the straylight value. So, the total 
likelihood can be calculated as function of straylight value, see the bottom of Figure 2. 
This likelihood function is normalized such that the maximum is 1. Such a normalized 
likelihood function is also known as likelihood ratio function. A more elaborated explana-
tion of the ML analysis is given in an earlier article.9 The straylight level corresponding to 
the top of the likelihood (ratio) function is used as the most likely estimate of the true 
straylight level. 

Apart from estimation of the most likely straylight value, the likelihood function can 
be used to estimate the uncertainty of this value. We have called this the expected stan-
dard deviation (ESD). The calculation of this value is explained in more detail in the 
Methods section of this paper. Here it may suffice to mention that the width of the peak of 
the likelihood function is evaluated at four levels below the maximum, shown by horizon-
tal bars in the lower half of Figure 2. The weighted average of these widths gives ESD. 

Table 1 Range settings for the stimuli presented in the initial phase of a compensation comparison meas-
urement. 
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ESD has proven to be useful to identify unreliable measurements during data analysis of 
the straylight measurements in the GLARE study.9 Although a firm theoretical basis exists 
on likelihood ratio (as will be explained in the Methods section here), the initial develop-
ment of ESD was heuristic. It must be noted here that the strict theory is based on assump-
tions about the PF and the sampling, both not necessarily valid in our application. How-
ever, in practice ESD turned out to be the most effective criterion after evaluation of sev-
eral different measures of reliability.  

Individual dependent shape of the psychometric function 
As explained earlier, the psychometric function has a central role in the estimation of both 
the straylight value and ESD. In the maximum likelihood estimation a single, fixed, shape 
of the PF is used. However, analysis of the GLARE data suggests that the shape of the PF 
might be different between individuals. Figure 3 shows 12 experimental psychometric 
functions obtained from the GLARE study. Data from 1073 subjects have been sorted 
according to ESD, and split in 12 equally sized groups. The responses in each group were 
binned and averaged after normalization on the individual straylight value of the eyes. 

Figure 3 Experimental psychometric function obtained from 1073 subjects in the GLARE study.  Data have 
been sorted according to ESD, and split into 12 equally sized groups.  The crosses indicate the average 
response. The number of responses (weight) is indicated by the area of the circles. The thick line is a maxi-
mum likelihood fit of the PF model given in the appendix to the 0 and 1 responses. MDCc values obtained 
are: (top row, from left to right) 0.070, 0.094, 0.114, 0.131, (middle row, from left to right) 0.139, 0.142, 
0.170, 0.204 and (bottom row) 0.217, 0.259, 0.376, 0.521. The lapse rate λ was fixed at 0.01 during the fit. 
Before averaging and fitting the responses, the responses of each test were shifted along the horizontal axis, 
such that all responses were normalized to a straylight level log(s)=0. The straylight values of the individual 
eyes were determined with the PF shown as a thin continuous line (MDCc=0.156, λ=0.05).
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These averaged responses were fitted with the PF described in the appendix, see also 
Coppens et al.9  

Monte-Carlo simulation 
Although the GLARE results have been a valuable source of information on the stochastic 
properties of a compensation comparison measurement, some relevant questions (listed 
below) can not be answered directly with the GLARE dataset. An essential shortcoming 
for answering these questions is that the true straylight value of the eyes tested is un-
known. Therefore, possible systematic errors (bias) can not be evaluated with these data. 
Furthermore, the true PF of the individuals in the study is unknown. Also, the effects of 
different sampling strategies could not be studied, nor the basics of the relationship be-
tween ESD and (true) SD. 

The limitations mentioned above can be resolved by using Monte-Carlo simulations. 
Instead of analyzing responses from real subjects, responses are simulated by computer. 
In such simulations, both the assumed subject characteristics (straylight value and shape 
of PF) and the returned results are known. Additional benefit is that the input parameters 
(such as number and distribution of samples) can be varied as desired. 

The purpose of this paper is to use Monte-Carlo simulations to study questions like: 
(1) How well does ESD represent the true standard deviation? (2) What is the relation of 
SD (and ESD) with number and spacing of the samples? (3) How effective is the 2-phase 
sampling scheme described above? (4) Does the CC analysis introduce systematic devia-
tions in the estimated straylight value? (5) What happens if there is a discrepancy between 
the PF of an observer and the assumed PF used in the maximum likelihood analysis? (6) 
What happens if there is a discrepancy between straylight value and sampling range? To 
answer these questions three sets of Monte-Carlo simulations were generated, with in-
creasing complexity of input parameters. Details of these simulations will be given in the 
Methods section.  

 

Methods 

ESD calculation  
For a large number of trials the shape of the likelihood ratio function will approach that of 
a Gaussian function.10 This Gaussian function, when properly normalized (having an 
integrated value of 1), represents the probability density function of the most likely stray-
light value obtained.11 For the relatively small number of trials in a CC test, the shape of 
the likelihood function may deviate from a Gaussian function. For ESD calculation, the 
width of the peak of the likelihood ratio function is determined at 4 levels below the 
maximum value (normalized on a maximum value of 1). The levels used are: 0.61, 0.14, 
0.011 and 0.0003 respectively. At these levels a Gaussian function with width parameter 
σ, has a (total) width of 2σ, 4σ, 6σ and 8σ, respectively. The corresponding confidence 
levels for these widths are 68%, 95%, 99.7% and 99.99%. ESD is calculated by averaging 
the 4 widths after dividing them by the number of standard deviations they represent. 
Figures 2, 4 and 5 show examples of the widths found in real CC measurements. Note that 
the likelihood ratio functions in the lower plots of these figures have a logarithmic scale 
on the y axis. On a logarithmic scale a Gaussian function resembles a parabola. 
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Figure 4 Example of a compensation comparison straylight measurement, comparable to Figure 2. The 
measurement range was C. In the upper plot the responses of a poor observer are shown, as opposed to the 
responses of a good observer shown in Figure 2. The continuous line is the psychometric function, shown at 
its most likely horizontal position for the responses given. The lower plot shows the likelihood ratio func-
tion. When compared to Figure 2, the peak is wider. The straylight value (log(s)=1.19) determined in this 
example has just acceptable expected accuracy (ESD=0.077).  

Figure 5 Example of an unacceptable measurement, caused by a too low range setting (range A) for the 
initial phase of the measurement. With an estimated straylight value log(s)=1.61, the measurement should 
be redone in range F. Because of the erroneous range setting the samples of the final phase of the test are 
placed at too low compensation levels. As a result the likelihood function does not bind the lowest likeli-
hood level used for ESD calculation. The resulting ESD value is therefore very high. Also, the likelihood 
ratio function deviates largely from a Gaussian with width parameter σ equal to ESD, as shown by the 
dotted line. 
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The example in Figure 5 shows large deviations of the likelihood function from a Gaus-
sian shape. In fact, the deviations are so large that the width of the peak determined at the 
lowest confidence level is not bounded by the likelihood ratio function. The correspond-
ing ESD value is very large. The deviations in this example were caused by the use of an 
incorrect measurement range during the initial phase of the test, resulting in improper 
distribution of the trials.  

Monte-Carlo simulation 
As already mentioned in the Introduction section of this paper, field tests of a psycho-
physical measurement method are not sufficient to fully analyze it. In the Results section 
of this paper, all trial responses have been generated by a computer “subject”. Since the 
PF describes the chance of a 1 response for a subject, a computer “response” is easily 
generated with a uniform random number that is compared to the value of the PF. In total 
three simulation settings are presented in this paper, with increasing complexity and in-
creasing relation with the real CC test. The first set of simulations presented was created 
with an identical shape of the PF for generation of responses and ML analysis. Simulated 
straylight values in this set have a uniform distribution from log(s)=0.6 to log(s)=2.6. Also 
the compensation levels of the trials “presented” have a uniform distribution, mostly from 
log(s)=0.3 to log(s)=3.3. These simulations are used to investigate the effect of sampling 
density on measurement outcome. More concrete, the results of these simulations are used 
to show the influence of number of trials on measurement accuracy (SD), and furthermore 
whether the resulting ESD is representative for the true SD, or not. The second set of 
simulations is used to investigate the properties of the somewhat more complicated 2-
phase sampling scheme as described in the Introduction section. Special attention is given 
to the range settings from A to F that determine the compensation levels of the trials pre-
sented in the initial phase of a CC test. The third set of simulations is most complicated, 
and intended to reproduce the results from the GLARE study. Simulated straylight values 
and range settings were taken from the GLARE data. In this simulation the range was set 
according to age averages as given in Table 1.  This last set of simulations was created 
with the 12 different shapes of the PF obtained from the GLARE data shown in Figure 3. 
All data of the simulations presented in this paper were analyzed using the ML routines 
based on a single assumed (fixed) shape for the PF.9  

Results 

Sampling strategy 
Figures 6 and 7 show results for the ideal case when the PF assumed for the ML analysis 
is identical to the true PF of the (simulated) subject. Figure 6 shows the returned straylight 
value as function of the assumed straylight value in the simulation. Each simulation con-
tains 8000 assumed straylight values, uniformly distributed from log(s)=0.6 to log(s)=2.6. 
Four different sampling schemes were used. The results presented in Figure 6(A-C) have 
uniformly distributed sampling, with compensation levels ranging from log(s)=0.3 to 
log(s)=3.3. For these results the trial levels were spaced by 0.01, 0.05 and 0.1 log units 
respectively, corresponding to a total number of trials per test of 300, 60 and 30. The 
results show how the accuracy of the test increases with the number of trials. The standard 
deviation of the results is approximately proportional to the reciprocal of the square root 
of the sample spacing. Furthermore, the overall standard deviation (SD) of the difference 
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Figure 6 A Monte-Carlo analysis of a compensation comparison measurement. On the y axis the result of 
the simulated measurement is shown, on the x axis the assumed straylight value. In the ideal case both are 
identical and then lie on the y=x line. A uniform distribution of 8000 straylight values ranging from 
log(s)=0.6 to 2.6 is simulated with a range of trials at compensation levels log(s) from 0.3 to 3.3. The spac-
ing of the trials is 0.01 log unit, resulting in 300 trials per test. B similar to A, but now the spacing of the 
trials is 0.05 log units, resulting in 60 trials per test. C similar to A and B, but now the spacing is 0.10 log 
units, resulting in 30 trials per test.  Due to the rather coarse sampling, some discretization is seen in the 
simulated values. D the range of trials is now limited to compensation values from 1.3 to 2.3. Spacing is 
0.05 log units, so there are 20 trials in a test.  Straylight values outside the range of trials result in inaccurate 
estimates, as can be seen by the larger deviation from the y=x line outside the tested range.

Figure 7 Results from the same simulations as shown in Figure 6. On the y axis a moving average (n=100) 
of the standard deviation of the difference between assumed and returned straylight value is shown. On the x 
axis a moving average (n=100) of the expected standard deviation is shown, calculated with the likelihood 
function as explained in the methods section.  In the ideal case ESD represents the SD from the simulation, 
and all points would lie on the y=x line. 
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Figure 8 Scatterplot with the assumed straylight value on the x axis, and the straylight value returned by the 
Monte-Carlo simulation on the y axis. The interval of straylight values simulated is uniformly distributed 
from log(s)=0.6 to 2.6. The figure shows the result of 8000 simulations. The vertical dashed lines indicate 
the (age dependent) 95% confidence limits of straylight values found in an average population.   

Figure 9 Expected standard deviation as function of simulated straylight value. The interval of straylight 
values simulated is uniformly distributed from log(s)=0.6 to 2.6. The figure shows the result of 8000 simula-
tions. ESD values have been smoothed by a moving average (n=100). This figure can be compared with 
Figure 8 that shows the raw simulated straylight values directly. Again, the vertical dashed lines indicate the 
(age dependent) 95% confidence limits of straylight values found in an average population.  



Reliability using Monte-Carlo simulations 

 115

between assumed and returned straylight value closely follows the average ESD. The 
average difference of assumed and returned straylight values (bias) is not statistically 
significant. The fourth simulation, Figure 6(D), shows the result for an erroneous sam-
pling scheme. The same spacing as in Figure 6(B) was used, but the compensation levels 
range from log(s)=1.3 to log(s)=2.3, whereas the range of simulated straylight values was 
from log(s)=0.6 to log(s)=2.6, as before. Figure 6(D) shows how mismatch between stray-
light value and sample range upsets the estimate. 

Figure 6 showed ESD to be equal to SD on average. But ESD (and SD) may differ 
between individual measurements. An important research question was whether ESD on 
an individual basis predicts SD. Figure 7 shows SD as function of ESD for the same simu-
lations as shown in Figure 6. Both SD and ESD shown in this figure were smoothed by a 
moving average with window size n=100. For the first three simulations, shown in Figure 
7(A-C), SD does follow ESD. The effect of sample size (300, 60 and 30 respectively) is 
very clear in these 3 figures. The fourth simulation, with insufficient range of trial levels, 
is shown in Figure 7(D). For the larger ESD values in this figure, ESD deviates strongly 
from the y=x line. ESD tends to overestimate the true SD for values larger than 0.1 (see 
also Figure 5). 

The second set of Monte-Carlo simulations tests the 2-phase sampling scheme de-
veloped for straylight measurement in clinical practice, as explained in the Methods sec-
tion. This sampling scheme consists of an initial estimate of the MLE straylight level, 
with a relatively coarse sampling distance of 0.1 log units. The measurement is refined in 
a final phase with a sampling distance of 0.05 log units. The range used in the initial 
phase can be chosen by the operator, as summarized in Table 1. Measurement ranges A-F 
were used in the second set of Monte-Carlo simulations. As before, each simulation con-
tains 8000 assumed straylight values, uniformly distributed from log(s)=0.6 to log(s)=2.6. 

Figure 8 shows the returned straylight value as function of the assumed values in the 
simulation. The two vertical dashed lines indicate the straylight intervals for which the 
ranges were intended. These correspond to the 95% confidence intervals of straylight 
values in the respective age group, as given in Table 1. The spreading of the results 
around the y=x line shows that these intervals are rather conservative. Up till some dis-
tance outside these intervals reliable measurements are obtained.  
 Figure 9 shows ESD as function of assumed straylight value. This figure shows 
quantitatively what interval of straylight values can be measured to a certain degree of 
accuracy in each range setting. E.g., in range E it can be seen that this interval is 
1.1<log(s)<1.9 for an accuracy of 0.07 log units. ESD values outside the usable interval 
rapidly increase to large (>0.1) values. The reason for this rapid increase is illustrated in 
the example given in Figure 5. Mismatch between measurement range and straylight value 
causes the lowest confidence level used for ESD calculation not to be bound by the likeli-
hood ratio function. 

Mismatch of the psychometric function 
The last series of Mont-Carlo simulations was used to approach the true field situation as 
closely as possible, with the GLARE study as reference. An important aspect of these 
simulations is that the PF simulated differs from the fixed shape that is used in the maxi-
mum likelihood analysis. The 12 psychometric functions that were used in these simula-
tions are shown in Figure 3 in the Introduction section. The straylight values assumed, and 
the range settings in the initial phase were taken from the GLARE study. So, each simula-
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tion contains the same 8230 straylight values and range settings. Figure 10 shows the 
returned straylight value as function of the assumed value. From left to right, and top to 
bottom, the PF is less steep.  

The plots contain less than 8230 datapoints, because a limit value for ESD of 0.08 
was used. Note that in the field ESD is used to accept or reject a measurement, and redo a 
measurement if necessary. For a steep PF, almost all simulations resulted in acceptable 
ESD. This is the case for most of the 12 simulations in Figure 10. However, for the most 
shallow PF (lower right) less than half of the simulated values had an ESD<0.08. 

On average there is no significant difference between simulated and returned values. 
The largest systematic difference (only 0.020 log units) is found for the shallowest PF. On 
average, for a very steep PF (top left), ESD=0.055 and SD=0.034. So, for a very steep PF, 
ESD overestimates SD. For a very shallow PF (bottom right), ESD=0.068 and SD=0.107. 
So, for a very shallow PF, ESD underestimates SD.  

Figure 11 shows the relationship between SD and ESD for the same simulations 
shown in Figure 10. For very good observers (top row), almost all simulated measure-
ments had an ESD smaller than the limit value that was set to 0.08. For average observers 
(middle row), the range of returned ESD values starts to increase, and the data tend to-
wards the y=x line. Note that for these observers, actual PF and assumed PF are virtually 
identical (see Figure 3). For bad observers (lower row, right two plots) a smaller percent-
age of the measurements reached the limit value for ESD. The data lie above the y=x line, 
indicating that ESD underestimated SD. 
 

Discussion 
None of the simulations have shown significant systematic differences between assumed 
and returned straylight values. However, this statement only holds when results with ESD 
higher than 0.08 are excluded. Since in practice this should be the case, no significant bias 
is expected on the basis of the MC analysis presented here. Using the 0.08 limit value for 
ESD, the largest systematic difference between returned and assumed straylight value is 
0.02 log units, as obtained from the worst group of observers in Figure 10 (lower right 
plot). With a random error (SD) of a CC test of about 0.05 log units, a systematic error of 
0.02 log units can be considered acceptable. 

SD and its relation to ESD 
SD may be expected to be proportional to the reciprocal of the square root of the sample 
number, as shown in Figure 6(A-C). However, also sampling density may be expected to 
play a role. If sampling density is too coarse compared to the steepness of the PF, accu-
racy suffers. Other simulations, not presented in this paper, have shown that e.g. identical 
results are obtained with a spacing of 0.01 log units, and a 5 times repetition at 0.05 log 
units spacing. For a coarse sample spacing at 0.10 log units and a 10 times repetition this 
no longer holds; some discretization is observed, faintly visible in Figure 6(C). So, a safer 
choice in practice would be a spacing of 0.05 log units. 
 Figure 7 (A-C) show that ESD and SD correspond very well. So, the theoretical 
need for a large number of samples to use the likelihood ratio function as predictor for 
data reliability is easily met in practice. Even for the rather coarse sampling with a
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Figure 10 Returned straylight value as function of the assumed value. The PF’s used in the simulations 
equal those shown in Figure 3, and differ from the PF used in the maximum likelihood estimation. 

Figure 11 Standard deviation as function of ESD for the same series of simulations as shown in Figure 10. 
The data have been smoothed by a moving average, with an n=100 window size. In the ideal case, ESD 
would equal SD, and all data would lie on the y=x line. The dashed vertical line indicates the limit value of 
0.08 for ESD that was used. The percentages give the distribution of data points above and below the ESD 
limit value. 
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spacing of 0.10 log units, as shown in Figure 6(C) and Figure 7(C), the asymptotic condi-
tions required in theory seem to be reached in practice. 

For an inadequate range of test levels, as shown in Figure 6(D), straylight values 
outside the sampling interval can not be measured accurately. This is quite obvious, since 
most information about the straylight value of a subject is obtained from the transition 
from 0 to 1 responses near twice the straylight value. Trials presented at compensation 
levels (far) away from this transition carry little information. 

ESD was found to represent the true SD in Figure 6(A-C) and Figure 7(A-C). How-
ever, as explained earlier, these simulations used impractical sampling schemes. When 
using the more practical 2-phase sampling strategy, ESD represents true SD less precise, 
but it turned out to be a conservative (i.e. safe) estimate of SD: In case assumed straylight 
values lie within the test range chosen, ESD does represent SD. In case the straylight 
values are outside this interval, ESD rapidly increases, and more so than SD.  

So, in the case of inadequate sampling, ESD is a conservative value that overesti-
mates the true standard deviation to be expected. However, ESD calculation is based on 
an assumed shape of the psychometric function. Data from the GLARE study suggest that 
this assumption is invalid. This raised the question what happens to the ESD value when 
there is a mismatch between the PF of an observer, and the PF used in the maximum like-
lihood analysis. 

The upper row of Figure 10 shows results from simulated observers with a PF that is 
steeper than the PF used in the maximum likelihood analysis. In this case, the SD is lower 
than ESD. The lower row of Figure 10 shows results from simulated observers with a PF 
ranging from similar to much shallower than the PF in the ML analysis. The correspond-
ing SD’s increase with shallower PF. For the two lower right cases, with very shallow PF, 
ESD clearly underestimates the true SD, which constitutes a cautionary note. However, 
the difference is not large. The percentage of acceptable measurements (ESD<0.08) is 
quite low though in these cases, see Figure 11. 

Effectiveness of the 2-phase sampling scheme 
The CC measurement as implemented in practice consists of an initial phase of 12 sam-
ples spaced by 0.10 log units, and a final phase of 13 samples spaced by 0.05 log units, as 
illustrated in Figure 2. The final phase has the samples placed around compensation levels 
that carry most information about the true straylight value of a subject. These samples are 
placed near the transition from 0 to 1 responses. The range of test levels in the initial 
phase can be chosen to be most efficient for the expected straylight value for the subject. 
Table 1 gives for each range setting an interval of straylight values. The effectively usable 
interval proved to be wider than the interval for which the range was intended. Figure 9 
shows that the usable interval is about 1 log unit, slightly decentered towards the higher 
straylight values. This figure also indicates that within the usable interval an SD of 0.06 
log units can be expected, clearly acceptable in clinical practice.  
  

To summarize: Monte Carlo analysis was used to investigate properties of the com-
pensation comparison method for the assessment of retinal straylight. In practical applica-
tion, no significant bias is to be expected. The ESD value obtained in a CC test approxi-
mates true SD in the majority of cases. ESD is a conservative estimate if the sampling 
range is not chosen properly. Only for subjects with a very poor psychometric function, 
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showing ESD>0.1, ESD tends to underestimate true SD. In the vast majority of cases, the 
sampling strategy proved to be adequate, giving an SD between 0.1 and 0.03. 

Appendix: Psychometric function 
The light the fovea receives in a compensation comparison test, consists of two parts: 
light originating from the flickering annulus by the process of scattering, and light origi-
nating from the half fields the subject is looking at. Both lights correspond to certain lu-
minances in the outside world (in the two half fields). The light originating from scatter 
(i.e. the straylight) corresponds to an outside luminance called equivalent luminance, Leq.4 
For the straylight source used here (an annulus with a 1:2 ratio of inner and outer radius, 
see Figure 1), Leq=0.0013·s·Lsrc, with Lsrc the luminance of the annulus (in its on phase) 
and s the straylight value of an eye. For more details on equivalent luminance, straylight 
source illuminance and its relation to source geometry, see van den Berg.12 Now let us 
express the externally presented luminances L in the test fields as a fraction of Lsrc, or to 
be precise as s=L/(0.0013·Lsrc). The unit of s is [degree2/sr], which is (apart from a con-
stant) dimensionless. By this choice of s units the luminances used can be compared di-
rectly to the s value of the subject, independent of Lsrc. 

The two test fields are referred to as field a and b. Field a is never given compensa-
tion flicker; field b is given various amounts of (external) compensation luminance, Scomp, 
during the off phase of the straylight source in a test, and none during the on phase of the 
source. The average luminance of fields a and b is kept equal by adding 0.5 Scomp to field a 
in both the on and the off phase (of the straylight source). The luminances used are 

comp
on 5.0 SsSa ⋅+= , 

comp
off 5.0 SSa ⋅= , sSb =on  and 

comp
off SSb = , where Sa and Sb  repre-

sent stimulation of the retina, corresponding to the sum of the (external) luminance of the 
test fields and the equivalent luminance of the light scattered from the straylight source. 
The perceived flicker strength in each of the test fields is given by their respective modu-

lation depths: 
onoff
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tive difference of these modulation depths, called modulation depth contrast (MDC), is 
consequently calculated as 

MDaMDb
MDaMDbsSMDC

+
−

=),( comp
. Note that on a linear Scomp  

scale, MDC(Scomp,s) shows symmetry around s (see Figure 1). On the logarithmic Scomp 
scale normally used in PF plots (see e.g. Figure 2) this symmetry is not immediately no-
ticeable. 

A logistic function13 was used as basis for the psychometric function of a compensa-
tion comparison task 
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where MDCc is a critical value for modulation depth contrast, and λ the lapsing rate de-
scribing non-perfect performance. An a-priori choice for the PF was made with MDCc 
=0.156 and λ=0.05. This PF was used for initial analysis of each individual measurement. 
The grouped population data were fitted with MDCc  free (fit results 0.070—0.52) and λ= 
0.01 (fixed). 
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Abstract 
Wavelength dependence of retinal straylight has been a mystery since Stiles in 1929 sup-
posed it to have the strong Rayleigh type λ-4 dependence, typical for small particle light 
scattering, but which was never found. Using the accurate compensation comparison 
approach, retinal straylight was measured from 625 to 457 nm. Subjects with a large vari-
ety of ocular pigmentation were included. Straylight was found to depend strongly on 
pigmentation of the eye, in addition to age. Young and well-pigmented eyes (young ne-
groids) show nearly perfect λ-4 dependence. With less pigmentation (blue-eyed Cauca-
sians), a red dominated component is added, negating the λ-4 dependence. 
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Introduction 
The human retinal point spread function PSF is known to spread over the full retinal sur-
face, i.e. up to distances of 90° from the PSF center.1 The central portion, say up to 20 
min of arc, is governed by effects such as diffraction by the pupillary aperture and irregu-
lar refraction, assuming the eye to be optimally refracted. The peripheral portion, from say 
1° upward, is governed by the fact that the optical media (especially cornea, lens and 
fundus) scatter the light to a certain extent. It was already realized in the early 20th cen-
tury that entoptic light scattering and the resulting retinal straylight is the basis for glare, 
the phenomenon that humans can be blinded by light sources at a certain distance from the 
fixation point. The typical situation is driving at night against opposing head lights. The 
disabling effect was called disability glare, as opposed to discomfort glare, describing the 
subjective disturbance experienced from bright lights in the visual field. The present study 
is about retinal straylight. The Commission International d’Eclairage CIE decided disabil-
ity glare to be defined as retinal straylight, quantified by means of the concept of equiva-
lent luminance, i.e. the (external) luminance that has the same visual effect as the glare 
source.1 

Also, in the early 20th century much work was done on the physics of light scatter-
ing. Especially the name of Rayleigh is renowned, as name-giver to the phenomenon that 
small particles scatter light in a very strongly wavelength dependent manner, according to 
a power law with power -4. This is why the sky is blue. Stiles2 supposed that light scatter-
ing in the eye should also have the same wavelength dependence. This assumption be-
came rather widespread, and caused, among other things, some automobile manufacturers 
to install yellow head lights. Starting with le Grand,3 several attempts were made to ex-
perimentally delineate the wavelength dependence of retinal straylight, but the results 
remained unclear. Wooten and Geri4 reviewed the issue, did additional experiments, and 
came to the conclusion that there is no wavelength dependence, and as a consequence 
light scattering in the eye must be caused by particles much larger than the wavelength of 
the scattered light. Later on, one more study appeared, also finding no significant wave-
length dependence.5 A note must be made here on the problem that the method to deter-
mine retinal straylight, available at that time, is relatively imprecise. It involved the com-
parison of two threshold measurements: one threshold in the presence of a distant glare 
source and one threshold in the presence of a background (equivalent) luminance. Equiva-
lent straylight luminance is then defined as that background luminance value where the 
two thresholds match. 

Many studies have been devoted to the question of light scattering by the cornea and 
crystalline lens as such, mostly from a biochemical perspective (see for reviews6-9). An in 
vivo study on the human cornea10 revealed strong wavelength dependent scattering of the 
Rayleigh type (power -4). In vitro studies on human eye lenses11,12 also revealed wave-
length dependence, but less strong: a mixture of the Rayleigh type and Rayleigh-Gans-
Debye type.13,14 

Light transmittance of the eye wall was quantified, as well as its contribution to reti-
nal straylight.15 Eye wall light transmittance is especially strong in blue-eyed people. 
Light transmittance through the eye wall proved (of course) to be very red-dominated. But 
that spectral effect should show up in the retinal straylight also. It was indeed found that 
retinal straylight is stronger for (broadband) red light as compared to (broadband) green 
light, especially for blue-eyed people.15 This result was helped by the development of a 
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more precise measurement technique: the direct compensation method.16 It was argued15 
that the failure in literature to experimentally delineate wavelength dependence may have 
been caused by a combination of factors: the old relatively coarse measurement tech-
niques and the relative weakness of the spectral effects; the weakness of the spectral effect 
being caused by the presence of two opposing spectral effects: (1) the red-dominated light 
transmittance through the eye wall and reflectance from the fundus on the one hand and 
(2) blue-dominated scattering from cornea and eye lens on the other. 

So, wavelength dependence of retinal straylight has remained somewhat of an 
enigma. All the separate effects that contribute are in themselves strongly wavelength 
dependent. But most retinal straylight studies failed to find spectral dependence, even 
leading to doubt the true cause of entoptic light scattering. But, as argued before,15 there 
are complications that might have obviated the proper conclusions. Among these is the 
availability of precise measurement techniques. An important step forward was made with 
the direct compensation method. In a separate paper,17 a much improved modification is 
described that opened the possibility to study this question again. In the present paper this 
new technique will be used to delineate the spectral dependence of retinal straylight from 
450 to 650 nm. 
 

Methods and materials 
In this paper, retinal straylight is defined according to the CIE concept.1 As mentioned 
above, it is defined as the background luminance that has the same visual effect as the 
scattered light, called equivalent luminance Leq. It is the outer part of the retinal point 
spread function PSF. The PSF is normalized to unity in this concept by writing PSF = 
Leq/Ebl (sr-1), with Ebl the illuminance on the eye from the (glare) point source. In the an-
gular domain of interest, straylight falls off approximately as 1/angle squared (the Stiles-
Holladay approximation). It is presented multiplied by angle θ (degrees) squared. This is 
called the straylight parameter s = θ2Leq/Ebl. See for more details on quantitative aspects of 
retinal straylight.18 Details of the new measurement procedure are the subject of a separate 
paper.17 The new procedure is derived from the direct compensation method: the subjects 
fixated on the center of a test field of 1° radius with a concentric bright annulus at some 
distance, flickering at 8 Hz. When only the annulus was presented our subjects perceived 
flicker in the fixation area, due to light scattering. This flicker could be canceled by pre-
senting a counterphase modulating light in the center. The luminance L needed for cancel-
lation is by definition equivalent to the sought retinal light level. In the new method, the 
test area is vertically divided in two half-circles: one without and one with compensation 
light. The subject had to choose in a forced choice paradigm which half flickered most. As 
a rule the annulus had an effective angular radius of 10°, but in a small additional series 
for four subjects 3.5° was used. The stimulus field, including annulus and test field, was 
presented on a back projection screen using an Infocus X1 DLP projector, filtered with 
Balzers K-series interference filters. Effective wavelengths were 457, 503, 548, 583 and 
625 nm. Each test was repeated once. Eight subjects measured all five wavelengths, four 
of them also at 3.5° angle. Twenty-four more subjects were tested at 457, 548 and 625 nm 
only. Ages spread from 21 to 81 years (average 39 years, SD 13 years) and degree of 
ocular pigmentation spread from blue-eyed Caucasians to dark-brown-eyed negroids. 
Natural pupils were used. In this setup, pupil diameter is close to normal values of around 
4 mm. All subjects were checked ophthalmologically and had no present or past ocular 
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disturbances. The tenets of the Helsinki convention were adhered to. 
 

Results 
In Figure 1, data are presented for eight subjects at 10° scattering angle. In Figure 2, data 
are presented for four of these subjects at 3.5° scattering angle. The differences between 
10° and 3.5° are not large. On average, log(s) is 0.05 log units higher for 3.5°. This is in 
correspondence with findings in previous studies.19 Log(s) shows a weak angular depend-
ence with a minimum around 7°. In this large population study,19 log(s) was determined 
for 3.5°, 7.0°, 13.6° and 25.4° and found to be on average 0.84, 0.75, 0.85 and 1.10 re-
spectively for young Caucasians.19 The difference between 10° (Figure 1) and 3.5° (Fig-
ure 2) is smallest at the long wavelength side. Repeated measures SD was on average 0.05 
log units for Figure 1 and 0.04 log units for Figure 2. Two effects show up in Figures 1 
and 2. First, the older subjects tend to have higher straylight values. This is as expected 
from earlier studies.1,18 Second, the brown-eyed individuals tend to have lower values at 
the long wavelength side. 

Figure 3 shows average results for 10° for all 32 tested individuals, grouped in four 
groups: one group for all 12 individuals above age 40, and three groups of individuals 
below this age limit: 11 blue-eyed Caucasians, seven green/light-brown-eyed Caucasians, 
five brown-eyed Caucasians and three dark-brown-eyed pigmented individuals. All indi-
viduals above age 40 were separated in one group to better visualize the basic spectral 
effects in the human eye, without disturbance by aging changes. Inter-individual SD were 
around 0.1 log units per point, so the differences between the groups are significant 
(p<0.01). Mean ages were 53 for the old age group and around 30 for the other four 
groups. 

Figure 4 shows the results of the application of a 4-component model for retinal 
straylight. Four main sources of straylight in the eye have been proposed: scattering in the 
cornea and lens,1 translucency of the ocular wall,15 and reflectance from the fundus.1 The 
corneal contribution is independent of age10 (and pigmentation). The lenticular contribu-
tion depends on age, and both other contributions depend on pigmentation. Without re-
gard to how precisely each component depends on age and/or pigmentation, we could 
write each component as the sum of some base function and added to that extra terms 
depending on age and (lack of) pigmentation. Since multiple scattering can be assumed to 
be unimportant, the contributions from these different sources combine additively. So, we 
can write:  

s=scornea+slens+swall + sfundus = sbase+a(age)sage+p(pigm.)spigm..  
In an earlier study this model was fitted to a database of 129 subjects, measured at four 
different angles for white light.19 In the literature, age dependence of straylight has been 
described by a power law: s~(1+(age/doubling age)4).1 For the doubling age values be-
tween 60 and 70 years were found. In the earlier study we adhered to this power law by 
writing: a(age)=(age/70)4. The (limited) age sampling in the present study showed some-
what stronger age dependence. So, we set the doubling age at 60 in the present study. 
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Figure 1 Retinal straylight spectra for eight subjects at 10° scattering angle. Code: bl58 = blue-eyed Caucasian 
of 58 years of age, g = green eyed Caucasian, pbr = dark-brown-eyed pigmented individual (negroid). Subject 
bl39 was a protanope with insufficient red-sensitivity to reliably measure straylight at 625 nm. The dashed line 
corresponds to the λ-4 Rayleigh type scatter, typical for small particles. 

Figure 2 Retinal straylight spectra for four subjects at 3.5º scattering angle. See further the legends of Figure 1. 
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Figure 4 The three components of retinal light scattering, according to the model that retinal straylight equals 
the sum of a base component plus weighted amounts of an age-dependent addition and a pigmentation-
dependent addition. The base corresponds to the function for a young and well pigmented eye (young negroid). 
This follows closely the λ-4 Rayleigh type scattering. 

Figure 3 Group averages of retinal straylight spectra for a total of 32 subjects at 10º scattering angle. Code: >40 
= subject ages above 40 years, gr&lbr = green and light-brown-eyed Caucasians, br = brown-eyed Caucasians. 
See further the legends of Figure 1. 
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In the earlier study, the pigmentation factor was set to 0 for the pigmented subpopulation 
and to 1 for the mean Caucasian population. Otherwise it was a free parameter in the 
model fit of the earlier study, resulting in: p(bl)=1.21, p(bg)=1.02, p(mc)=1.00, 
p(br)=0.50, p(pbr)=0.00, with bl=blue-eyed Caucasian, bg=blue-green-eyed Caucasian, 
mc=mean over all Caucasians, br= brown-eyed Caucasian, pbr= pigmented individual 
with dark brown eyes. This was kept the same in the present study. 

The result of the model fit is shown in Figure 4 together with a dashed curve repre-
senting the Rayleigh law. It is remarkable to see that the base curve more or less follows 
the Rayleigh law, at least for smaller wavelengths. The curve for pigmentation addition 
shows the opposite behavior, rising strongly at longer wavelengths. The curve for age 
addition is relatively flat. In Figure 5, model predictions using the group average ages and 
pigmentation factors are compared to the data of Figure 3. The SD for the residual errors 
in Figure 5 is 0.036 log units. For individual model predictions on all 32 subjects, the 
residual errors had an SD of 0.119 log units.  
 

Discussion 
The enigma of (the lack of) wavelength dependence of entoptic straylight seems to be 
resolved by the presented results. Retinal straylight in the human eye can be modeled as 
the sum of three components with different spectral characters: sbase, sage and spigm.. These 
three model components originate physically each in their own way from four structures 
in the eye: cornea, lens, translucency and fundus reflectance. Each individual subject 
starts with a base (sbase) of retinal straylight that is strongly wavelength dependent accord-
ing to the Rayleigh pattern. If the eye is less than perfectly pigmented extra straylight is 
added according to spigm. at the long wavelength side. On top of that, straylight is added 

Figure 5 Model predictions using the group average ages and pigmentation factors, compared to the data of 
Figure 3. 
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for all wavelengths when the eye ages, according to sage. The combined result is that, de-
pending on individual characteristics, retinal straylight can either show a relatively flat or 
steep wavelength dependence. The studies in the past that did not find wavelength de-
pendence may have been performed with subjects of Caucasian descent, in which case the 
Rayleigh dependence is counteracted by the pigment dependent straylight component. 

Let us consider each of these functions in more detail. First sbase, with its power -4 
decline, followed by uplift at the extreme long wavelength side (Figure 4). Note that sbase 
represents directly the straylight parameter for subjects with age=0 and p(pigm.)=0, i.e. 
for young non-Caucasians. Added to this are individual-dependent amounts of sage and 
spigm.. Since translucency is negligible in non-Caucasian subjects,15 we can write: sbase = 
scornea + slens,base + sfundus,base. We might speculate that the term sfundus,base is non-zero, be-
cause of the long wavelength rising end of sbase. If in the base function sbase also some 
contribution from fundus reflectance is present, this contribution may be considered to 
depend spectrally on pigmentation, rising with wavelength similar to the function spigm. 
(Figure 4). In other words, also the dark brown eye of a pigmented individual may have 
some pigmentation dependent straylight, originating from fundus reflectance. Because this 
fundus contribution is so weak in these eyes, it only shows up at extreme long wave-
lengths, where Rayleigh scattering no longer dominates. 

In sbase the term scornea is not written ‘scornea,base’ to indicate that all of the corneal light 
scattering for each individual is contained in this function. That is because corneal light 
scattering is considered to be identical for all healthy individuals, also at different ages, 
which is in accordance with the literature.10 This also fits with the wavelength depend-
ence, found to have the Rayleigh character in humans,10 and a somewhat weaker spectral 
dependence in rabbits.9 Of course the cornea has no pigmentation dependence. Finally, the 
term slens,base denotes that the young lens may be considered to contribute to this function, 
also in a wavelength dependent manner. In literature, donor lenses were found to scatter 
by two processes: one of the Rayleigh type and one of the less spectrally dependent 
Rayleigh-Gans-Debye type. With aging the balance shifts from the first to the second 
type.14 

The pigmentation dependent function may be considered to depend on two compo-
nents only: spigm.=swall,pigm.+sfundus,pigm.. The steep rise towards long wavelengths can be 
understood because of the color of the pigments in the eye wall and fundus, especially the 
blood. But also melanin absorbs strongest at shorter wavelength, and the visual pigments 
may play a role as well. 

Finally, for the age dependent function the following decomposition may be pro-
posed: sage=slens,age(+swall,age+sfundus,age). It speaks for itself that the lens plays an important 
role here. However, if only the lens was important, we would have expected the addition 
with age to be a monotonically declining function with wavelength, based on the light 
scattering characteristics of donor lenses.14 For short wavelengths, this is the case (Figure 
4), but not for long wavelengths. This might partly be attributed to the known effect of 
pigment loss with age.20,21 However, this effect may be modified by the well known in-
crease with age of lipofuscin pigments in fundo 22 as well as in the iris.23 A comparable 
effect was seen in the study on angular dependence of straylight.18 It was estimated in this 
earlier study that the aging effect of pigmentation loss added the following: 
swall,age(θ)+sfundus,age(θ)=0.4spigm.(θ). The present data point in the same direction. 
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Abstract 
Purpose.  Glare problems originating from bright lights are generally experienced more 
strongly at night. The typical disability glare is known to result from retinal straylight. In 
this study, we investigated the effects of pupil diameter and, especially in the case of 
small pupils, of eye wall translucency on the amount of retinal straylight.  
Methods.  Straylight was measured as a function of pupil diameter ranging from 1.3 to 
more than 8 mm in 5 normal subjects using a white-light, CRT-based system for scatter-
ing angles of 3.5, 7 and 14 degrees. To study red-free light, a yellow-LED based system 
was used with the same 5 subjects for scattering angles of 3.5, 10 and 28 degrees. Data 
were analysed to assess effects of (1) inhomogeneity of light scattering over the pupil 
plane (2) translucency of the eye wall and (3) effects of the periphery of the lens. To esti-
mate the order of magnitude of pupil contraction in the typical glare situation, pupil re-
flexes resulting from the sudden appearance of headlight-equivalent bright lights were 
recorded for 3 subjects in a laboratory environment. 
Results.  For natural pupils (between 2 and 7 mm diameter), straylight weakly depends 
on pupil diameter (within 0.2 log units). For large scatter angles and small pupil diame-
ters, eye wall translucency contributes significantly to straylight in a wavelength- and 
pigmentation- dependent manner.  Pupil diameters decreased to photopic values under 
typical night-driving glare conditions. 
Conclusions. In normal eyes, straylight values measured with photopic pupils are by 
approximation also valid for mesopic and scotopic pupils, such as in night driving. Meas-
urement of straylight under large angle and small pupil conditions can be used to quantita-
tively assess eye wall translucency. 
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Introduction 
As a general rule, glare problems originating from bright lights, such as the headlights of 
cars, are experienced more strongly at night. The obvious reason may be that at night the 
eye needs to be adapted to the general darkness, and the state of dark adaptation may be 
obviated by the glaring lights. One might argue that in darkness pupil dilation may allow 
more glaring light to have an effect on the retina.  This argument, however, is misleading 
because larger pupils also allow more light of the dark scenery to reach the retina, thus 
counteracting, the effect of the glaring light. In fact, one might expect both effects to bal-
ance out precisely, because quantitatively the increase in glare light would equal the in-
crease in direct light. Moreover, the glare light may cause the pupil to shrink to smaller 
values, so that pupil size would be less of an issue. For the present discussion, pupil size 
effects on wavefront aberrations are disregarded. 

For a discussion of these questions, it is important to realize that glare originates 
from the phenomenon of light scattering in the eye’s optical media. The scattered light 
results in a veil of straylight over the retina, which in turn reduces the contrast of the reti-
nal image.1-3 This not only leads to glare while driving at night, but also to other com-
plaints such as haziness of vision. Different structures in the eye have been identified as 
sources of retinal straylight. Along the normal optical path, the cornea, crystalline lens, 
and vitreous may scatter light. Moreover, light reflected more or less diffusely from the 
fundus also contributes to retinal straylight. Of special significance for the present study is 
that the eye wall is not completely opaque, but transmits part of the light falling on it.4 
This effect of partial translucency may be more important in case of small pupil sizes. 
Straylight and its associated complaints have been documented to increase strongly with 
age1,3,5 as well as with other ocular conditions such as cataract, corneal dystrophies, re-
fractive surgery, and corneal edema.2,6-10 The present study concerns only the normal eye.  

In the present study, straylight was measured as a function of pupil diameter and 
straylight angle in brown- and blue-eyed subjects, using a CRT-based system11 (van den 
Berg TJTP, et al. IOVS 2005;46:ARVO E-Abstract 4315). Straylight was also measured 
for the same subjects using a LED-based system,12 since the translucency effect (for small 
pupil sizes) may depend on the color of the light.4,13 White light is used in the CRT-based 
system, whereas yellow LEDs are used in the LED-based system. The data were analysed 
to assess the effects of (1) inhomogeneity of light scattering over the pupil plane (2) trans-
lucency of the eye wall and (3) effects of the periphery of the lens.  

In a discussion of pupil effects on night time blinding, the pupillary reflex can not be 
omitted. It can safely be assumed that the pupil reacts with contraction each time the eye 
is blinded by bright lights. This may counteract potential effects of the large mesopic 
pupil. An extra experiment was added to the present study to estimate the order of magni-
tude of pupil contraction in the typical blinding situation. In the laboratory, pupil reflexes 
in reaction to the sudden appearance of headlight-equivalent bright lights were recorded 
for 3 of the subjects. 
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Straylight theory and model 
Straylight can be quantitatively described in terms of the point-spread-function (PSF). The 
PSF gives the angular distribution on the retina of light originating from a point source, 
normalized to unity. In fact, straylight is defined as the outer skirt of the PSF. In this defi-
nition, the PSF is considered in a functional way, as the visually effective shape of the 
light distribution.1,5,14 The outer skirt, say from 1 to 90 degrees, normally comprises ap-
proximately 10% of the total amount of light.5 At approximately 10 degrees, the PSF 
drops off in proportion to the inverse square of the angle (Stiles-Holladay approxima-
tion).14 On the other hand, the central peak of the PSF represents the direct imaging of the 
scene on the retina.  

Assuming that straylight in the normal eye originates from light scattering in the 
lens and cornea only, and that this light scattering is uniform over the pupillary surface, 
the PSF would be independent of pupil size.  Consequently, pupil size would affect the 
overall light intensity, but not the quality of the retinal image. As mentioned earlier, wave-
front aberrations are disregarded in the present discussion, since they dominate only the 
central peak to approximately 20 minutes of arc. That is, for uniform light scattering over 
the pupil plane little effect of pupil size would be expected, because both direct (useful) 
light from the scenery and the scattered (disturbing) light veil from a headlamp would 
increase in direct proportion to each other with increasing pupil size.  In other words, the 
ratio between the useful and disturbing light, and thus the contrasts in the scenery, would 
remain constant, even when the Stiles-Crawford effect15 is taken into account.  

However, there are several reasons to doubt the constancy of straylight with pupil 
size. First, light scattering may not be homogeneous over the pupil plane, also for normal 
eyes. Secondly, retinal straylight does not originate solely from the optical media. The eye 
wall is partly translucent, adding a more or less isotropic (independent of angle) veil of 
light on the retina.4 This normal translucency is weak compared to pathologic translu-
cency,13 but still significant in a functional sense, especially in blue eyes.4 On the other 
hand, pathologic translucency is often rather localized and not uniform over the whole eye 
wall, thus limiting its visual effectiveness. The absolute value of this normal translucency 
straylight component can be assumed to be more or less independent of pupil size, as 
opposed to the fraction of light entering through the pupil itself. So, this component will 
become increasingly more important with smaller pupils. Since straylight, as part of the 
whole PSF, is defined in a relative way (the total PSF is normalized to unity), this means 
that straylight increases as result of translucency. Because of the large difference in angu-
lar dependence between the translucency component (independent of angle) and the re-
mainder of the PSF (approximately dependent on angle-2), this component will dominate 
the PSF for larger angles, starting at an angle dependent on the individual and on the pupil 
size. This angle is referred to as crossing point in this article. As a consequence, a large-
angle, small-pupil straylight measurement could in fact be used to estimate the translu-
cency value for an individual. 

A third phenomenon that may play a role as an extra source of straylight is the zonu-
lar area of the eye lens. For very large pupils, the extreme periphery of the eye lens comes 
into play.  Previous work in the laboratory demonstrated that, for pupil diameters 8 mm 
and above, the zonular area scatters light much more strongly than more central parts of 
the lens (unpublished data). 
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Model for pupil dependence of straylight 
The straylight value is defined5 as the “straylight parameter” s (unit deg2/sr). Simply 
stated, the straylight parameter reflects how much of the light entering the eye is not fo-
cused by the optical media to form a retinal image, but is instead scattered by disturbances 
in the internal optical elements, causing a veil of light over the retina and leading to a 
reduction of retinal image contrast. The relation between the straylight parameter and the 
PSF is given by s(θ)=θ2·PSF(θ), with θ the visual angle in degrees. Because of the ap-
proximate Stiles-Holladay law (described earlier), the straylight parameter only weakly 
depends on θ. Note that because of this definition of the straylight parameter, the total 
amount of light entering the eye cancels out since the PSF is normalized to unity. So, 
pupil size per se does not influence the straylight effects, as discussed earlier in this sec-
tion. Throughout this paper the base 10 (Briggs’) logarithm log(s) will be given. 

In a previous study of ocular wall translucency, the relationship between the stray-
light parameter s and the so-called “diffuse filter value” dfv of a certain piece of ocular 
wall was derived.4 The dfv is defined as the total fraction of light transmitted through the 
layer under consideration. In other words, the dfv is the ratio between the total amount of 
light transmitted by a layer and the total amount of light falling on that layer. Since the 
eye wall is a very turbid layer in the optical sense, the light exiting at the interior of the 
eye can be assumed to be fully diffuse. In that case it was derived that 

            ,2
t

areawall
areapupilsdfv ⋅

⋅
=

θ
π    (1) 

with st the contribution to the straylight parameter of the piece of eye wall concerned.4 
E.g., for a light blue-eyed individual, the dfv of the iris for red light was found to be 0.01. 
Note that for both the eye-white and the iris, the pigmented layers on the interior side are 
the dominant factors for the amount of transmitted light. In that study, ocular wall area 
was approximated by the area of an annulus around the iris. Since the exact value of the 
wall area is not well defined, an alternative way to express the amount of transmitted light 
is used here. This is done by calculating the size of a hole in an otherwise opaque eye wall 
that would transmit the same amount of light. The size of this equivalent hole would cor-
respond to dfv · (wall area), or to derive it more directly from the translucency part st of 
the straylight parameter s itself: 

.2
t areapupilsareaholeequivalent ⋅

⋅
=

θ
π   (2) 

From the data given in Figure 3 of the earlier article,4 the size of this hole can be derived 
for the respective cases. For the iris and eye-white of the light blue-eyed individual, hole 
areas of respectively 0.19 and 0.51 mm2 follow. For the blue-eyed individual the respec-
tive values are 0.12 and 0.24 mm2. In the same study, the straylight contribution for the 
combination of iris and eye-white was also determined. From the results given in the same 
Figure 3, the equivalent hole sizes for the combination are 0.70 and 0.35 mm2 for the light 
blue and blue eye, respectively, virtually identical to the mathematical sum of the equiva-
lent hole values for iris and eye-white separately. Note that the size of the equivalent hole 
is a property of the eye wall, and is therefore independent of the pupil area. 
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In the present study, the different parts of the eye wall are not differentiated. We were 
interested only in the total amount of light penetrating the eye through the eye wall. This 
value does not change much with pupil size. The examples above show that the eye-white 
dominates over the iris in this respect. Moreover, because the equivalent holes are much 
smaller than normal pupil sizes, they gain importance only for very small pupils.  

In mathematical terms, the pupil size-dependence of straylight can be formulated as 
follows. In the mid-region of pupil sizes, where neither translucency nor lens periphery 
play a role, a simple assumption could be that log(s) is linearly related to pupil diameter p. 
In mathematical terms: 

,)log( nt bpas +⋅=     (3) 
with snt the part of s that does not originate from translucency. In practice, this assumption 
proved to work well (see the Results section). The parameters a and b should be fitted for 
each angle and subject. In fact, the slope parameter a was found not to vary significantly 
between different angles. This would correspond to a rule of constancy of the light scatter-
ing material characteristics over the pupillary plane. Only the amount of light scattering 
material would need to change (for a not equal zero). 

If we reverse the formula (equation 2) that derives the equivalent hole as a function 
of st (the part of s that originates from translucency) we obtain: st=(equivalent hole 
area)/(pupil area)·θ2/π. If this component is added to the mathematical model for pupil 
size dependence of the straylight parameter (equation 3) we obtain (Figure 1): 

   .10
2

tnt π
θ
⋅+=+= +⋅

areapupil
areaholeequivalentsss bpa   (4) 

This function was fitted to the straylight parameter data of the present paper as a function 
of pupil diameter p, using a least squares criterion on a logarithmic basis (i.e. the log of 
this equation was fitted). For each subject all angles were simultaneously fitted, resulting 
in one estimate per subject for the slope parameter a and the equivalent hole area. Parame-
ter b was estimated for each angle separately. The angles available with the CRT-based 
set-up were 3.5, 7 and 14 degrees, and with the LED instrument 3.5, 10 and 28 degrees. 
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Figure 1 Model for pupil size dependence of straylight. The model consists of two parts: a part that ac-
counts for the scatter by cornea, lens and fundus (dotted curve snt) and a part that accounts for the translu-
cency of the eye wall (dotted curve st). The total model (solid curve s) consists of the sum of both parts 
(equation 4, left graph). In practice, the logarithm of the straylight parameter log(s) is used. Therefore, the 
results in this article are presented on a log(s) scale, as in the right graph. 
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When the parameters in the model are known, the angle at which the translucency part 
starts to dominate over the linear part can be calculated. This value was denoted as the 
crossing point and calculated for small, intermediate, and large pupil diameters (2.5, 5 and 
7.5 mm respectively). Note that translucency results in a uniform veil of light over the 
retina. In case the light source is a point, the total light distribution (point-spread-function) 
at the retina consists of the typical central peak, sloping off to the periphery according to 
the approximate Stiles-Holladay 1/θ2 law, summed with the uniform translucency back-
ground. The “crossing point” corresponds to where the sloping portion reaches the same 
value as the uniform background originating from translucency. 

 

Methods and subjects 
In short, both the CRT and LED straylight assessment systems involve the presentation of 
a flickering ring to the subject. Because of light scattering in the eye, part of the flickering 
light from this ring also reaches the center of the retinal projection of this ring. Therefore, 
the subject perceives a (faint) flicker in the center of the ring. With counterphase modulat-
ing light added to the center, this straylight flicker can be silenced. The amount of coun-
terphase modulating light needed for silencing directly corresponds to the strength of 
retinal straylight in this particular individual. This approach was originally implemented 
in the “direct compensation” (DC) method. In this method the subject adjusts a knob until 
the flicker is silenced. A non-commercial LED-based desktop instrument, employing this 
method,12 was used in the present study. Because the DC method proved to be difficult for 
many subjects naïve to this measurement, the method was changed into a two-alternative 
forced choice approach, called “compensation comparison” (CC)11 (van den Berg TJTP, 
et al. IOVS 2005;46:ARVO E-Abstract 4315). A CRT-based computer implementation of 
this method was used in the present study. Recently, a market instrument using white 
LEDs was manufactured (C-Quant by Oculus GmbH, Wetzlar, Germany).  

Five subjects (ages 29, 31, 37, 37 and 59 years) participated in the study. They were 
all coworkers, including the authors. All subjects were without ocular defects. Testing 
was performed monocularly on the subject’s preferred eye. Refraction ranged from -5 to 
emmetropic. Refractive correction was performed with trial glasses. It must be noted that 
straylight measurement does not require refractive correction to be precise. Corrections 
were chosen for comfortable viewing, resulting in a +2 near addition for the older subjects 
in case of straylight measurements using the CRT-based system, since these tests were 
performed at a distance of 32 cm from the stimulus screen. Near correction was not 
needed in the LED-based system,12 because in that case the stimulus is effectively viewed 
at about 1 meter. The measured straylight values were in the normal range for the respec-
tive ages.5 Miosis was obtained with pilocarpine 2.0% and thymoxamine 0.5%. Dilation 
was obtained with phenylephrine 5% and tropicamide 0.5%. A CCD camera was used to 
record pupil diameter. The study adhered to the guidelines of the Declaration of Helsinki 
for research in human subjects.  

For the pupil reflex experiments, 3 subjects were exposed in the laboratory to 1 sec-
ond flashes of bright light simulating a typical car low-beam headlight glare situation. 
Pupil reflexes were recorded with an infrared camera, allowing pupil diameters to be 
extracted from the camera images using image analysis software. During the whole ex-
periment, the subject was looking at a test field of 1 cd/m2, typical for a roadway at night 
illuminated by roadway lighting or own low-beam car headlights.16,17 The glare light was 
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placed at a 3 degree visual angle, and produced an illuminance of 1.1 lumen/m2 at the 
location of the eye, which is typical when facing low-beam headlights on a two-lane road 
at night.16-18 Since higher values are sometimes encountered for low beams, an illumi-
nance of 4.4 lumen/m2 was also used. 
 

Results 
Figure 2 gives the log(s) values for the CRT-based setup for all 5 subjects as a function of 
pupil diameter. Results are given for 3.5 degrees (open circles), 7 degrees (crosses) and 14 
degrees (closed dots). It is clear that straylight weakly changes with pupil size. For most 
subjects/angles, straylight varies a few tenths of log units. Note that this is much less than 
the variation that would result if the straylight parameter were proportional to pupil area 
(see the discussion in the introduction). In that case, an increase over a factor of 16 or 1.2 
log units would result if pupil size increases from 2 to 8 mm. Upon close inspection, some 
systematic variations can be seen. Note the difference in behaviour between the 3.5˚ and 
14˚ data. The 3.5˚ data all show a rectilinear course all the way down to the smallest pupil 
sizes. The 14˚ data often show a strong uplift at small pupil sizes. When the earlier intro-
duced 2-component model is fitted (continuous and dashed lines) these systematic varia-
tions become more clear. Both components of the model are plotted separately as dotted 
lines. The straight dotted lines give the linear part of the model (snt). The dotted lines 
curving upward at small pupils give the translucency part of the model (st). Numerical 
results of the fit in Table 1 show a linear increase with pupil size in all cases (4th column). 
On average, the increase was 0.025 log units per mm of pupil diameter increase. 

Note that the rectilinear portion of the experimental data suggests no change in an-
gular dependence of the straylight values with pupil size. This would translate into an 
identical slope parameter a for all angles. An originally adopted fit of independent a pa-
rameters for each angle/subject combination did not result in significantly different a 
values between angles. Therefore, a single slope parameter was fitted for each subject. 

For small pupils, the effect of translucency sets in, reversing the drop towards 
smaller pupil sizes, especially for the largest angle of 14 degrees (closed dots). The 8th 
column of Table 1 gives the corresponding values. The translucency values for the 4 more 
lightly pigmented subjects average around 0.30 mm2. The brown-eyed, pigmented-skin 
individual had 0.00 mm2, in correspondence with the earlier direct measurements.4  

The 9th to 11th columns in Table 1 give the crossing values, which are the angles at 
which the straylight originating from eye wall translucency equals the non-translucency 
straylight part, calculated for pupil diameters of 2.5, 5 and 7.5 mm. It is clear that the 
values for subject AS are not physically realistic. This emphasizes that translucency is 
negligible in all angular domains for this subject. 

The straylight measurements with the LED instrument (Figure 3) gave systemati-
cally lower translucency values (12th column of Table 1). This can be understood since the 
eye wall only transmits the long wavelength part of the visual spectrum (see Discussion 
section). Again, the lightly pigmented subjects show much higher values as compared to 
the brown-eyed individual. 

The third anticipated effect, an increase in straylight due to the lens periphery for 
large pupil diameters, is not very prominent (Figure 2). In the two youngest subjects, ML 
and LF, the data above 7.8 mm did not deviate from the linear trend estimated on the basis 
of the data up till 7.8 mm. Only the two oldest subjects, JC and TB, showed clearly higher  
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Figure 2 Straylight values as a function of pupil diameter for the five subjects, measured with the white-
light CRT-based system at 3.5, 7, and 14 degrees scattering angles. Measurements were done with natural 
pupils as well as with artificially dilated and artificially constricted pupils. The thicker continuous and 
dashed lines represent the model fits for the respective scatter angles. The thinner straight dashed lines 
give the linear, non-translucent part of the model. The thinner dashed lines curving upward at small pupil 
diameters give the translucency part of the model. Measurements at pupil diameters above 7.8 mm were 
excluded from the model fit. Numerical results of the fit are given in Table 1. 
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Figure 3 Straylight values as a function of pupil diameter for the five subjects, measured with the yellow-
LED based system at 3.5, 10, and 28 degrees scattering angles. Measurements were done with both natural 
and artificially constricted pupils. The curves have the same meaning as in Figure 2. Translucency values 
resulting from these measurements are given in the last column of Table 1. 
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values above 7.8 mm pupil diameter. The remaining subject AS showed an indecisive 
increase above 7.8 mm. 

Figure 4 shows the deviations of the experimental data from the model fit for the 
white-light measurements (Figure 2). This figure can be used to assess the goodness of fit 
of the proposed model. The figure shows that the experimental data do not systematically 
deviate from the model until the pupil diameter exceeds 8 mm. This shows that the model 
is supported by the data, at least in a mathematical sense. Above 8 mm (outside the range 
of the fit) some deviation can be seen. Some extra increase in straylight occurs here for 
the older eyes. For these large pupil diameters, the lens periphery effect starts to play a 
role, which was not accounted for by the model.  

Figure 4 also shows the random errors. For small pupil diameters, the spread of data 
points around the model values seems larger compared to intermediate pupil diameters 
(see Discussion section). 

Figure 5 shows the results of the pupil reflex experiments for the 1.1 lumen/m2 glare 
illuminance. For two subjects, the pupil diameter decreased from approximately 7 mm 
(adapted to 1 cd/m2 roadway luminance) to a minimum of 4-5 mm during the 1 second 
glare flashes. For the third subject, the pupil diameter decreased from a little more than 5 
mm to about 3.5 mm. The figure shows that the glare effect invokes significant pupillary 
contraction, and that the contraction makes the pupil size approach daylight situations. For 
the 4.4 lumen/m2 glare illuminance, pupil contraction was found to be more severe. One 
subject changed from 7 mm to 3.5 mm, another subject changed from a little more than 5 
to about 2.5 mm. 

subject parameter values white light (CRT) Yellow LEDs 
 age iris color slope a constant b translucency Crossing (degrees) Translucency 

 years  1/mm 
3.5 

deg.
7  

deg.
14 

deg.
equivalent  

mm2 
2.5  
mm 

5  
mm 

7.5  
mm 

Equivalent  
mm2 

ML 29 light blue 3 0.022 1.08 0.94 0.80 0.40 19 41 66 0.07 
TB 59 blue 5 0.020 1.06 0.99 1.08 0.23    29 61 97 0.11 
LF 31 blue-green 8 0.029 0.90 0.79 0.73 0.16 27 59 96 0.04 
JC 37 blue-green 11 0.009 1.17 1.04 0.94 0.42 21 43 66 0.10 
AS 37 pigm. brown 23 0.047 0.85 0.72 0.63 0.00 152 348 598 0.02 

Table 1 Model parameters for the straylight measurements at different pupil diameters for the five subjects. 
The numbers in the 3rd column (iris color) represent an iris color ranking value (explained in a forthcoming 
paper (in preparation)). The parameters a (4th column) and b (5th to 7th column) account for the straylight 
part not originating from eye wall translucency. The translucency parameter (8th column for the white-light 
CRT-based setup, 12th column for the yellow-LED based setup), expressed in equivalent hole area, accounts 
for the straylight part originating from eye wall translucency. The crossing parameter (9th to 11th column) 
gives the scatter angle above which the translucency straylight part dominates over the non-translucency 
part, for three different pupil diameters (2.5, 5 and 7.5 mm). 



Chapter 9 

 142 

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0 2 4 6 8 10

pupil diameter (mm)

m
ea

su
re

d 
lo

g(
s)

 - 
m

od
el

 lo
g(

s)

3.5°
7°
14°

Figure 4 Plot of residuals for the white-light measurements (Figure 2, CRT-based system). Deviations of 
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Discussion 
In the present study, the dependence of straylight on pupil diameter for normal eyes was 
assessed. Figure 2 and Figure 3 show that the straylight parameter log(s) does not change 
much for pupil diameters between 2 and 8 mm. However, for larger angles and for pupil 
diameters smaller than 2 mm, straylight may increase considerably. This was explained as 
the result of (non-pathologic) translucency of the eye wall contributing significantly to the 
total amount of straylight. This effect varied considerably among the subjects. The figures 
show that this effect is virtually zero if the eye is more strongly pigmented. This variation 
is in agreement with earlier work,4 where eye wall translucency was shown to vary by 
orders of magnitude between normal-eyed subjects, being very low in well-pigmented 
eyes. 

Note that the b values in Table 1 (5th to 7th column), which can be regarded as the 
straylight part not originating from eye wall translucency, are lower for the subjects with 
lower translucency values (LF and AS, 8th column). Speculatively, this can be understood 
as follows. Earlier studies1,4 concluded that light scattered back from the fundus also gives 
some contribution to retinal straylight. Since fundus reflectance is highly pigmentation 
dependent, the eyes of those two subjects probably contain a relatively high amount of 
pigment, causing both translucency and fundus reflectance to be low, giving rise to rela-
tively low b values.  

Eye wall translucency values for yellow light were found to be much lower than 
those for white light (Table 1, 8th and 12th column). To account for these differences, the 
wavelength-dependent light absorption characteristics of the eye wall should be consid-
ered. The eye wall contains hemoglobin, which acts as a high pass filter (in terms of 
wavelength) with a cutoff wavelength of approximately 620 nm. This means that wave-
lengths below 620 nm are much more strongly absorbed than wavelengths above 620 nm. 
The yellow LEDs used in the LED-based instrument have a peak wavelength at 570 nm 
and a full width at half maximum of 30 nm.12 So, most of the light emitted by these LEDs 
is absorbed by the layers in the eye wall. The white light of the CRT-based setup is pro-
duced by three types of phosphors, one of which emits most of the light at narrow peaks 
around 625 and 710 nm.19 This light is much less absorbed by the eye wall layers, and 
probably dominates in the total amount of light transmitted through the eye wall. This 
may cause the eye wall translucency to be much higher in the CRT-based setup compared 
to the yellow-LED setup. 

When the translucency data for white light from the earlier work4 are expressed in 
equivalent hole areas (0.70 and 0.35 mm2 for the light blue and blue eye respectively), as 
explained in the Straylight Theory and Model section, they appear to be in the same order 
of magnitude as the values found in the present study (0.16-0.42 mm2, Table 1, 8th col-
umn, for light blue to blue-green eyes). A precise comparison may not be valid, since the 
spectral characteristics of the white light were not the same in both experiments (CRT 
versus halogen with specified color temperatures of 2900-3150 K). The white light in the 
earlier experiments may have had a stronger red component, causing the translucency 
values to be higher. One particular subject participated in both the earlier and the present 
experiments. His translucency value was lower in the current experiment (0.23 versus 
0.35 mm2 equivalent hole area), also pointing in this direction. 
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Differences between subjects in the data presented in Figure 2, Figure 3, and Table 1 can 
be interpreted as variations in the characteristics of the light scattering elements in the 
crystalline lens. As explained in the Straylight Theory and Model section, the linear part 
of the model represents the normal scattering behavior of the eye lens material. Variation 
in the offset parameter b in this model is particularly clear for the oldest subject (TB): his 
14˚ curve is relatively high compared to the curves for the other 2 angles. Note however 
that these differences are not large. They are of the order of 0.06 log units (factor 1.1), 
whereas the 1st order effect (1/θ2 or Stiles-Holladay law) is of the order of 0.6 log units 
(factor 4). Detailed knowledge about the physical properties of the lens material would be 
needed to explain these types of differences. Because the 14˚ curve is the lowest for most 
subjects, and translucency is relatively more important for this angle, this curve will cross 
the curves for the other angles with the exception of subject TB, whose 14˚ curve is al-
ready high. Additionally, the slope parameter a shows some variation between the sub-
jects. A positive value indicates that the relevant eye scattering processes (particles) are 
more abundant in the periphery as compared to the center of the eye lens. This concept 
holds for all subjects. These local differences, however, are less important for some sub-
jects, especially JC, who has the lowest slope parameter, as opposed to AS, who has the 
highest slope parameter. Note, however, that the absolute values of the slope are not high. 
For the subject with the highest slope, AS, the variation in straylight value from 2 to 8 
mm pupil diameter is less than a factor of 2. Again, more detailed study of the eye lenses 
would be needed to understand the local differences within the lens. 

It is clear from Figure 2 and Figure 3 that the largest straylight increases are to be 
expected for extremely small pupil diameters. In fact, these pupil diameters are so small 
that they can not be produced by the human eye, not even with the help of miotic drops. 
One might think that artificial pupils could help to acquire data in this pupil range. How-
ever, since these artificial pupils would cover not only part of the pupil but also the com-
plete eye wall, they can not be used for these types of experiments. 

As mentioned in the Results section, the residual plot of Figure 4 shows that for 
small pupil diameters the spread of data points around the model values seems larger 
compared to intermediate pupil diameters. This might be due to the fact that for small 
pupils the total amount of light entering the eye is smaller, which makes the flicker com-
parison task more difficult for the subject. Note that the flicker comparison task is per-
formed at relatively low luminance levels. These levels are in the order of the straylight 
light level. The formula given earlier5 can be used to calculate that if log(s)=1.0, the 
equivalent luminance of the straylight light level is 1.3% of the luminance in the ring. 
With this luminance equal to about 96 cd/m2, the (equivalent) luminance of the test field 
is about 1.25 cd/m2. For natural pupils this is at mesopic levels. For miotic pupils this 
corresponds to much lower luminances, say 0.1 cd/m2 or even lower for a 1.3 mm diame-
ter pupil. At such low luminances flicker sensitivity drops strongly, which might explain 
the increased uncertainty in this area. 

The pupil reflex experiments show that the appearance of bright lights simulating 
headlights under typical night-time lighting conditions causes natural pupils to contract to 
daytime values. This supports the general conclusion of this study that pupil diameter is 
not an important factor when considering the amount of straylight hindrance at night. A 
more important aspect of this pupil contraction might be that aberrations that are most 
troublesome for wide open pupils, such as spherical aberration, will be a much less seri-
ous problem for the headlight condition because they tend to be blocked as the pupil 
closes. This means that certain types of aberrations are only of concern when the ability to 



Pupil size and retinal straylight 

 145

perceive low contrast objects during night time driving is reduced due to the fact that the 
pupil remains fully open. When a car approaches, its headlights cause the pupil to con-
tract, reducing the amount of aberrations. In this way, the problem of aberration is as it 
were replaced by a problem of disability glare. 

Two general conclusions can be drawn from the present study. Firstly, measurement 
of straylight under large angle and small pupil conditions clearly shows the effects of eye 
wall translucency. Secondly, for natural pupils, say between 2 and 7 mm diameter, stray-
light can be regarded as rather weakly dependent on pupil diameter (within 0.2 log units). 
In a practical sense, this means that straylight values, measured under photopic condi-
tions, such as in the Oculus C-Quant straylight meter, are also valid under mesopic and 
scotopic circumstances, such as in night driving. If very precise values are needed though, 
pupil diameter must be taken into account. 
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Abstract 
Purpose. To compare straylight values before and one month after LASIK and PRK. 
Setting. Private clinic, Delft, The Netherlands 
Methods. In a prospective nonrandomized study, straylight values of 21 patients (42 
eyes) were measured using the van den Berg Straylight Meter (third generation) during 
intake sessions in a refractive surgery clinic. Of those 21 patients, 12 patients were 
scheduled for either LASIK (6 patients, 12 eyes) or PRK (6 patients, 12 eyes). At the one-
month follow-up visit, straylight values were measured again in the same manner and 
compared with the pre-operative straylight values.  
Results. There was no statistically significant increase (p>0.05) in straylight values 
overall one month after LASIK or PRK compared with the pre-operative values. 
Individual increased straylight values, however, did occur and correlated well with 
decreased quality of vision and eye exam. 
Conclusion. Straylight values one month after LASIK or PRK are not increased on 
average, but individual increased straylight values do occur.  
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Introduction 
Patient satisfaction after laser refractive surgery is not always guaranteed when visual 
acuity is 20/20. In particular, visual imperfections that become apparent or get worse at 
night can compromise visual function despite excellent visual acuity. Therefore, the term 
“quality of vision” might be more appropriate to use as an outcome measure after 
refractive surgery. Quality of vision includes the degree of so-called night vision 
disturbances, which occur relatively frequently and with a highly variable incidence.1 this 
incidence variability might be explained by the many definitions used for night vision 
disturbances and the vast amount of modifiers involved.2 A reproducible clinical test, that 
can objectively measure subjective quality of vision disturbances, is therefore needed.3 
One such test is the van den Berg straylight meter. The straylight meter measures forward 
light scatter and provides direct information about optical imperfections as the cause of 
disability glare.4 Disability glare is one of the factors involved in quality of vision. It 
refers to a reduction of visual performance due to a glare source, caused by retinal 
contrast loss secondary to intraocular straylight. This occurs for instance when a person 
cannot see the car in front of him at night, when he is confronted with the headlights of 
oncoming traffic. We were interested to find out whether laser refractive surgery induces 
an increase in intraocular straylight. Previous studies have both shown an increase5 and no 
increase6 of straylight values one month after PRK. Theoretically, corneal wound healing 
(PRK) and flap-related optical imperfections (LASIK) might lead to changes in straylight 
values. 
 

Patients and methods 
Twenty-one patients (42 eyes) who entered a private clinic for refractive surgery pre-
assessment were enrolled in this prospective study. A full ophthalmologic exam was 
performed, including uncorrected visual acuity, manifest refraction, best spectacle-
corrected visual acuity, cycloplegic refraction, pupillometry (mesopic), dilated 
fundoscopy, intraocular pressure, topography, pachymetry, and biomicroscopy. Straylight 
measurements were taken four times per eye, twice dilated and twice undilated. Of those 
21 patients, 6 patients (12 eyes) were scheduled for LASIK and 6 patients (12 eyes) were 
scheduled for alcohol-assisted PRK. Choice of treatment was based on standard refractive 
surgery inclusion criteria and patient preference. The remaining 9 patients were either 
excluded for refractive surgery or scheduled for phakic IOL’s. The mean spherical 
equivalent in the LASIK group was -3.27 (range -1 to –4.90) and in the PRK group -3.09 
(range -1.5 to -6.63).  

LASIK surgery was performed using a Hansatome microkeratome (Bausch & 
Lomb) and a 50 Hz flying-spot laser (Technolas 217Z, Bausch & Lomb). In the alcohol-
assisted PRK group, the epithelium was removed after 30 seconds exposure to a 20% 
ethanol solution. The same excimer laser was used. 
 One month after laser surgery, both patient groups were seen at the same clinic. 
Post-operative evaluations included uncorrected and best spectacle-corrected visual 
acuity, manifest refraction, intraocular pressure and biomicroscopy. Patients were asked if 
they experienced any night vision disturbances, such as glare. Straylight measurements 
were again taken four times per eye, twice dilated and twice undilated. 
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Straylight measurements 
Intraocular straylight was measured using the third generation van den Berg straylight 
meter.7 The first two generations van den Berg straylight meters measured straylight using 
the direct compensation method, based on a flickering annular source of straylight.8,9 This 
flickering annulus causes a perceptible straylight flicker in the center of this annulus. 
Counterphase flickering light is then presented in that center, the intensity of which can be 
adjusted by the subject to eventually cancel the amount of straylight. Because these 
measurements often proved to be too difficult and time-consuming for some subjects, a 
new psychophysical approach was defined. In this third generation straylight meter, the 
central test field is subdivided in two half fields, one with and one without counterphase 
compensation light. The subject then has to choose which half flickers more strongly 
(two-alternative-forced-choice procedure). A fixed number of stimuli is presented, which 
yields a controlled test duration. The subject’s responses are analyzed by means of a 
maximum likelihood procedure, from which the straylight value as well as a reliability 
estimate of this value is calculated.10 The third generation straylight meter has been used 
in 2400 subjects, producing a standard deviation of repeated measurements of 0.06 log 
units.11 A commercially available version of the third generation straylight meter, called 
C-Quant (Oculus, Germany) has recently been introduced and has been found to give 
comparable results.7  

Straylight measurements were assessed for quality and poor quality measurements 
were filtered out, yielding reliable straylight values. In an earlier study,10 the parameter 
expected standard deviation (ESD) was developed as quality control parameter. In the 
present study, a limit value of ESD < 0.10 was adopted. To check the actual standard 
deviation (SD) in the present study, every first measurement was compared to the second 
one, producing an SD of repeated measurements of 0.059 log units, virtually the same as 
in the earlier studies.7,11  
 

Results 
The average difference between preoperative and postoperative straylight measurements 
for both the LASIK and the PRK group combined was 0.036 ± 0.024 (SEM) for the 
undilated group and 0.016 ± 0.024 (SEM) for the dilated group. These values constitute 
no statistically significant increase in straylight values after treatment (P>0.05) on 
average. Individual increased straylight however did occur. 
 
LASIK 
UCVA was 20/20 or better in 8 eyes and 20/25 in 4 eyes. BSCVA was unchanged in 5 
eyes, 4 eyes gained 1 line and 3 eyes lost 1 line from baseline (one eye from 20/20 to 
20/25 and two eyes from 20/15 to 20/20). The mean spherical equivalent was –0.05 (range 
-0.38 to +0.25). Straylight values did not increase on average (P>0.05). Results are shown 
in Figure 1.  Eyes that showed a straylight increase of more than 0.2 log units (P<0.0005) 
are numbered 1 to 3. Number 4 refers to the only eye with a straylight increase between 
0.15 log units and 0.2 log units (P<0.006). Two patients reported night vision 
disturbances, one of them in one eye only. Both patients had microstriae in the corneal 
flaps with good UCVA (20/20 or better). One of them had increased straylight in the 
symptomatic eye (Figure 1, number 2), whereas the asymptomatic eye showed no 
increase. The other patient did not have increased straylight in either eye.  
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Figure 1 Preoperative versus postoperative straylight values in the LASIK group. Numbers 1 to 3 represent 
eyes with an increase in straylight of more than 0.2 log units (P<0.0005). Number 4 represents the eye with 
an increase in straylight between 0.15 and 0.2 log units (P<0.006). Data from dilated and undilated eyes are 
plotted with different markers. 

Figure 2 Preoperative versus postoperative straylight values in the PRK group. Number 1 represents the 
eye with an increase in straylight of more than 0.2 log units (P<0.0005). Number 2 represents the eye with 
an increase in straylight between 0.15 and 0.2 log units (P<0.006). Data from dilated and undilated eyes are 
plotted with different markers. 
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Two asymptomatic patients showed increased straylight values in one eye each. One eye 
had microstriae in the flap (Figure 1, number 1), whilst the fellow eye showed no 
abnormalities on exam and no increase in straylight. The other eye had a significant 
amount of debris under the flap (Figure 1, number 3 and number 4). 
 
PRK 
UCVA was 20/20 or better in 6 eyes, 20/25 in 3 eyes, 20/30 in one eye, 20/40 in one eye 
and 20/60 in one eye. BSCVA was unchanged in 6 eyes, 2 eyes gained one line and 4 eyes 
lost one line (from 20/15 to 20/20). Mean spherical equivalent was -0.19 (range -1 to 
+0.63). Like in the LASIK group, no statistically significant (P>0.05) increase in 
straylight values occurred (Figure 2). Number 1 refers to the only eye with a straylight 
increase of more than 0.2 log units (P<0.0005). Number 2 refers to the only eye with a 
straylight increase between 0.15 log units and 0.2 log units (P<0.006).Two patients 
reported night vision disturbances, one of them in one eye only. This patient had grade 
one haze and increased straylight in that eye (Figure 2, number 2). The fellow, 
asymptomatic, eye showed grade 0-1 haze and no increased straylight. UCVA in the 
symptomatic eye was lower (20/25) than in the asymptomatic eye (20/15). The other 
patient did not have increased straylight values, or any abnormalities on eye exam. UCVA 
however was lower than desired (20/60 and 20/40). Furthermore, one eye with a straylight 
increase (Figure 2, number 1) showed a slight haze, but did not cause any night vision 
disturbances. Overall, in our study, 7 eyes showed mild to grade 1 haze, and 2 of them 
showed a straylight increase of more than 0.15 log units. 
 

Discussion 
In this prospective non-randomized study, no statistically significant increase in 
intraocular straylight occurred one month after LASIK or alcohol-assisted PRK. Animal 
studies have shown that corneal backscattering of light, which correlates with visible 
haze, is significantly stronger after PRK than after LASIK,12,13 and peaks at one month 
after PRK.14 Backscattering of light however does not equal forward scattering of light, or 
intraocular straylight, which is the physical basis of disability glare.15 Previous studies on 
intraocular straylight after PRK show both an increase5 and no increase6 one month after 
PRK. The patients in the study with increased straylight had significantly more haze 
(grade 2 and higher) than those in the study without increased straylight and those in our 
study (maximum of grade 1 for both studies). These differences might be due to the use of 
a 5 mm ablation zone and a higher preoperative refraction in the first study. No peer-
reviewed studies regarding straylight one month after LASIK could be found in the 
literature.  

Straylight measurements were taken with undilated pupils and with 
pharmacologically dilated pupils. Pre- versus postoperative straylight values did not show 
a statistically significant increase in both groups, so all data could be pooled and analyzed 
together. Straylight values in eyes with dilated pupils were higher though, both pre- and 
postoperatively, as was expected.16 

Although straylight values did not increase on average, individual changes did 
occur. Two patients with microstriae in the flap and good UCVA (20/20 or better) 
reported night vision disturbances after LASIK, one of them with increased straylight (> 
0.2 log units) in the symptomatic eye. Furthermore one eye with microstriae showed 
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increased straylight (> 0.2 log units), without giving rise to night vision disturbances. This 
led us to believe that microstriae might play a negative role in quality of vision issues 
after LASIK, although the number of eyes is too small to ascertain that. It has been shown 
however, that subtle microstriae can reduce contrast sensitivity despite normal visual 
acuity.17 

A well-recognized problem with assessing quality of vision and night vision 
disturbances is the lack of a generally accepted objective test.3 In our study, patients were 
asked if they had developed any problems with their vision at night time after laser 
treatment. We then compared the outcome of this with individual straylight measurements 
and ophthalmologic exam, including pre and postoperative refraction. Two patients 
reported an increase in night vision disturbances in one eye only. Those symptomatic eyes 
did have higher straylight values than their asymptomatic fellow eyes. On ocular exam, 
one eye showed microstriae while the asymptomatic fellow eye did not. The other eye 
showed more haze than the asymptomatic fellow eye. Another two patients with increased 
night vision disturbances, however, did not show an increase in straylight values. One of 
them had microstriae in both flaps and the other a lower than targeted UCVA. 
Furthermore, three eyes showed a straylight increase without giving rise to night vision 
disturbances. One of those eyes showed a mild haze after PRK, one eye had microstriae 
and one eye a significant amount of debris under the flap. Overall, one-third of the eyes 
with changes in ocular exam showed increased straylight values (> 0.15 log units), 
indicating that slitlamp exam alone is not a good predictor for changes in intraocular 
straylight and the occurence of disability glare. On the other hand, all eyes with individual 
increased straylight (> 0.15 log units) had changes in ocular exam, particularly microstriae 
in the LASIK group and haze in the PRK group. This did not always correlate with 
subjective changes in quality of vision. One of the reasons for this might be that patients 
compare their quality of vision after laser with their quality of vision whilst wearing 
contact lenses. This does not give sole information about changes in the cornea, but also 
includes the contact lenses. Unpublished observations from the laboratory of van den 
Berg often revealed contact lens induced straylight increase. Furthermore, we did not use 
a more precise subjective instrument such as a questionnaire with a rating system to assess 
night vision disturbances. However, we did find the straylightmeter a useful test as it 
gives direct information about intraocular imperfections as the cause of night vision 
disturbances and increased straylight values (> 0.15 log units) correlated well with ocular 
exam.  

In summary, straylight values one month after LASIK and PRK did not increase on 
average. Individual increased straylight values however did occur and correlated well with 
ocular exam but not always with subjective symptoms. Larger series of patients will be 
needed to value the importance of those individual increased straylight values. 
Furthermore it would be interesting to find out if higher refractive corrections than those 
in our study lead to increases in overall straylight after laser treatment. A longer follow-up 
after treatment to see if straylight values increase over time should be included in future 
research.  
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Abstract 
Purpose. To study the additional straylight falling on the retina (retinal straylight) 
caused by cataract and find commercially available filters to simulate the cataract stray-
light effects. 
Setting. Research laboratory. 
Methods. The retinal straylight addition of cataract was derived from straylight parame-
ter data in the literature. The scattering characteristics of cataract-simulating filters were 
measured using a scatterometer. 
Results. The straylight addition due to cataract follows a power law as a function of 
angle with power of -2.12 and straylight parameter log values of up to 1.6 for relatively 
mild cataract cases. Of the commercial filters that were tested, the Tiffen Black Pro Mist 
(BPM) filters resembled the straylight characteristics of cataracts fairly well. The filters 
had a limited effect on visual acuity and contrast sensitivity, which was also found for 
early cataracts. The BPM 2 followed a power law as a function of angle with a power of 
approximately -2.21 and straylight log values of 1.12. 
Conclusions. The BPM 2 filter is a good early-cataract-simulating filter. Stacking such 
filters is a good way to increase the cataract density. A drawback is that the BPM 2 filter 
has a transmission of 66% so stacking filters reduces the overall transmission signifi-
cantly. 
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Introduction 
Glare is a well-known visual symptom of cataract.1 The blinding effect is due to the pres-
ence of a bright light source somewhere in the visual field; e.g., a low sun or approaching 
headlights at night.  It is caused by scattering of light in the eye, especially in the crystal-
line lens.2  Since the scattered light that causes the blinding effect is the part that ‘strays’ 
toward the retina, this part is also called retinal straylight.  Blinding at night is one of the 
first complaints when early cataract develops.  Often, the first consequence of an early 
cataract is that one stops driving at night.  Apart from increased light scattering, the for-
mation of a cataract may lead to changes in spectral transmittance (yellowing of the lens)3-

6 and deformation of the lens causing monocular polyopia.7,8 Cataractous changes eventu-
ally lead to loss of visual acuity.   

This study focused on the light-scattering aspects of a cataract. A cataract deflects 
light in two domains: (1) a small-angle domain of up to approximately 30 min of arc, 
affecting the wavefront and visual acuity, and (2) a large-angle domain from approxi-
mately 1º to 90º. The second domain is more commonly called light scattering and leads 
to increased straylight and, consequently, glare. We looked at the light scattering proper-
ties of cataracts and a way to simulate these properties; our focus was early/mild cataracts.   
Simulating vision through a cataract will allow an eye-care professional or relative/friend 
to experience the visual implications for a patient who has a cataract, especially the dis-
turbing glare effects.  Cataract simulation is also useful for research purposes.  For exam-
ple, it may be used to investigate the effect of cataract on driving safety, or to test differ-
ent approaches to cataract assessment. 

There are two practical approaches to simulate vision through a cataract.  One is to 
extend the ocular system with an optical element that introduces the physical changes.  
The other is to have the eyes look at images or a display in which the image itself has 
been processed to incorporate the visual changes.  We studied the first approach; i.e., 
trying to define a suitable optical element to be placed in front of the eye.  The advantages 
of this approach over image-processing are that it is environment independent and does 
not require display calibration.  In fact, one may wonder how viable an approach with a 
display system would be. The luminance and contrast/dynamic range of the display could 
pose significant limitations on the simulations. 

Previous cataract simulations were usually not based on an analysis of the light-
scattering properties of cataract because that information was not available. Some of the 
elements used might have been proper choices, but many are hard to replicate. A literature 
search included the following: “a glass lens with petroleum jelly dabs whose mean phase 
step was 50 µ”,9  “a diffuser (consisting of 5 µ diameter spherical particles in liquid me-
dia)”,10 “selective occluders (Okklusivfolien) or diascleral illumination”,11 “flat 12 mm 
thick bottles with varying concentrations of 10 µm latex spheres”,12 a “ground-glass 
screen between the CRT and the observer”13; suspension of 2 “stacked Cokin pastel fil-
ters”14; and to mimic “the diffraction effects from an edematous cornea a diffuser (particle 
size 19 µ and average interparticle distance 30 µ) positioned close to the cornea”.15 One 
product, “cataract glasses” (Vistech Inc. now Stereo Optical), is  commercially available 
and relatively widely used, especially by Elliott et al.16  

The present study determined the characteristics of an optical element that would 
simulate the glare effects of a cataract when held in front of the eye.  The light-scattering 
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characteristics of a set of commercially available filters were measured and compared 
with the light-scattering characteristics of a cataract. 

Straylight characteristics of cataracts 
If a point of light is imaged on the retina, the light distribution on the retina is called the 
point spread function (PSF) of the eye.  Roughly speaking, the PSF can be divided into 
two domains: 1) the central peak which affects the ‘sharpness’ of the images projected on 
the retina and 2) the skirts which affect the glare sensitivity and contrast of the images.  
The central peak is mostly affected by optical aberrations such as defocus, astigmatism, 
and other higher order aberrations.  Light falling on the skirts (e.g. angles larger than 1°) 
is usually called the straylight (scattered light).  The first measurements on straylight on 
the human retina were done in the 1920s and 1930s by Luckiesh, Holladay, and Stiles,17 
resulting in the so-called Stiles-Holladay approximation and the introduction of the 
“straylight parameter” 18: 
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with θ the visual angle, a10 the PSF at 10 degrees, and s10 the straylight parameter at 10º.  
More recently, the ocular PSF was determined more accurately and fitted for an angle θ 
range of 0.1° to 100° with the following equation:19,20 
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with A the age of the person in years and p a pigmentation dependent factor ranging from 
0 for the dark brown eyes of pigmented nonwhite subjects, 0.5 for brown eyes, 1.0 for 
blue-green eyes, to 1.2 for blue eyes.  

Figure 1 shows the straylight part (the skirts) of the PSF for brown eyes in white 
subjects and several different ages using equation 3. It also shows mean data in popula-
tions with different kinds of early cataract.19,21  In this cataract study, only relatively mild 
cataracts were included; all patients had a visual acuity of 0.25 or better and the mean 
logMAR was 0.23 (cortical and posterior subcapsular cataract groups) and 0.37 (nuclear 
cataract group).21 
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The aim of this study was to simulate a cataract by placing a scattering filter in front of 
the eye; i.e., the filter would induce the change in straylight falling on the retina between a 
normal eye and a cataractous eye. Assuming that different sources of straylight in the 
cataractous eye can be combined additively (i.e., only a small fraction of the light is scat-
tered so multiple scattering hardly plays a role),19 this means that the filter should have 
light-scattering characteristics that equal the difference between the characteristics in a 
normal crystalline lens and those in a cataractous crystalline lens. Note that this additivity 
does not hold for the PSF as a whole, only for the straylight part. When discussing stray-
light in the eye, it is common practice to use the straylight parameter s as defined in equa-
tions 1 and 2.19 The straylight characteristics of the cataract simulating filter is therefore 
described as: 

( ) ( ) ( ) .normaleyeecataracteyfilter θθθ sss −=    (4) 
 

Figure 2 shows the retinal straylight characteristics in terms of the straylight pa-
rameter for the cataract data presented in Figure 1. Also shown are the results for the (age-
matched) control population in the same study21 and the CIE model functions for normal 
eyes based on equation 3.20  Note that the cataract data show less rise at the large angle 
side. This is caused by the fact that with normal aging melanin pigment losses in the eye 
wall (presumably mainly in the choroid) play a role.22 Light scattering from the eye wall 
contributes most to large angle straylight.19 

Figure 1 Model functions for the straylight part of the PSF in brown eyes in white subjects of different ages, 
as well as mean data for early/mild cataracts. Adapted from van den Berg19 and de Waard et al.21  
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Figure 2 Retinal straylight characteristics for the cataract data presented in Figure 3 as well as the results for 
the (age matched) control population from the same study (de Waard et al.21) and the CIE model functions 
in normal eyes (Vos and van den Berg20). 
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Figure 3 Straylight addition in the cataract populations; i.e., the pure cataract effect that must be mimicked 
in case of cataract simulations. Also presented is the retinal straylight increase caused by normal (non-
cataractous) 70-year aging. This is given in two ways: directly derived from experimental data (van den 
Berg19) (curves 4 and 6) and calculated from the mathematical CIE model (curve 5).20 
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Figure 3 shows straylight additions due to cataracts and normal aging.  Cataract straylight 
addition curves 1, 2, and 3 were obtained by subtracting the s values of the control popu-
lation from the s values of the cataract subpopulations of the same study.21   Curve 4 
represents the straylight addition due to normal (noncataractous) aging from 20 to 70 
years old derived from experimental data.19 Curve 5 gives the same aging straylight addi-
tion based on the CIE model described in equation 3.20 

As demonstrated in Figure 3, the straylight characteristics of a cataract and (acceler-
ated) aging are similar.  The similarity becomes even greater if a correction for the pig-
mentation loss that also occurs with aging is made.23  Correcting for the pigmentation loss 
will change the normal aging straylight addition curve 4 of Figure 3 into curve 6.  This 
corrected curve is more similar to the cataract straylight addition curves 1 to 3.  The dif-
ference in vertical position of the curves is of limited relevance; that is, the vertical posi-
tion corresponds to the state of progression of age/cataract only, while the shape is always 
similar.19,21   This shape consistency was also validated in a direct light scattering study on 
human donor lenses.24  If the straylight additions of the three cataract groups (i.e., curves 
1 to 3) are fitted to the model of equation 2, the slope parameter b which describes the 
shape in first order, is -2.12 on average. This b=-2.12 is the first specification for the cata-
ract filter. 

The second specification for the cataract filter concerns the amount of straylight.  As 
illustrated in Figure 3, the cataract and aging straylight additions are almost independent 
of the angle when the straylight parameter s is considered.  Starting with a retinal stray-
light value log(s)=0.85 corresponding to a normal 35-year-old person (see equation 3), 
Table 1 shows what approximate amount of straylight additions the cataract filter would 
need to invoke a just noticeable difference, a disturbing difference, a difference making 
people feel they should stop driving at night,25 and differences simulating the relatively 
mild cataracts from Figure 2.20  Based on Table 1, the amount of straylight to be simulate 
is on the order of log(s)=0.6 up to 1.6 or s=4 up to 40.  Together with the slope b=-2.12 
these two boundaries are also shown in Figure 3 as curves 7 and 8. 

Straylight from cataract is light scattered in the crystalline lens.  One might wonder 
whether simulating this straylight by placing a scattering filter in front of the eye is valid, 
since the scattered light (and its angular distribution) originates from a different position 
than in the cataract situation.  However, Figure 4 shows that if the filter is large enough 
and relatively close to the eye (i.e., the distance between glare source and filter is much 
larger than the distance between filter and eye), the distance between the filter and the eye 
does not affect the straylight distribution on the retina.  The easiest way to understand this 
is by tracing back from the retina to see what scattered light from what part of the filter 
and under what scatter angles can make it to a certain position on the retina.  If the dis-
tance between the filter and the eye is changed, a certain point on the retina will generally
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Table 1 Typical straylight (addition) values for different situations and cataracts.

Situation Log(s10) Total s10 Total 
(deg2/sr) 

Log(s10) 
Addition 

s10 Addition 
(deg2/sr) 

Normal 35-year-old subject 0.85 7.1 - 0 
Just noticeable difference 
(log[s]+0.1) 

0.95 8.9 0.26 1.8 

Disturbing difference 
(log[s]+0.2) 

1.05 11.2 0.61 4.1 

Subject likely to stop driv-
ing at night (log[s]+0.4) 

 

1.25 17.8 1.03 10.7 

Normal 67-year-old subject* 1.08 12.1 - 0 
Cortical cataract 1.37 23.3 1.05 11.2 
Nuclear cataract 1.55 35.2 1.36 23.1 
Posterior subcapsular 
cataract 

1.67 46.6 1.54 34.5 

 
 
 

*All data from Figures 2 and 3 

Table 2 Straylight (s), contrast sensitivity (CS), and visual acuity (VA) results. 

CS = contrast sensitivity; T = transmission; VA = visual acuity 
*The “±” sign means the filters showed rotational asymmetry. 

Filter b s10 log(s10) CS loss VA T (%) 
Preferred for 
simulation of 
cataract 

≈ -2.12 4 - 40 .6 – 1.6 < 0.3 >≈ 1 high 

Lee 220 -1.60 54 1.73 1.35 0.5 33 
Lee 252 -2.48 155 2.19 0.90 1.5 81 
Lee 254 -3.57 93 1.97 1.05 0.3 92 
Lee 255 -2.44 155 2.19 0.90 1.5 82 
Lee 257 -3.19 13 1.10 0.90 0.2 91 
Lee 258 -3.33 15 1.16 0.15 1.5-2 91 
Lee 420 -3.18 36 1.55 0.98 0.5 88 
Lee 452 -2.74 83 1.92 0.30 2 88 
Lee 750 -3.11 123 2.09 1.80 <0.1 88 
Gam 10-10 -3.50 3.3 0.52 0.15 1.5 91 
Gam 10-30 -3.77 12 1.08 0.53 1.25 91 
       
B+W, Fog 1 ± -3.1 ± 14 ± 1.16 0.10 2 92 
B+W, Fog 2 -1.19 51 1.71 0.15 2 74 
B+W, Fog 3 -1.07 89 1.95 0.30 2 50 
Tiffen, BPM 1 -2.18 7.6 0.88 0.05 2 75 
Tiffen, BPM 2 -2.21 13 1.12 0.10 1.5-2 66 
Tiffen, BPM 3 -2.19 16 1.21 0.15 1.5 53 
Tiffen, Pro Mist 1 -2.68 2.5 0.40 0.10 2 92 
Tiffen, Pro Mist 2 -2.92 4.3 0.63 0.20 2 93 
Tiffen, Black Diff. 
FX 3 

-1.02 0.8 -0.10 0.00 2 85 

Hoya, Fog A -2.82 11 1.06 0.05 1.5 90 
Hoya, Fog B -3.27 11 1.06 0.45 1.5 91 
       
“Cataract glasses” ± -2.0 ± 100 ± 2.0 0.35 1.5 76 

 



Simulating the straylight effects of cataracts 

 163

receive scattered light from a glare source that originates at a different position on the 
filter.  However, if the glare source is relatively far away, the light rays coming from the 
glare source will hit the filter approximately parallel and the scatter angle to reach a cer-
tain point on the retina will not depend on the distance between the filter and the eye. 

Visual acuity and contrast sensitivity 
Although the study is focused on simulating the straylight effect of cataracts, visual acuity 
and contrast sensitivity cannot be ignored.  Without realistic visual acuity and contrast 
sensitivity a cataract-simulating filter would not provide a meaningful glare simulation.  
There are two phenomena in a cataract simulation with a scattering filter that can cause 
the visual acuity and contrast sensitivity to degrade.  First, depending on the test condi-
tions, straylight superimposes a veil of light on the visual acuity or contrast sensitivity 
stimuli.26 Second, the filter may also have small angle effects (i.e., degradation of the 
point spread function close to the peak affecting the sharpness and contrast of the stimuli).  

Realistic visual acuity and contrast sensitivity values for cataracts can be found in 
the literature.  Elliot and Situ27 find LogMAR visual acuity values of 0.041 ± 0.069 for 
early cataracts (Lens Opacities Classification System III28 values of lens opacity ≥ 2.0 for 
nuclear and cortical cataracts, and ≥ 1.0 for posterior subcapsular cataracts).  Also the 
effect on contrast sensitivity is limited to a couple of tenths of log units for early cata-
racts.10,29   
 

Figure 4 The retinal straylight distribution coming from the filter is not significantly affected by the dis-
tance between the filter and the eye if the glare source is relatively far from the eye and the filter dimensions 
are large enough.  The easiest way to understand this is by tracing back from the retina to see what scattered 
light can make it to a certain position on the retina. 

Filter

Filter

straylight

straylight
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Materials and methods 
Several commercially available light-scattering filters were evaluated for its suitability as 
a cataract simulator.  The evaluation involved optical measurements of light scattering, 
and psychophysical measurements of visual acuity, contrast sensitivity and retinal stray-
light.   

The optical light scattering was measured with the same scatterometer used in pre-
vious studies evaluating the scattered light of donor lenses30 and spectacle lenses,31; the 
only difference was the use of a halogen lamp instead of a Mercury short-arc Lamp.  
Briefly, the cataract filter was positioned in a beam of green light and a camera looked at 
the filter under different angles.  Angles of 4º, 7º, 10º, 15º, 20º, and 30º were used.  The 
straylight parameter s could be calculated as a function of angle, based on the amounts of 
light falling on the camera and the total amount of light going through the filter.  For an 
angular interval of 4º – 30º the data could always be fitted well (R2>0.97) with equation 2.  
The parameters s10 and b were determined and compared to the cataract straylight addition 
values; i.e., 4 < s10,cataract <40 and bcataract ≈ -2.12 . 

Visual acuity through the filters was assessed with a TNO Landolt C chart, and con-
trast sensitivity with a Pelli-Robson chart.  As discussed above both visual acuity and 
contrast sensitivity should only be affected slightly by the filter. 

It was we assumed that the straylight is additive; ie, the straylight parameter s of the 
cataract filter can be added mathematically to the straylight parameter of the subject’s eye 
to obtain the total amount of straylight.  To validate this assumption, the straylight pa-
rameter in a subject with and without a cataract filter was measured.  The measurements 
were carried out using a research straylight meter based on the so-called compensation 
comparison method which is a development of the direct compensation method.  This 
method is a further development of the direct compensation method19 (van den Berg TJTP 
et al., ARVO E-Abstract 4315, 2005). 

Results 
The first filters tested were “lighting filters,” which are typically used on top of lamps to 
illuminate objects or a scene. Table 2 shows that none of these filters had characteristics 
to be used as a cataract simulating filter.  They did not have good scatter properties, and 
the contrast sensitivity and visual acuity were often significantly degraded.   

The second filters tested were “camera filters,” which are typically used on top of 
photo cameras to put some haze in the photographs. Almost all provided the desired vis-
ual acuity and contrast sensitivity values (Table 2).  However, the straylight characteris-
tics (particularly the slope parameter b) of most of the filters did not correspond to the 
desired cataract values, except for the Tiffen Black Pro Mist (BPM) filters.  The BPM 
filters were close to the desired cataract values for both the slope b parameter as well as 
the stray light parameter. 
 The final results in Table 2 are for “cataract glasses.”  These also had a b value (an-
gular dependence) that was close to the desired cataract value. However, the straylight 
value was too high for an early/mild cataract with limited visual acuity loss.  Moreover,  
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Figure 5:  Example of the rotational asymmetry exhibited by one of Stereo Optical’s cataract glasses.  Insert 
shows a 100W halogen lamp through the cataract glasses. 
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there was some variation among the 30 glasses obtained. Many showed rotational asym-
metry. This is illustrated in Figure 5.  The measured b values of the cataract filter ranged 
from -1.84 to -2.16 and the log(s) values from 1.88 to 2.22.   

Figure 6 shows the measured straylight characteristics of some of the filters in Table 
2.  Curves 1, 2, and 3 represent the Tiffen BPM filters that fulfil the specifications of an 
early cataract-simulating filter.  Curves 4 and 5 are from the Stereo Optical cataract 
glasses at two rotational angles (45º and 135º).  These two curves again show that on 
average, the angular dependence is approximately right but the straylight values are too 
high for an early/mild cataract and the value is uncertain as it depends on the orientation.  
Finally, curves 6 and 7 represent the B+W Fog 1 and 2 filters.  These curves visualize 
filters with a slope parameter b that is not close to the desired -2.12. 

To validate the additivity assumption of straylight parameter values for early cata-
racts (see equation 4), the straylight parameter at 10º was measured in a subject with and 
without the Tiffen BPM 2 filter.  The result was a straylight parameter of log(seye)=0.97 
and log(seye+filter)=1.34, respectively; in both the standard deviation was 0.01 based on four 
measurements.  If the straylight parameter of the subject without the filter  is added to the 
straylight parameter of the filter (log[sfilter]), the result is log(seye+sfilter) = 1.35, so very 
close to log(seye+filter)=1.34.   
 

Discussion 
Table 2 and Figure 6 indicate that the straylight characteristics of most of the tested filters 
except the Tiffen BPM and Stereo Optical cataract glasses deviated strongly from the 
straylight characteristics of a cataract or aging of the human eye. Unfortunately, the cata-
ract glasses have disadvantages; many exhibit a rotational asymmetry in the straylight 
characteristics, the amount of straylight is higher than that of an early/mild cataract, and 
the visual acuity does not correspond to this large amount of straylight (i.e., the visual 
acuity is hardly affected). 
 Comparing the BPM filters with the visual hindrances/cataracts described in Table 
1, shows that the BPM 1 could mimic a more or less first serious hindrance by straylight.  
The BPM 2 could be used to simulate an early cataract which leads many people to stop 
driving at night.  To simulate a higher cataract ‘density’ two BPM filters could be stacked. 
However, stacking filters reduces the total transmission.  One BPM 2 filter has a transmis-
sion of about 66%; two will have a transmission of 44% and three, a transmission of only 
29%.  Depending on the illumination of the viewed scene, a low transmission might com-
promise a realistic simulation. 

In this paper, we showed the results of a search for commercially available filters 
that could be used to simulate the glare effects of an early/mild cataract.  The optical char-
acteristics of the Tiffen BPM filters resemble those of ocular cataracts fairly well. 
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Abstract 
Straylight in spectacle lenses may affect the overall vision. It may also affect the meas-
urement of ocular straylight, contrast sensitivity, or glare sensitivity. This article describes 
common straylight characteristics for glass and spectacle lenses and compares this to the 
straylight characteristics of the eye, which are well known from the literature. Straylight is 
described by the skirts of the point spread function (PSF), which were measured for an-
gles from 4º to 30º. The PSF of spectacle lenses appears to follow the equation 
PSF=a10(θ/10)b, with a10 and b representing fitting parameters and θ  representing the 
straylight angle. The slope b is on average -2, which is similar to that of the eye. For clean 
spectacle lenses, the PSF is usually at least an order of magnitude than that of the eye, 
whereas “as worn” (uncleaned) spectacle lenses may approach the PSF of the eye. To 
reach the PSF of the eye, the spectacle lens needs to be contaminated by as much as one 
or two fingerprints. The article also shows that plastic spectacle lenses degrade much 
faster than glass spectacle lenses when looking at the amount of straylight. 
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Introduction 
Straylight can considerably reduce the contrast of a visual scene. If the straylight is caused 
by a bright light source somewhere in the visual field, this contrast-lowering effect is 
called disability glare.1,2 Common situations where disability glare is experienced are for 
example a low sun or an approaching car with high beams at night. 

Straylight can be quantified by means of the point spread function (PSF). That is, 
when a point light source is imaged onto the retina (or any other image plane) the result-
ing image will not be a point but it will be a function in which the energy is spread out 
(Figure 1). Reasons for this spreading are optical aberrations (imperfect imaging), diffrac-
tion of the light (light bending at edges), ghost images (spurious reflections inside the 
optics), and scattered light.3 In this article, straylight is defined as the light that falls far 
from the peak of the PSF (outside 1° from the peak). This means that optical aberrations 
which usually affect the PSF close to the peak, are not considered a cause of straylight.  
 

 

Figure 1 Schematic presentation of the point spread function of a human eye.  Straylight manifests itself in 
the skirts of the Point Spread Function. Note that the graph is plotted logarithmically. The insert schemati-
cally gives the PSF when using a linear scale. 
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Straylight can be exoptic (e.g., in spectacle lenses or in a windshield) (Figure 2) and 
entoptic (in the eye). The entoptic part of the straylight will always be present, whereas 
the exoptic part will vary depending on the optical quality and cleanliness of the optical 
elements through which the eye is looking. 
 In this article, we investigate the straylight characteristics of spectacle lenses and 
compare this to the straylight characteristics of a human eye. The purpose of this research 
was to determine whether (clean) spectacle lenses can contribute significantly to the total 
amount of straylight when measuring the straylight parameter of an eye.4 The data may 
also generate some insight into how exoptic straylight affects visual functioning. 
 
Point-spread function of the eye 
The PSF of the eye we will be using in this article is taken from literature. The Stiles-
Holladay approximation for the PSF of the eye says that for angles θ larger than 1°, the 
PSF is roughly given by the following relation5: 
       ( ) ,10 2−⋅≈ θθPSF      (1) 
with θ expressed in degrees. This relation has recently been updated to include age and 
pigmentation dependency and to extend the valid angular region from 0.1° to 100°.1 This 
so-called general glare equation is described as follows: 
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where A is the age of the person in years and p the pigmentation factor ranging from 0 for 
very dark eyes, 0.5 for brown eyes, 1.0 for blue-green eyes, to 1.2 for blue eyes. Because 
this equation is still predominantly linear with θ-2 for moderate angles (3° to 20°), van den 
Berg6 defined a straylight parameter s which is less dependent on angle θ: 
       ( ) ( ) .2θθθ ⋅= PSFs      (3) 
 The straylight parameter is usually described with its logarithmic value. Therefore, 
Figure 3 shows the log(s) parameter of the eye as function of straylight angle θ for brown 
eyes and several different ages using equations 2 and 3. 
 
Definition of a significant spectacle lens straylight contribution 
In this article, we define a spectacle lens to give a significant straylight contribution if it 
raises the total (spectacle lens + eye) amount of straylight by 10%. Because of the rela-
tively low PSF values far from the peak (> 1°), we can assume that higher-order straylight 
effects like multiple scattering are negligible, and the total straylight parameter stot for 
larger angles is given by: 
             .eyelens spectacletot sss +=      (4) 
With a log(seye) value for young eyes at 10° of approximately 0.8, this means that we will 
consider a log(sspectacle lens) larger than –0.2 to give a significant contribution. 
 Note that this definition of significant straylight has to do with the measurement ac-
curacy of an ocular straylight meter when measuring the eye while the subject is wearing 
glasses. It does not say anything about the significance of the straylight for visual func-
tioning. 
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Method 
Straylight measuring setup 
The straylight or PSF was measured with the setup shown in Figure 4. In this setup, the 
source is an HBO 100W Mercury Short Arc Lamp with a green filter at 561 nm and a full- 
width half maximum of 9.5 nm (Ealing 35-3714-2) in front of it. This source is imaged on 
the aperture stop by the first lens. The field stop is imaged by the second lens on the sam-
ple (the spectacle lens), illuminating a circular area with a diameter of 4 mm. Next, the 
sample is imaged onto a Princeton Instruments NTE/CCD 512-TKB CCD camera. This 
CCD camera can be moved in one plane around the sample so measurements can be made 
at different angles θ. The aperture in front of the CCD lens limits the collecting solid 
angle, Ω, to 1.59⋅10-4 sr (i.e., a circular cone with a half angle of 0.41°). 

Figure 4 Setup to measure the point-spread function of glasses. The CCD camera can be moved in one 
plane around the sample so that measurements can be made at different angles, θ. The aperture in front of 
the CCD lens limits the collecting solid angle, Ω. 
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Figure 3 Straylight parameter log(s) as a function of straylight angle for the eye with age as a parameter 
and the eye-color parameter, p, set to 0.5 (brown). The graph is calculated based on equation 2 in the article 
by Vos and van den Berg.1 
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The PSF(θ) is determined with the following equation: 
      ( ) ( ) ,

0 TP
PPSF

⋅⋅Ω
=

θθ      (5) 

where P(θ) is the total amount of power falling on the CCD camera as a function of angle 
θ, P0 is the total amount of power falling on the sample, and T is the transmission factor of 
the light going through the sample. 
 In practice P(θ) is determined by first subtracting a measured dark image (shutter 
closed) from the actual CCD image. Next, all pixel values in the resulting image are added 
and divided by the shutter time. P0 is determined by removing the sample, removing the 
CCD aperture (to collect all the light), inserting a neutral density filter to avoid saturation 
of the camera, and then adding up all pixel values of the CCD camera while correcting for 
the inserted filter and dividing by the shutter time.   
 Note that equation 5 is very similar to the bidirectional scatter distribution function7. 
The difference is that in equation 5 the transmission factor, T, is included to normalize the 
PSF (i.e. integrating the PSF over the forward hemisphere equals one). However, the 
transmission factor is very close to unity. Measurements of antireflection-coated lenses 
showed that T is approximately 0.98, a value we used for the antireflection-coated specta-
cle lens measurements discussed below. 
 
Signature scans 
The signature scan of a straylight measuring device is the PSF that is obtained if there is 
no sample in place.7 This measurement gives an indication of the minimum values that 
can be obtained with the instrument. Figure 5 shows signature scans (three repeats) of our 
instrument with on the vertical axis the log(s) (equation 3) instead of the PSF on the y 
axis. The two graphs in Figure 5 show the results of the two different sets of measurement  
integration times, one for dirty samples and one for clean samples, as will be discussed in 
the next section. 
 The open symbols in the signature scans of Figure 5 are from negative PSF values. In 
reality, of course, this is not possible, but the result is an artefact due to the noise in the 
measurement. That is, if the actual image is similar to the noise-limited dark image, two 
noise-limited signals are subtracted which might cause P(θ) to be negative and therefore 
the PSF to be negative. Note that this result also means that the setup itself performs very 

Figure 5 Signatures scans (three repeats in each graph) for our point-spread function measurement setup. 
Open symbols represent negative values. 

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

-30 -20 -10 0 10 20 30

Stray light angle (deg)

Lo
g(

s)

Signature  scan for dirty lenses

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

-30 -20 -10 0 10 20 30

Stray light angle (deg)

Lo
g(

s)

Signature  scan for clean lenses



Straylight of spectacle lenses 

 175

well (no light leakage to the CCD) and that the minimum straylight values measurable are 
CCD noise-limited. If a negative PSF value was measured, the absolute value of P(θ) was 
taken and the corresponding symbol in the graphs of Figure 5 was opened. The reason for 
presenting the data this way is that negative values can not be plotted logarithmically. 

In both graphs of Figure 5 the log(s) value at plus and minus 4° is rather constant 
and relatively high. In the CCD pictures, it showed that for these angles there still was 
some light path that could make it to the CCD chip, while for the other angles the pictures 
looked only like noise. 
 The log(s) values for the signature scans are in the order of –2.5 to –1.5 depending on 
the integration times. This is at least two orders of magnitude lower than the minimum 
values of the eye (Figure 1). As will be shown in the results section, these values are also 
low compared to the values of spectacle lenses.  
 
Measurement and analysis  procedure 
The procedure to measure the straylight of a lens is as follows: 

• Measure the incoming power P0 
• Insert spectacle lens horizontally (as worn on the head), without changing the 

main direction of the beam 
• Measure P(θ) in the horizontal plane at angles: 4, 7, 10, 15, 20, and 30° (both 

positive and negative angles).  There were two sets of integration times associ-
ated with these angles that were determined experimentally based on the criterion 
that no saturation of the CCD pixels should occur.  For clean samples the integra-
tion times were 0.2, 0.6, 1.0, 2.5, 5.0, and 10.0 s; for dirty samples the integration 
times were 0.1, 0.1, 0.2, 0.4, 1.0, and 2.0 s. 

 
With this procedure, the PSF is only measured in the horizontal plane. By visual inspec-
tion of the spectacle lenses, most of the scatter light from the spectacle lenses originates 
from small pits and therefore a symmetrical PSF is to be expected. However, if there are 

Figure 6 Point-spread function (PSF) data of a typical spectacle lens (Cul4) averaged over negative and 
positive angles. a, a10 and b, fitting parameters; a10, PSF value at 10°; TIS4-30, total integrated straylight 
parameter that represents the fraction of the light that falls into the 4° to 30° straylight angle range.  
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scratches with a preferred orientation, then the PSF may become a little asymmetric. We 
have chosen to measure the PSF only in the horizontal direction because in visual tasks 
like driving a car at night the most important straylight effects will be horizontal from 
headlights of oncoming cars.   

When analyzing the measured PSFs, it appeared that they can be fitted well with the 
following equation: 
           ( ) ,baPSF θθ ⋅=      (6) 
where a and b are the fitting parameters. When doing a regression analysis using this 
approximation, all of the data had an R2 value >0.95 and 73% had an R2 value >0.99. 
 We modified equation 6 slightly to the following: 

( ) ,
1010

b

aPSF 





=
θθ      (7) 

where a10 and b are the fitting parameters. The reason for this change is that a10 now 
represents the PSF value at 10°, an angle we use when measuring a single straylight value 
of an eye. The parameter b still represents the speed at which the PSF decreases as a func-
tion of angle. 
 Even though the parameters a10 and b describe the PSF well and give the ability to 
easily compare different lenses for their straylight characteristics at 10°, they do not 
clearly show how much overall straylight there is for a range of angles (e.g., 4° to 30°, the 
range that we measured). We therefore also define a TIS4-30 (total integrated straylight) 
parameter defined by the following: 
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The factor π/180 arises because the integration needs to be done in radians, whereas the 
angle θ in the PSF is historically defined in degrees. Since the PSF is normalized, this 
TIS4-30 parameter represents the fraction of the light that falls into the 4° to 30° straylight 
angle range (assuming the PSF is circular symmetric). Figure 6 gives an example of the 
PSF data of an actual lens together with its a, b, a10, and TIS4-30 values. 
 

Results 
Dirty spectacle lenses 
To determine the straylight behavior of “dirty” spectacle lenses, we measured the PSF of 
14 lenses of different spectacles of people at our institute “as they were worn” when we 
obtained them. Figure 7 shows the straylight parameter log(s) as a function of straylight 
angle for these lenses. Note that all log(s) values in actual lens measurements are positive 
and the open or filled symbols are now used to discriminate between plastic and glass 
lenses. The average (±SD) of the log(s) at 10° is 0.06 ± 0.34. The slope parameter b of the 
PSFs has an average value –1.9 ± 0.5. 
 Because most of these spectacle lenses have a log(s) value above –0.2, these lenses 
will contribute significantly to the total amount of straylight. They will, therefore, affect 
the outcome of an ocular straylight measurement.   
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Fingerprints and cleaning methods 
In general, fingerprints seem to generate more straylight than dust-like dirt. The hypothe-
sized reason is that fingerprints contaminate a larger area of the lens surface. Figure 8 
shows the result of measuring a lens with many fingerprints (curve 1), two fingerprints 
(front and back surface of the lens; curve 2), and one fingerprint (curve 3). The straylight 
functions of one and two fingerprints (curves 2 and 3) look similar. They are only apart by 
approximately 0.3 log unit (a factor of two) which was to be expected when higher-order 
straylight effects like multiple scattering are assumed to be negligible. For smaller angles, 
these fingerprints generated more straylight than the amount of straylight in the eye. For 
larger angles the opposite was true. We have also seen examples where fingerprints gave 
approximately the same straylight values as the eye for the whole range of 4° to 30°. 

As also shown in Figure 8, we tested two different cleaning methods: with breath 
and a clean cloth (curve 4), and with soapy water and a clean cloth (curve 5). Before 
cleaning the lens it was first contaminated by covering it with fingerprints represented by  
curve 1 in Figure 8. It is clear that for a fingerprinted lens cleaning with the soapy water 
works better than with breath. However, even cleaning with breath gives straylight values  
for the spectacle lens that is more than an order of magnitude smaller than the straylight in 
the eye itself and, therefore, considered insignificant. 
 
Cleaned spectacle lenses 
For the investigation of the straylight behavior of cleaned spectacle lenses, a total of 30 
lenses were used, which were carefully cleaned with soapy water and a clean cloth. Six-
teen of those lenses were lenses people left at an optician because they renewed their 
prescription. The other 14 lenses were the same as the ones used for the dirty spectacle 
lens measurements (see above). 
 Figure 9 shows all of the measured data. Except for some (clearly scratched) plastic 
lenses, all lenses have straylight values below log(s)=-0.2. According to our definition, 
these cleaned lenses give an insignificant straylight contribution. 

After fitting the PSF graphs of these lenses to equation 6, the parameters a10 and 
TIS4-30 were calculated. For some of the lenses a spurious reflection at a 4° angle made it 
to the CCD chip. In those cases, the 4° point was not included in fitting the PSF. 
 Figures 10 and 11 show the a10 and TIS4-30 parameters as a function of age, i.e., the 
time span that the spectacle lens has been used (of the optician lenses the purchase date 
was known). In Figure 10 a secondary axis is presented showing the log(s) value at 10°, 
which relates to the a10 (PSF value at 10°) as described in equation 3. The average log(s) 
at 10° of all clean glass lenses is –1.1 ± 0.4. The average value of all clean plastic lenses is 
-0.6 ± 0.5. Figures 10 and 11 are very similar, indicating that the amount of straylight at 
10° could be a good measure of the total integrated straylight over a larger angular region. 
 Even though nearly all measured lenses produce an amount of straylight that is insig-
nificant compared with the amount of straylight in the eye, Figures 10 and 11 show that 
glass lenses clearly outperform plastics lenses over time. Also note that in this random 
sample of spectacle lenses, no plastic lenses were identified that were older than 3.5 years. 
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Figure 7 Straylight values log(s) as a function of straylight angle for 14 spectacle lenses as people were 
using them. Open symbols indicate plastic lenses, and filled data points indicate glass lenses. 
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Figure 8  Log(s) function of a spectacle glass (Cul 4)  that was heavily covered with fingerprints (curve 1), 
had two fingerprints on it (curve 2), had one fingerprint on it (curve 3), was cleaned by breathing on the lens 
and wiping it with a clean cloth (curve 4), and was cleaned with soapy water and a clean cloth (curve 5). 
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Figure 9 Straylight values log(s) as a function of straylight angle for 30 cleaned spectacle lenses. Open 
symbols indicate plastic lenses, and filled symbols indicate glass lenses. 

Figure 10 Straylight at 10° as a function of the age of the lens. Open symbols indicate plastic lenses, and 
filled symbols indicate glass lenses. The solid lines are trend lines with R2 values of 0.27 and 0.38 for the 
plastic and glass lenses, respectively. For comparison, the eye has a log(s) value >0.8. a10, point-spread 
function value at 10°. 
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Figure 11 Total integrated straylight integrated from 4° to 30° (TIS4-30 as a function of the age of the lens. 
Open symbols indicate plastic lenses, and filled data points indicate glass lenses. The solid lines are trendli-
nes with R2 values of 0.26 and 0.39 for the plastic and glass lenses, respectively. For comparison, the eye 
has a TIS4-30 >0.03. 
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Figure 12 Point-spread function slope parameter b as a function of the age of the (cleaned) lens. Open 
symbols indicate plastic lenses, and filled symbols indicate glass lenses. 
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As mentioned before, the TIS parameter also represents the fraction of light that falls in 
the defined angular space. Figure 11 shows that for glass lenses this means that 0.01% to 
0.1% of the light falls into a 4 to 30 degrees region. For the measured plastic lenses these 
fractions are 0.01% to 1%. For comparison, the young eye scatters nearly 3% of the light 
in that angular region. 

The average value of the b parameter (Figure 12) is –2.1 ± 0.5. This is very close to 
what we already found with the dirty spectacle lenses and it is also similar to the straylight 
behavior of the eye itself (equation 1). According to Figure 12 parameter b does not seem 
to have a strong relation with the age or material of the lens. 
 

Discussion 
From this investigation, we can conclude that, in general, auxiliary optics such as a pair of 
glasses generate relatively little straylight (at least an order of magnitude less) compared 
with the amount of straylight a human eye generates. This statement is only valid though 
under two conditions: (1) the lens is carefully cleaned, and (2) there is not an obviously 
visible large amount of damage to the lens. 
 The amount of straylight of a cleaned lens as a function of the age of a lens will de-
pend on a lot of parameters: e.g., starting lens quality (surface roughness, glass inho-
mogeneities), coating quality, material, user treatment, and user environment. In Figures 
10 and 11, a distinction is made between glass and plastic spectacle lenses. As expected, 
the amount of straylight increases with age, but for plastic lenses (even though many had 
a hard coating) the increase is much faster. 
 From the 14 lenses that we measured in their as they are worn state, it seems that 
people clean their lenses before they start to scatter an amount of light similar to that of 
the eye. However, these lenses were collected in day-time when disability glare is not as 
much of a problem. Also, the question should be raised if people clean their glasses be-
cause of straylight or for cosmetic reasons. To have a spectacle lens scatter as much as the 
eye means that it should be contaminated by as much as one or two clear fingerprints. 
 The PSF of spectacle lenses (cleaned and dirty) is well described by equation 6 or 7. 
The slope parameter b of these equations for the measured lenses is on average –2.0 ± 0.5. 
This means that the shape of the PSF of spectacle lenses is similar to that of the eye.   
 The parameter a10 of equation 7 or the related log(s) at 10° seems to be a good indica-
tor of the overall straylight behavior of a spectacle lens. That is, when this parameter is 
compared with a total integrated scatter value that requires the measurement of multiple 
straylight values at different straylight angles, this parameter and the total integrated stray-
light behave very similar.   
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Abstract 
Purpose. Most people see, around bright lights against dark backgrounds, a radiating 
pattern of numerous fine, slightly colored needles of light---the so called ciliary corona. 
The purpose of this study was to try to explain this phenomenon. 
Methods. Recently, it has been shown that light-scattering in the eye, measured 
psychophysically and on human donor lenses, can be explained assuming the presence of 
specific distributions of small particles in the eye. Light entering the eye is diffracted by 
these particles. Each such particle causes a circular diffraction pattern on the retina of tens 
of degrees, much like the well-known Airy pattern. The optics of combining many such 
diffraction patterns was modeled and the resultant pattern simulated graphically. The 
simulations were compared with observations on the ciliary corona as seen by the natural 
eye. 
Results. The diffraction discs originating from all the particles coherently 
superimposed on the retina. Because of phase differences this resulted in breaking the 
Airy-like discs into a fine spotted pattern when monochromatic light was used. For white 
(polychromatic) light, the spots line up to form the very fine-line pattern seen in the 
ciliary corona. Details such as the width and color of the needles follow from the 
theoretical treatment and were demonstrated by simulations. 
Conclusions. The details of the ciliary corona can be understood on the basis of 
polychromatic light scattering by the particles predicted to be present in human eye lenses 
on the basis of light-scattering studies on donor lenses. 
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Introduction 
Light scattering in the eye’s optical media causes a veil of straylight over the retina.1-3 
This straylight leads to deleterious visual effects such as glare while driving at night or 
haziness of vision, which increases with age.1,3,4 The proteins in the eye lens have long 
been considered an important source of light-scattering, especially when aggregates 
form.5-8 Examination of optical scattering from donor lenses has been used to estimate the 
proportion of light-scattering sources within the lens (0.000006) and the size of these 
sources (∼0.7-µm radius).9-12 The forward scatter seen from donor lenses was also 
consistent with the perceived scatter in vivo (i.e., retinal straylight).10,12 Backward 
directions of scattering are dominated by particles of much smaller size.12 For backward 
directions, irregular reflections by the “zones of discontinuity” in the lens, also play a 
role.12 Bettelheim7 has noted that the density of larger particles need not be high to 
explain the intensity of forward light-scattering. In fact, the experimentally determined 
levels of light-scattering and straylight are consistent with particles that occupy only 
0.000006 of the volume of the human eye lens.12 A morphological search by Gilliland et 
al.13,14 led to the identification of candidate particles for forward light-scattering in human 
lenses. 

However, with these positive results a new question emerged. The scattering pattern 
of such particles consists of a dominating central disc of more or less uniform light, 
extending over more than 10°. It resembles the well known Airy pattern that describes 
diffraction of light around a circular object. However, what we subjectively see around a 
point source of light does not resemble a smooth disc at all. Instead, we perceive a very 
fine pattern of innumerable needles of light, fanning out from the point object over several 
degrees. It must be noted that the pattern at some angular distance from the source is 
considered here. At the site of the source itself a white stellar-like shape with a small 
number of spokes is often observed, but this depends on the subject. With squeezing or 
cataract, the spokes can extend considerably. These effects were not considered in this 
study. The pattern of innumerable needles is familiar to most people. Typically it is seen 
around a (distant) white lamp against a dark sky at night, or a halogen spot at home. The 
phenomenon is called ciliary corona,15 “cilia” being Latin for eyelashes (but also for 
eyelids). It was the purpose of the present study to try to understand this seeming 
discrepancy and to explain the origin of the ciliary corona. 

 

Methods 
Theory  
The basis for the explanation was sought in the fact that retinal stray light is the 
summation of scattered light from many particles. Figure 1 gives a schematic 
representation for light-scattering by three particles in the lens, illuminated by an infinite 
point source of monochromatic light. Simpson15 has pointed out that the phenomenon of 
the ciliary corona bears subjective resemblance to what is perceived when looking 
through a glass powdered with very fine lycopodium powder. The data on human donor 
lenses predict a median value for the particle size of 0.724 µm radius and a median 
volume fraction of 0.000006 for these particles.12 If the particles are assumed to be 
spherical, each would occupy a volume of 4/3πr3=1.6µm3, and many thousands of 
particles would occupy a 4 mm diameter pupil. Each of these particles diffracts light so as 
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to project an Airy-like disc on the retina when the eye looks at a distant point source 
(Figure 2A). Please refer to textbooks for background about light scattering by small 
particles, such as that by van de Hulst,11 for background about light-scattering by small 
particles. The diffraction disc is centered around the direct retinal projection of the point 
source. Because this is true for all the particles, many diffraction discs overlap. Particles 
with larger sizes project smaller discs as compared to particles with smaller sizes. The 
radius (the first 0) of an Airy disc is 1.22λ/2r radian, with λ the wavelength of the incident 
light, and r the radius of the particle. One radian corresponds to 180/π°. The Airy pattern 
describes diffraction around a more or less opaque circular disc. The particles in the 
human eye lens can be assumed to be more or less transparent. Only the index of 
refraction is assumed to be different from its surroundings. The true scattering 
characteristic of such particles (Rayleigh-Gans-Debeye approximation11) is somewhat 
different from the Airy type, with a radius of 1.43λ/2r. For a wavelength of 0.56 µm in 
air, λ = 0.56 µm / 1.336 (1.336 is the index of refraction of the vitreous) and the radius of 
the diffraction disc on the retina using this formula would be 24° for r = 0.724 µm. The 
Rayleigh-Gans-Debeye approximation was actually used in the present and previous 
studies. This bears virtually no connection, however, to the present discussion on the 
ciliary corona because the difference between the two approximations affects only the 
intensity distribution, not the phase differences between the scattered waves. 

When the eye is looking at an ideally small point of light, different positions in the 
pupil of the eye are illuminated coherently (complete spatial coherence). True sources of 
course are never ideally small, but if the size is limited to the visual resolution limit of  
the eye, a high degree of coherence is obtained all over the pupil plane. In this way, all 
particles in the eye lens are illuminated with coherent light, and, as a consequence, all 
their retinal diffraction discs are coherent as well. Differences in depth of the particles are 
of little consequence in respect to coherence, because it is the total optical distance to the 
retina that counts here. However, because all particles are at different locations, phase 
differences between the diffraction discs occur. This difference is illustrated in Figure 1 
by the scattered wavefronts emitted from the particles. Only at the center of the retinal 
projection the wavefronts coincide. Away from the center they do not coincide, and phase 
differences occur.  

Let us consider the case for two particles. The situation is then more or less 
comparable to the situation when using a retinometer. Two points in the pupil plane 
project a coherent light disc on the retina. Because of the phase differences on the retinal 
plane, interference fringes arise (Figure 2B). For a larger distance between the points in 
the pupillary plane, the fringes are narrower and vice versa. Two particles at distance (D) 
project two overlapping discs with a phase difference equal to 2πθD/λ , with θ the visual 
angle in radians and λ the wavelength of the incident light. For two particles at a distance 
of 2 mm in the pupillary plane, and a wavelength of 0.56 µm in air, the fringes of the 
resultant interference pattern would have a period of approximately 0.0002 radians (0.7 
minutes of arc). This compares with the finest detail the human eye can resolve. In Figure 
2B the situation is exemplified for two particles with a distance (D) of 3.5 times their 
radius (r). When three particles combine, interference would result in three overlapping 
sets of such fringes (Figure 2C), corresponding to the three possible pairs of particles, and 
so forth. 
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Figure 1 Representation of light-scattering by three particles in the lens, illuminated by an infinite point 
source of monochromatic light. Each of the three scattered waves is centered around the primary image on 
the retina. Because the waves arrive on the retina from different directions, phase differences as a function 
of retina location occur, giving rise to interference. 

Figure 2 Illustration of coherent combination of light-scattering by 1(A), 2 (B), 3 (C), and 30 (D) particles. 
For clarity, the illustration shows unrealistically small particle distances compared with particle sizes. True 
particle distances/particle sizes are larger by a factor 300, meaning that the fringes and grain in figures (B), 
(C) and (D) should be smaller by a factor of 300. 
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With many particles distributed all over a 4-mm diameter pupil, the result would be a 
more or less random pattern of very fine dark and light spots, with spot sizes at the limit 
of our visual resolution (Figure 2D). Thus, because of interference, the smooth Airy-like 
disc breaks up in spots. This is the case for monochromatic light. It can be argued that at a 
different wavelength, the whole spot pattern would be identical, apart from a scale factor 
corresponding to the ratio between the two wavelengths. The details of the spot pattern are 
dictated by the precise distribution of all scattering centers. To go further, with white 
light, the spots for the different colors that constitute white light would line up and form 
line segments. Many line segments would overlap, and it is no longer easy to argue what 
the resulting pattern would look like. 
 
Study Protocol 
In the present study this summation of coherent Airy-like discs on the retina was studied 
by computer simulation MatLab software (The Mathworks, Natick, MA). The study 
adhered to the guidelines of the Declaration of Helsinki for research in human subjects. 
The outcome was compared to the subjective appearance of actual ciliary coronas. 
Subjects were asked to tell us about the details that were observed in the ciliary corona of 
their own eyes. For this a bare 100-W halogen lamp was used, viewed on its smallest side 
(1.8x1.0-mm filament size), located at 4 meters from the subject against a black 
background. The viewing condition was otherwise unrestricted. The intensity of this light 
was relatively easily to bear, with no adverse effects such as frequent blinking or 
excessive tearing. Approximately 20 individuals were asked for more global descriptions 
(appearance of “very fine needles”, presence of “weak colorations”, global extent) using 
their habitual correction. Four ophthalmically normal subjects participated in a more 
elaborate process and systematic comparison. In these 4 subjects habitual correction was 
used, and also best correction with trial lenses, but this made no difference. Natural as 
well as dilated pupils were used. We tried to make the observations on the subjective 
appearance as quantitative as possible. This was possible with respect to the estimation of 
maximal extent of the corona (∼8°, see the Results section) and the ratio between inner 
and outer end of the line segments seen in the corona (∼0.7, see the Results section). The 
other observations remained qualitative (e.g., “bluish” end “reddish” end regions, needles 
being “very fine”, but “coarser” for smaller pupils. See the Results section). Their retinal 
straylight values were measured quantitatively using a psychophysical approach, the 
direct compensation method described in the literature.2,16 Their measured straylight 
values are in the normal range for the respective ages.4 In short, this method involves 
presenting a flickering ring to the subject. Because of light-scattering in the eye, part of 
the flickering light from this ring also reaches the center of the retinal projection of this 
ring. Because of that, the subject perceives a (faint) flicker in the center of the ring. With 
counterphase modulating light added to the center, this straylight flicker can be silenced. 
The amount of counterphase-modulating light needed for silencing directly corresponds to 
the strength of retinal straylight in the respective individual. This approach was 
implemented in a non-commercial instrument16 as used in the present study, but recently a 
market instrument was manufactured by Oculus GmbH (Wetzlar, Germany). Main 
subjects were the 3 authors and one other member of the group. The straylight values are 
given as log straylight parameter (log(s)) for 10° of visual angle4: subject MH age 25, 
glasses OD sphere (S): -7.0, cylinder (C):-0.75, OS S:-6.75, C:-2.25, log(s) = 0.8; subject 
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AR age 31, glasses OD S: -1.75 OS S: -1.5, log(s) = 0.9; subject JC, age 31, glasses OD S: 
-4.25, OS S: -4.25, log(s) = 1.0; subject TB age 54, no correction (OD S: -0.75, OS S: 
-0.37), log(s) = 1.1. 
 

Results 
Figure 2 shows the patterns simulated for 1, 2, 3, and 30 particles. The 30-particle 
simulation is exemplified in Figure 2D for the (unrealistic) situation that the 30 particles 
are homogeneously distributed over an area with a diameter of 17 times their radius. This 
is unrealistic because, in fact, the particles are very tiny compared to the pupillary 
diameter, and, as a consequence, their diffraction discs are very large (24° for a particle of 
0.724 µm) compared with the fine grain caused by interference. The size of the grain is as 
fine as the central part of the retinal point-spread function (for the pupil size used). Recall 
that in the Methods section the interference fringes for two particles at 2 mm distance 
were shown to be 0.7 minutes apart. This grain size does not depend on the number or 
size of the particles. The grain in Figure 2D would have been virtually the same for 
different particle sizes or numbers, as long as the sizes were small compared to the 
pupillary diameter, and the particles were distributed more or less homogeneously over 
the pupil. We must note that, in fact, diffraction discs of very different sizes are combined 
because the particles in the eye vary considerably in size.12 Because of this, the typical 
Airy-like structure consisting of a central disc surrounded by rings gets lost. The 
combined effect is a monotonic decrease of the scattered light intensity with angular 
distance. The same decrease with angular distance was found with psychophysical 
straylight measurement.9 Because of the low intensities involved, subjectively we 
perceive the ciliary corona only over a few degrees, depending on the strength of the light 
source. Simpson15 already concluded from the limited size of the ciliary corona that the 
(in his time hypothetical) particles should be smaller than 10 µm in diameter. 
Subjectively, the maximum extent of the ciliary corona in our lab was about 8° for the 
four subjects (MH 6.4, AR 8.6, JC 9.0, TB 10) whereas with psychophysical measurement 
techniques straylight can be assessed far beyond that.1,2,16 Note that these values for the 
subjective extent of the ciliary corona increase with increasing straylight of the subjects 
(and age), as might be expected. 

Figure 3 gives the simulation for an area of 4.6°x4.6°, a pupil size of 0.2-mm 
diameter and particles with a wide size distribution around 0.724 µm. In fact, the precise 
size distribution is of little consequence for the characteristics of this figure. Figure 3A 
gives the simulation for 450-nm wavelength light, and Figure 3B gives the same for 
650 nm. As can be seen, wavelength has only a scaling effect. Precisely the same pattern 
is observed in Figures 3A and 3B, only sized differently. The scaling is in exact 
proportion to the wavelength size---in this case in a ratio of 450:650. This scaling effect 
forms the basis for the line pattern perceived in the ciliary corona. Realize that the ciliary 
corona is observed when using white (broad-band) light. Each wavelength contained in 
that light projects a pattern like that of Figure 3A or B on the retina. All the spots in this 
pattern line up for the different wavelengths, and an abundance of radiating lines can be 
expected. Each line would be colored according to the wavelength spectrum, blue on the 
inside to red on the outside. However, many lines would overlap since the spots from 
which they originate are very close together. Because overlapping lines all point in 
precisely the same direction (the center), the overlap does not disturb the expected fine 
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line appearance. It is expected to changes the coloration, since differently colored portions 
are summed together. In fact it is expected that the coloration is very much desaturated 
compared with a true wavelength spectrum. To view the exact nature of these lines, and of 
the whole pattern of lines, computer simulation is helpful. The simulation is shown in 
Figure 4 for equal-energy white light. The similarity to the subjectively perceived ciliary 
corona is striking. The simulation presented in Figure 4 may differ easily from the actual 
corona though in saturation and contrast because of printing and observation differences. 

The details in the simulated patterns were visually compared by many observers to 
what they observed around an actual point source of light (a halogen lamp at 4 m) on the 
basis of several criteria. All observers agreed that the simulation was, in a general manner, 
similar to the actual ciliary corona. Such aspects include the fineness and abundance of 
the needles, the fact that they are made up of line segments, the weak coloration, and the 
extent as mentioned above. Differences could include the level of saturation and contrast; 
and the fact that true cilia seem to move all the time. It must be noted here that a 
comparison between entoptic phenomena and simulation can never really succeed. An 
important problem is that the dynamical span of our visual system (i.e., the differences in 
luminance that the visual system can cope with more or less reliably) is much greater than 
that of simulation devices (CRTs). In case the effect of some form of stimulation is to be 
simulated, the stimulus itself must be left out of the simulation. In our case, the actual 
light source could not be present in the simulation. Also, as explained earlier, the details 
of the corona depend on the precise particle distribution (their location), which is different 
for each individual. Moreover, with the pupil being in (slight) motion all the time for each 
individual, changing populations of particles contribute to the corona. This is the 
presumed explanation for the continuous movements observed by many subjects in the 
actual corona. At most, our model for the particle distribution is a statistical one, not one 
that describes actual location details. Moreover, the (statistical) particle size distribution 
will vary somewhat between individuals as well. In order to gain more certainty about the 
true nature of the corona, the four main observers aging between 25 and 54 years had to 
make some observations of a more physical nature on sizes and coloration. But the results 
were remarkably similar between the different observers as well as between the observers 
on the one hand and the simulation (Figure 4). 

Each of the four observers had to explicitly judge the following issues (in addition to 
the extent mentioned earlier), also using artificial pupils and dilation: coloration, width, 
and length of the line segments (cilia). They all agreed on the following points: (1) The 
cilia seem to consist of separate line segments with weakly colored end regions. (2) The 
end regions closer to the center are bluish, the outer end regions are reddish. (3) The 
bluish end regions are closer to the center by about a factor of 0.7, as compared to the 
reddish end regions. This is more or less proportional to the corresponding wavelengths 
(i.e., 450 : 650 nm.) (4) Correspondingly, the line segments are proportionally longer if 
they are further away from the center. (5) The cilia are very thin, close to the finest detail 
the eye can resolve. (6) Pupil size had the effect of the cilia being coarser for smaller pupil 
sizes (not shown in a figure). All this can be recognized by most normal observers in the 
subjectively experienced ciliary corona. Each of these six points were seen also in the 
simulations, suggesting correspondence to exist between subjective observation and the 
proposed explanation of the phenomenon. The readers are invited to judge for themselves 
points 1 to 5 in Figure 4. 
One more observation was added. With monochromatic light, a spot pattern, instead of a 
line pattern, is to be expected. Looking through interference filters at the halogen lamp, 
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indeed a spot pattern is seen, more coarse for long wave light, in correspondence with 
Figure 3. This observation is easily confirmed, by looking at a sodium lamppost at night. 
 

Discussion 
Forward light-scattering is important in the human eye and has several sources. This study 
addressed the entoptic phenomenon of the ciliary corona as originating from light 
scattering by small particles. Another entoptic phenomenon, of direct relevance to the 
present study, is that of the “lenticular halo”.15 The lenticular halo is a colored band, much 
like the rainbow, perceived surrounding a bright spot of light at a mean distance of 3° 
radius. The inference in this case is that it originates from the fibrous structure of the eye 
lens.15 The model is that the lens fibers form a diffraction grating, arranged in a circular 
fashion, much like the spokes of a wagon wheel.15 The grating constant derived from the 
angular distance of the lenticular halo corresponds neatly to the width (periodicity) of the 
lens fibers---hence, the inference.15 In our study the lenticular halo formed a bit of a 
nuisance, because it can be quite bright compared with the ciliary corona. However the 
lenticular halo appears only for larger pupil sizes, depending on the subject. 

From the model simulations presented in this article it seems clear that the detailed 
structure of the ciliary corona can be understood on the basis of coherent light scattering 
by particles in the eye. The particle distributions may differ considerably between 
individuals. In particular age changes in the eye lens may have a significant effect on the 
particle distribution. One might have expected the appearance of the ciliary corona to be 
different between individuals and to change with age. Also within one individual, 
differences can be expected with pupil size. Indeed, for any one individual the ciliary 
corona is not a very constant pattern. Its details seem to vary continually. In overall 
appearance though, it is constant according to the six characteristics listed earlier. 
Between individuals, ther may be differences in precise detail, but not in overall 
appearance. Light-scattering and retinal straylight intensifies with age, due to increases in 
light-scattering particles, but the coherent summation on the retina is such that the line 
structure of the ciliary corona remains essentially the same.  

What do we know specifically about these particles, and their change with age? The 
forward light-scattering data on donor lenses12 do not allow true identification. These data 
are consistent with some particle distributions (size and number), assumed to be protein 
particles. They already occur in young lenses, consistent with young individuals also 
experiencing the ciliary corona.12 The modeling suggested that the number of particles 
increases with age and the scattering to increases per particle, because they grow larger 
(or maybe more dense), on average.12 From the light-scattering data we are not in the 
position to speculate on other potential changes such as, changes in the protein packing or 
in the cell surface interdigitations. Of particular interest in this respect is the 
morphological search by Gilliland et al.13,14 that led to the identification of candidate 
particles. They found these particles to be consistent with our theoretical analysis, since 
the transparent lenses were estimated to have about 500 particles per cubic millimeter in 
the nuclear core, a number agrees with the analysis and sufficient to produce the 
phenomenon. 
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One might expect that other small-sized disturbances in the eye also would add to the 
intensity of the corona, without changing its appearance. These disturbances could take 
the form of cells in the anterior chamber, structures in the anterior vitreous, deposits on 
the posterior cornea, deposits on the anterior lens, among others. To take this argument 
further, one might also expect that these or other small disturbances, on their own, could 
give the appearance of a ciliary corona. Determining which small irregularities in the eye 
would be true candidates to add to the ciliary corona is a subject for further study. 

In conclusion, the simulated corona compared very well with what is actually 
perceived. The predicted patterns show details that are recognized by most normal 
subjects observing a point source. The ciliary corona can be modeled on the basis of 
coherent light-scattering by small particles in the eye (lens). This finding strengthens the 
earlier conclusion10 that forward light scattering by small particles in the eye lens is the 
dominant source of retinal straylight, especially at older age. 
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Figure 3 Simulations for a 0.2-mm diameter pupil, realistic particle distribution, and monochromatic light. 
Simulation parameters: coherent combination of light-scattering by 1000 particles uniformally distributed over 
0.2-mm diameter area in the pupillary plane for monochromatic light of 450-nm wavelength (A) and 650 nm 
wavelength (B). Figure sizes are 4.6° x 4.6° of visual angle. 

Figure 4 Simulated ciliary corona for a distant point source emitting equal-energy white light. Simulation 
parameters: uniform random distribution over a 4-mm diameter pupil of 1000 light scattering particles of 
∼0.724 µm radius. Figure size is 4.6° x 4.6° of visual angle. 
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Abstract 
Purpose.  To present a new iris color classification system based on comparison of iris 
color to a set of 24 standard eye photographs, with the aim to gain on accuracy and on 
applicability for straylight studies. 
Methods and Results. A reference set of 24 eye photographs was established by 
ranking the photographs from lightest (number 1) to darkest (number 24) iris color. Re-
producibility was tested by grading a sample of 67 eye photographs with this reference 
set. Both systematic and random variation between observers were about 1 on a scale of 0 
to 25. 
Conclusions. The new method is promising to be more accurate than existing iris color 
classification systems in clinical situations where objective colorimetry-based systems are 
not available. The method may be useful to assess iris translucency and fundus reflectance 
as sources of variation in retinal straylight. 
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Introduction 
It is known from studies in the past that the amount of pigmentation in the eye wall and 
fundus influences the quality of the image on the retina of the normal human eye. Two 
main reasons were identified: part of the light projected on the retina is not absorbed but is 
reflected back into the eye by the layers of the fundus,1 and the eye wall, including the 
iris, is not optically opaque.2 Both effects depend on the amount of pigmentation in the 
fundus and eye wall respectively. The light originating from fundus reflectance and eye 
wall translucency does not partake in proper image formation on the retina, but is scat-
tered in the eye to create a veil of light over the retinal image. Together with scattered 
light originating from optical imperfections in the cornea and the crystalline lens, this 
light is referred to as retinal straylight. The scatter-induced light veil reduces the contrast 
of the retinal image and may lead to impairment of visual function. In the case that this 
impairment is caused by bright lights at a distance, such as headlights of oncoming cars 
when driving at night, the term disability glare is used. 

In previous studies the color of the eye (iris color) was used as an indicator for eye 
pigmentation. Blue-eyed caucasians were found to have higher straylight values compared 
to pigmented brown-eyed non-caucasians, leading to the conclusion that pigmentation is a 
source of variation in straylight in normal eyes.2,3 Van den Berg et al.4 showed that this 
pigmentation dependence is partly caused by variations in transmission of light through 
the ocular wall. For dark-brown eyes of pigmented individuals transmission was found to 
be two orders of magnitude lower than for blue-eyed individuals. Furthermore, the authors 
speculated that variations in fundus reflectance are also partly responsible for pigmenta-
tion dependence of straylight, which was later investigated more thoroughly by Vos and 
van den Berg.1 The study of van den Berg et al.4 also showed that variation in pigmenta-
tion on the blue side of the eye color spectrum has much more influence on the straylight 
value than variation on the brown side. This can be understood by realizing that the con-
tribution of straylight originating from fundus reflectance and eye wall translucency to the 
total amount of straylight is larger for less pigmented blue eyes than for well pigmented 
brown eyes.  

To better understand the variation in optical quality of the eye in the normal popula-
tion, and to be able to more accurately identify sources of increased straylight in patho-
logical eyes, the amount of fundus reflectance and eye wall translucency would need to be 
estimated, ideally by measuring these two factors directly. However, the techniques to do 
this are not readily available for most clinicians. Therefore, it would be desirable to have a 
relatively simple and straightforward way to assess these factors in a clinical environment. 
Grading of iris color seems to be an obvious candidate. 

For iris color to be used as reliable measure of eye pigmentation, its classification 
should be standardized. In most studies, iris color was subdivided in either 2 (light/ dark,5-

9 blue/ brown,10,11 or light-very light/ black-brown12), 3 (blue/ grey-green/ brown,13,14 blue/ 
mixture of brown, grey, green and/or yellow/brown,15 blue/ grey-green-mottled/ brown,16 
blue/ brown/ other,17 blue-grey/ green-hazel/ brown-black,18 or blue/ green/ brown19), 4 
(grey/ blue/ hazel/ brown,20 blue/ grey-green/ hazel/ brown,21 blue/ hazel/ brown/ indeter-
minate,22 or blue/ brown/ green/ hazel23), 5 (blue/ grey/ green/ hazel/ brown24,25 or blue/ 
hazel/ green/ brown/ black26), or 6 (blue/ green/ hazel/ brown/ black/ not clear27) catego-
ries, to be assessed by the investigator and/or the subject. An extensive line of research 
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has been devoted to the effects of prostaglandin analogs and prostamides on iris pigmenta-
tion.28,29 These are drugs used as ocular hypotensive agents in glaucoma patients. Most of 
these studies used 8, 9 or 10 iris color categories, based on a method introduced by Alm 
and Stjernschantz.30 

These classification systems, which can be characterized by the term “color nam-
ing”, are very subjective, since they do not involve comparison of the eye color to some 
kind of standardized reference. To improve on this situation, iris color classification sys-
tems based on a comparison with some kind of color standard, such as a color chart with 
331 or 1127 colors, 15 painted glass anterior eye segments,32 3 pictures of artificial eyes,33 
or the 5-grade Boys-Smith pigment gradation lens,34 have been used. Also, sets of stan-
dardized photographs of real eyes have been used as a reference. Moss et al.35 used a 
reference set of 6 red reflex photographs, obtained with dilated pupils. In the Beaver Dam 
Eye Study, a set of 3 reference photographs was defined,36 to be practically used to clas-
sify eye color in 337 or 438 categories. A modified version was used to define 5 catego-
ries.39 Seddon et al.40 developed a system with 4 reference photographs (5 categories), that 
was also used in later studies.41-43 

Most of these grading systems use 2 to 5 categories for eye color, which is too 
coarse (discretisation error too high) to discern the subtle differences on the blue side 
which are expected to induce relatively strong variations in retinal straylight, as explained 
above. In the last decade some objective classification systems have been proposed, based 
on automated image analysis by a computer using a calibrated software package.44-49 
Delori et al.50 explored the use of iris reflectometry as a potential tool for evaluation of iris 
pigmentation. These methods offer objective and accurate ways to measure iris color. 
However, they are not readily available for most clinicians. 

In this article, we present a new system for classification of iris color, based on 
comparison of iris color to a set of 24 standard photographs. It is intended to be a quick 
and easy-to-use system that is more accurate than existing systems. A similar system for 
the evaluation of diffuse atrophy of the retinal nerve fiber layer was proposed earlier.51 

 

Methods and Results 
The eyes of 32 volunteers were photographed with a Sony DSC-S75 digital camera under 
standardized illumination conditions. The volunteers were recruited from coworkers and 
students within the institute. Care was taken that the whole spectrum of possible iris col-
ors would be included. For the reference set, 24 out of 32 photographs were selected by 
one observer based on image quality and variation in iris color. Three of these 24 eyes 
were non-Caucasian.  

The 24 photographs were independently ranked from lightest (number 1) to darkest 
(number 24) iris color by 4 observers. Figure 1 shows the individual scores as a function 
of the mean score for each photograph. The deviations from the mean are given in Figure 
2. The overall standard deviation is 1.22.  The figures show a higher spread of data points 
on the low side (light or bluish iris colors). 

The final order for the reference set was determined by the mean scores of the 4 ob-
servers. This resulted in the set of photographs presented in Figure 3. 

To investigate the reproducibility of this classification system, a test sample of 67 
eye photographs (different from the ones used for the reference set) was graded by 4 ob-
servers according to the reference set, using a scale from 0 (lighter than picture 1) to 25  
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Figure 1 Ranking of 24 eye photographs by 4 observers on the basis of iris color (lightest=1, darkest=24). 
Individual scores are plotted as a function of the mean score. More spread around the x=y line means less 
agreement between the observers. 
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Figure 2 Similar to Figure 1, only now the deviation from the mean is plotted against the mean score. The 
dashed lines represent the overall 95% confidence interval, based on an overall standard deviation of 1.22. 
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Figure 3 Reference set for classification of iris color, in order from lightest (number 1) to darkest (number 
24) iris color. The presented order is based on ranking by 4 observers. 
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(darker than picture 24). The observers were asked to grade each test photograph on the 
scale created by the reference set on an average basis, as opposed to comparing each test 
photograph to each picture of the reference set individually. The photographs in the test 
sample had a lower image quality and were taken under different illumination conditions 
than those in the reference set. The deviations from the mean score are plotted as a func-
tion of the mean score in Figure 4. The overall standard deviation is 1.47. To investigate 
potential systematic differences in grading behavior between the observers, linear trend 
lines are plotted for each observer. Although the differences are rather small, these lines 
show a small systematic deviation for observer 2 with respect to observers 1 and 3. Also 
observer 4 shows somewhat deviant behavior.  

 

Discussion 
In this article, we presented a new classification system for iris color, using a set of 24 
standard photographs as a reference. This system assesses iris color in a more quantitative 
way than systems that have been used in the literature. Therefore, the new system might 
prove to be useful to gain more detailed knowledge about iris pigmentation, which is a 
source of variation for retinal straylight. 

To establish the reference set of 24 photographs, some arbitrary choices had to be 
made. Since the photographs were chosen from a rather limited population sample, it is 
unclear to what extent the sample represents the whole population. Some areas in the 
range of iris colors may be under- or overrepresented in the chosen reference set, and the 
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Figure 4 Reproducibility of the iris classification procedure. The iris color in 67 eye photographs were 
evaluated by 4 observers using the reference photographs presented in Figure 3. The deviation from the 
mean score is plotted against the mean score. The dashed lines represent the overall 95% confidence inter-
val, based on an overall standard deviation of 1.47. To investigate systematic differences between observers, 
trend lines for the individual data sets are also plotted. 
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extremes of the scale might not be included. Furthermore, the order of the reference set is 
rather subjective, since it is based on the judgment of only 4 observers. 

Despite these limitations, a remarkable agreement between observers was found, in 
both the establishment of the order in the reference set (Figure 1 and 2), and the repro-
ducibility test (Figure 4). The larger variation in data points on the low side (light iris 
colors) in Figure 1 and 2 might suggest that it is more difficult to grade light (bluish) 
colors than dark (brownish) iris colors. However, another explanation might be that in this 
reference set the differentiation of light or blue colors is more detailed than the differen-
tiation on the brown or dark side, giving rise to more noise on the blue side. In fact, this 
noise could be used to define a new reference set that has an equal accuracy over the 
whole scale, which would be desirable for general use of the system. For straylight appli-
cations, a more detailed reference set on the blue side would be preferable, as explained in 
the introduction. 

The overall standard deviation of 1.47 justifies the use of the relatively high amount 
of 24 categories for iris color. The (small) systematic difference in behavior between 
observers 1 and 3 on the one side and observer 2 on the other side might be caused by a 
different way of appreciation of the differences in image quality and general color appear-
ance between the test sample and the reference set. The positive slope of observer 4 might 
indicate that this observer is more likely to use the extreme ends of the scale than the other 
observers. 

The incentive for this study was the need for a relatively simple method to assess iris 
translucency and fundus reflectance as sources of variation in retinal straylight. Such a 
method was established by defining a reference set of eye photographs of different iris 
colors, containing more detail for the light (bluish) colors than existing iris color grading 
systems. The scoring error of about 1 on a scale of 0 to 25 suggests a higher discrimina-
tive power than existing systems, which have a higher discretisation error than this scor-
ing error. However, we did not actually compare our method to the existing systems. We 
believe that our method can be an improvement over existing iris color classification 
systems in clinical situations where objective colorimetry-based systems are not available. 
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Light that enters the eye can be divided in two parts. The largest part is refracted by the 
optical media (cornea and crystalline lens) to project an image of the outside world on the 
retina. This makes us able to see the world around us. A small part, however, is scattered 
in all directions by imperfections in the optical media, creating a veil of light over the 
retina that reduces the contrast of the retinal image. This part is called retinal straylight. 
Increased amounts of straylight, which may be caused by various ocular conditions 
affecting the clarity of the ocular media, such as corneal dystrophies, corneal edema and 
cataracts, may lead to severely impaired vision, especially in situations where the visual 
scene contains bright lights in a dark environment, the typical example of which is 
headlights of oncoming cars when driving at night. In the case that bright lights at a 
distance result in measurable impairment of visual function, the term disability glare is 
used. 

The importance of retinal straylight for quality of vision has been recognized 
since the beginning of the 20th century, since it was quickly realized that retinal straylight 
is the cause for disability glare. However, although over the years several attempts have 
been made to develop a way to measure retinal straylight in a reliable way, a generally 
accepted standard was never adopted. As a consequence, measurement of straylight was 
only used as a research tool and never made it to large scale routine clinical use. 

This thesis describes the development and some applications of the 
compensation comparison method, a new psychophysical method to measure retinal 
straylight in the human eye. The method has been implemented in a commercially 
available instrument, the Oculus C-Quant, making large scale (clinical) routine 
measurement possible. 

Chapter 1 gives a short introduction to the subject of retinal straylight and its 
measurement techniques. It outlines the circumstances that led to the development of the 
new method as described in this thesis, and to the implementation of this method in a 
commercially available instrument. 

Some aspects of the practical impact of retinal straylight are summarized in 
chapter 2, including pictures showing how patients with increased straylight see the 
world. It is made clear that measurement of retinal straylight gives additional information 
about the quality of vision compared to existing visual function measures such as visual 
acuity, contrast sensitivity and slitlamp evaluation. 

A literature review of straylight measurement techniques which have led to the 
development of the new technique described in this thesis is given in chapter 3. In 
addition, an overview is presented of the current state of knowledge of straylight in the 
human eye in both normal and pathological conditions, partly anticipating on the findings 
in the chapters of this thesis. Many studies have looked into the straylight increase with 
age in healthy eyes, eventually resulting in the definition of an age dependent straylight 
multiplication factor [1+(A/D)4], with A the age and D the age at which the amount of 
straylight doubles. Values for D were found between about 62.5 and 70 years. Straylight 
was found to decrease with scatter angle more or less according to angle-2 (Stiles-
Holladay approximation). Our group moreover found that it is higher in less pigmented 
normal subjects (blue eyes). Furthermore, it was found that straylight in the normal 
human eye originates from 4 sources: cornea, crystalline lens, eye wall, and fundus. Light 
scattering from the cornea and the lens appeared to be blue-dominated, while straylight 
originating from the eye wall and fundus is red-dominated. Increased straylight values 
may be found in ocular conditions affecting either the cornea (corneal edema, corneal 
dystrophy), the crystalline lens (cataract, pseudophakia, retinitis pigmentosa), or the eye 
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wall (diaphany of the iris). Also refractive surgery, such as radial keratotomy (RK), 
photorefractive keratectomy (PRK), and laser-assisted in-situ keratomileusis (LASIK) 
might, on an individual basis, lead to increased straylight. The earlier results have been 
obtained with (slight modifications of) equivalent veil or direct compensation techniques. 
However, both techniques appeared to have some drawbacks that have prevented them 
from being used in large scale routine procedures, such as in driver licensing and clinical 
applications. The compensation comparison technique, now implemented in the 
commercially available Oculus C-Quant, is concluded to have the potential to overcome 
these drawbacks and to make large-scale routine use of straylight measurement possible. 

The compensation comparison technique itself is introduced in chapter 4 as an 
adaptation of the previously used direct compensation technique. This direct 
compensation technique involves presenting a flickering ring to the subject. Because of 
light scattering in the eye, part of the flickering light from this ring also reaches the center 
of the retinal projection of this ring. Because of that, the subject perceives a (faint) flicker 
in the center of the ring. With counterphase modulating light added to the center, this 
straylight flicker can be silenced. The amount of counterphase modulating light needed 
for silencing directly corresponds to the strength of retinal straylight in the respective 
individual. In the compensation comparison method, the subject’s task is a forced-choice 
(2AFC) comparison between 2 flickering half fields. In only one of these half fields 
counterphase flicker is presented. In a series of short duration presentations, the subject 
has to judge which of the two half fields flickers more strongly. By means of a maximum 
likelihood procedure, a psychometric function is then fitted to the subject’s responses to 
find his straylight value. A theoretical form for this psychometric function was defined 
and experimentally verified in both laboratory experiments and field data from a large 
multi-center European study (GLARE study). A repeated-measures standard deviation of 
0.07 log units was achieved, to be compared with differences in the young normal 
population of 0.4 log units, and an increase with healthy aging by 0.5 log units at 80 
years, and by 1.0 or more log units with (early) cataract or corneal disturbances. The 
reliability of the method was additionally tested in a laboratory experiment using the C-
Quant and found to be high. It is concluded that the compensation comparison method is 
suited for clinical use to diagnose patients with complaints caused by large angle light 
scattering in the eye such as early cataract. 

A more elaborate and complete model for the psychometric function is presented 
in chapter 5. This model is necessary in the general case, when more subtle compensation 
comparison stimuli are included and when particular subjects are considered. According 
to the respective psychophysical theory developed in this chapter, the compensation 
comparison method will be more accurate when stimuli with smaller modulation depths 
are used. This can be achieved by adding counterphase flicker in both half fields, whereas 
in the implementation described in chapter 4 this was done in only one half field. With 
this extra compensation light, called precompensation, stimuli near or below flicker 
threshold are possible, and therefore modulation depth threshold needed to be 
incorporated as a parameter in the psychophysical model. The new model was 
experimentally verified in laboratory measurements and tested on the field data from the 
multi-center GLARE study (no precompensation). It was found to perform equally well as 
the previous model for subjects with good to moderate psychometric behavior, and better 
for subjects with poor psychometric behavior. The resulting flicker threshold estimates 
were found to be a factor of 10 larger than classical threshold values as measured by De 
Lange and others. This also explained why in earlier studies using the direct compensation 
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technique the accuracy of the method had always been found to be a lot lower than 
expected, viz. in the order of the classical flicker thresholds. With the new model and the 
compensation comparison technique, this discrepancy could now be investigated by 
performing an experiment with different screen layouts approaching the screen layout for 
a classical flicker threshold experiment in a stepwise manner. An effect of flicker 
adaptation over distance was found. In conclusion, the new approach proved suitable to 
describe compensation comparison measurements including precompensation, and also 
including subjects with poor psychometric behavior. 

An important aspect of the compensation comparison method is that it allows 
evaluation of the reliability of a single measurement outcome. This is done by calculating 
a reliability index, called expected standard deviation (ESD), from the shape of the so-
called likelihood function. This function describes the goodness of fit between the 
subject’s responses resulting from the 2AFC test and the psychophysical model function. 
The fitting and ESD calculation procedures are described in chapter 6. Because the shape 
of the psychometric function is important in this process, potential differences in this 
shape were studied in addition. Subject data sorted according to ESD indeed showed 
differences in this shape to exist in the population (expressing the existence of good and 
bad observers). These different shapes for the psychometric function were used to 
reanalyze the data, to see whether this could lead to changes in the estimates of the 
straylight values. This was found not to be the case. So, a single fixed shape of the 
psychometric function is sufficient to reliably estimate the straylight value, even for 
subjects whose psychometric functions deviate substantially from the shape used for 
analysis. Also, ESD was found to correlate well with the standard deviation of repeated 
measurements. In conclusion, ESD proved to be an efficient tool to detect unreliable 
measurements. In clinical practice ESD may be used to decide whether to repeat a 
measurement because of poor reliability. 

Possible systematic deviations (bias) of measurement outcomes are an aspect of 
reliability that could not be assessed with the GLARE data, since the true straylight values 
of the eyes tested are unknown a priori. Also the effectiveness of the chosen sampling 
strategy could not be analyzed. In chapter 7, these questions are addressed using Monte-
Carlo simulations: instead of analyzing responses from real subjects, responses were 
generated by computer as a function of (assumed) straylight values. In this way, both the 
assumed subject characteristics (straylight value and shape of the psychometric function) 
and the results returned by the analysis algorithm are known. Various sampling strategies 
were investigated, including the two phase sampling strategy that was used in the GLARE 
study and that is also used in the C-Quant. It was found that in practical applications no 
significant bias is to be expected, and that the ESD value obtained in a compensation 
comparison test approximates the true standard deviation in the majority of cases. The 
sampling strategy used in the GLARE study and in the C-Quant proved to be adequate for 
clinical use in the vast majority of cases, giving a standard deviation between 0.03 and 0.1 
log units for the estimated straylight value. 

The remaining chapters do not concern straylight measurement methodology, but 
reflect studies on straylight itself.  

It was long thought that light scatter in the eye is caused by small particles, 
giving rise to a strong Rayleigh-type λ-4 wavelength dependence, a phenomenon that also 
causes the sky to appear blue. However, such wavelength dependence was not found in 
older studies. Using the accurate compensation comparison approach, the subject was 
restudied, as described in chapter 8. Retinal straylight was measured at different 
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wavelengths from 625 (red) to 457 (blue) nm, and subjects with a large variety of ocular 
pigmentation were included, especially including subjects of pigmented races. In 
correspondence with earlier studies, straylight was found to depend strongly on 
pigmentation of the eye, in addition to the already known age dependence. In this study, 
young and well pigmented eyes (young negroids) showed nearly perfect λ-4 dependence, 
confirming the small particle scatter assumption for the cornea and lens. However, with 
less pigmentation (blue-eyed Caucasians), this dependence was lost, to be explained with 
the addition of the earlier identified red dominated component originating from eye wall 
translucency and fundus reflectance. The combination results in an overall spectrally more 
or less neutral behavior, which is in better accordance with earlier results. With these 
results, the long-existing wavelength mystery seems to be solved. 

Another common misconception is that glare depends on the size of the pupil, 
since glare is in general experienced more severely at night, when pupil sizes are larger 
than during the day. To address this misconception, the compensation comparison 
technique was used to study the effect of pupil diameter on retinal straylight, as described 
in chapter 9. Straylight was measured as a function of pupil diameter for different 
scattering angles. For natural pupils, straylight was found to be rather weakly dependent 
on pupil diameter (within 0.2 log units for pupil diameters between 2 and 7 mm). For 
extremely narrow as well as extremely wide pupils, straylight may increase considerably. 
For narrow pupils the reason is that eye wall translucency may become important. For 
wide pupils, the extreme periphery of the eye lens, which is an optically less clear area 
than the central parts of the lens, may become exposed. In actual glare situations one must 
consider that the pupil may react with contraction. This potential effect was studied in a 
laboratory environment. Pupil reflexes in reaction to the sudden appearance of headlight-
equivalent bright lights were recorded for 3 subjects. Pupil diameters were found to drop 
to photopic values under these typical night-driving glare conditions. 

As a first limited clinical study, the compensation comparison method was used 
to measure straylight values before and after refractive surgery of the PRK 
(photorefractive keratectomy) and LASIK (laser assisted in-situ keratomileusis) type, as 
described in chapter 10. Straylight values were measured for 12 patients, who were 
scheduled for either LASIK or PRK. At the one-month follow-up visit, straylight values 
were again measured in the same manner and compared with the pre-operative straylight 
values. Overall, there was no statistically significant change in straylight values one 
month after LASIK or PRK compared with the pre-operative values. However, individual 
increased straylight values did occur and correlated well with decreased quality of vision 
and eye examination. 

Already since the start of the project, the need had been felt to have a way to 
simulate the straylight effects of a cataract. A cataract simulating filter was believed to be 
useful for demonstrating to people with normal eyes how cataract affects vision. 
Furthermore, such a filter could help in validating the compensation comparison method. 
Chapter 11 describes the study that was performed to find filters that mimic the straylight 
effects of cataract, by investigating the light scattering characteristics of several 
commercially available light diffusing filters using a goniometer setup, as used previously 
to measure light scatter by donor eye lenses. The results were then compared to the 
straylight characteristics of a real cataract. The retinal straylight addition due to cataract 
was known from straylight parameter data in the literature and found to follow a power 
law as a function of angle with power of -2.12 and with straylight parameter log values 
between 0.6 and 1.6 for relatively mild cataract cases. Of the commercial filters that were 
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tested, the Tiffen Black Pro Mist (BPM) filters resembled the straylight characteristics of 
cataracts fairly well. The filters had a limited effect on visual acuity and contrast 
sensitivity, which was also found for early cataracts. The BPM 2 followed a power law as 
a function of angle with a power of approximately -2.21 and straylight log values of 1.12. 
Therefore, the BPM 2 filter was concluded to be a good early-cataract-simulating filter. It 
was actually used for the validity experiments in chapters 4 and 5. 

A reliable measurement with the compensation comparison method requires the 
eye to be more or less corrected for refractive error (although with relatively high 
tolerance). The most straightforward way to achieve this is to have the subject wear his 
own glasses during the experiment. This raised the question whether (clean) spectacle 
lenses can contribute significantly to the total amount of straylight that the eye perceives. 
Chapter 12 describes common straylight characteristics for glass and plastic spectacle 
lenses and compares these to the straylight characteristics of the eye which were taken 
from the literature. Straylight was measured for angles from 4 to 30 degrees. It was found 
that the angular dependence of straylight from spectacle lenses is similar to that of the 
human eye (power -2 proportionality). However, for clean spectacle lenses, straylight was 
usually found to be at least an order of magnitude lower than that of the eye, while ‘as 
worn’ (uncleaned) spectacle lenses could approach the straylight of the eye. The study 
also showed that plastic spectacle lenses degrade much faster than glass spectacle lenses 
in terms of the amount of straylight they generate. 

Chapter 13 explains how we actually perceive our own straylight, in the case 
that it is emerging from a small light source. This is the phenomenon of the so-called 
“ciliary corona”, a radiating pattern of numerous fine, slightly colored needles of light that 
most people see around bright lights, such as halogen lamps, against dark backgrounds. It 
proved that this phenomenon can be explained assuming the presence of specific 
distributions of small particles in the eye, which were previously predicted to be present 
in human eye lenses on the basis of light scattering studies on donor lenses. Light entering 
the eye is diffracted by these particles. Each such particle causes a circular diffraction 
pattern on the retina of tens of degrees, much like the well known Airy pattern. The 
diffraction discs originating from all the particles coherently superimpose on the retina. 
Because all particles are at different locations in the lens, phase differences between the 
diffraction discs occur, giving rise to interference patterns on the retinal plane. As a result, 
the Airy-like discs are broken into a fine spot pattern when monochromatic light is used. 
For white (polychromatic) light the spots line up to form the very fine line pattern seen in 
the ciliary corona. The optics of combining many of the Airy-like diffraction patterns was 
modelled and the resulting pattern simulated graphically. The simulations were compared 
with observations on the ciliary corona as seen by the natural eye and found to be very 
similar. 

As mentionend before, dark eyes generally show less straylight than light eyes. 
This was explained by assuming that eye color reflects the amount of pigmentation in the 
(interior of) the eye, which in turn determines eye wall translucency and fundus 
reflectance. Since existing iris color classification systems were not developed for 
detecting differences in eye pigmentation that may be important for straylight, a better 
classification system, based on comparison of iris color to a set of 24 standard eye 
photographs, is introduced in Chapter 14.  

With the development of the compensation comparison technique, a functional 
measure of optical quality of the eye has become available for clinical use. The straylight 
parameter has the potential to become an important measure for quality of vision, next to 
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visual acuity. Possible applications of clinical and/or large scale straylight measurement 
are assessment of posterior capsule opacifications (PCOs) after intraocular lens (IOL) 
implantation, the establishment of an objective aid in the decision process whether to 
operate for cataract, longitudinal studies after laser refractive surgery or cornea 
transplantation, validation of glare testers, and assessment of glare sensitivity of driver 
license applicants and/or older drivers. Further refinement of the compensation 
comparison method, such as a further improvement of sensitivity, may be achieved by 
implementing more sophisticated sampling strategies, such as adaptive procedures. In 
general, the development of the compensation comparison technique for measuring retinal 
straylight may lead to a new way of looking at quality of vision. 
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Licht dat het oog binnenkomt, kan worden onderverdeeld in twee componenten. Het 
grootste gedeelte wordt gebroken door de optische media (hoornvlies (cornea) en ooglens) 
en vormt een projectie van de buitenwereld op het netvlies (retina). Hierdoor zijn wij in 
staat om te zien. Er is echter ook een gedeelte van het licht dat alle kanten op wordt 
verstrooid door onzuiverheden in de optische media. Dit verstrooide licht, dat retinaal 
strooilicht genoemd wordt, vormt een waas op het netvlies waardoor het contrast afneemt. 
Door verschillende aandoeningen, zoals cornea-dystrofie, cornea-oedeem en staar, kan de 
hoeveelheid strooilicht sterk toenemen. Verhoogd strooilicht kan het zicht ernstig 
beperken, vooral als er sprake is van een relatief donkere omgeving terwijl tegelijkertijd 
zeer heldere objecten zich in het gezichtsveld bevinden. Een typische voorbeeld is het 
autorijden ’s nachts, waarbij men verblind kan worden door de koplampen van 
tegemoetkomend verkeer. Als deze koplampen leiden tot een meetbare beperking van het 
gezichtsvermogen spreekt men van “disability glare”. 
 Het belang van retinaal strooilicht voor de kwaliteit van het gezichtsvermogen 
werd al in het begin van de twintigste eeuw onderkend, toen men zich ging realiseren dat 
strooilicht de oorzaak is van verblinding. Jarenlange pogingen om retinaal strooilicht op 
een betrouwbare manier te meten hebben niet geleid tot een algemeen aanvaarde 
gestandaardiseerde meetmeethode. Daardoor bleef het meten van strooilicht beperkt tot 
wetenschappelijk onderzoek en is het nooit een onderdeel van een standaard 
oogheelkundig onderzoek geworden. 
 Dit proefschrift beschrijft de ontwikkeling en enige toepassingen van de 
“Compensation Comparison”-methode, een nieuwe psychofysische techniek om de 
hoeveelheid retinaal strooilicht in het menselijk oog te meten. De methode wordt 
toegepast in een commercieel verkrijgbaar instrument, de Oculus C-Quant. Hiermee is 
routinematig strooilicht-onderzoek in de kliniek mogelijk geworden. 
 In Hoofdstuk 1 wordt een korte inleiding gegeven over retinaal strooilicht, en  
hoe dit gemeten kan worden. Hier wordt uitgelegd hoe de ontwikkeling van de nieuwe 
methode verlopen is. 
 In Hoofdstuk 2 worden enkele praktische aspecten van retinaal strooilicht 
besproken. Er worden enkele illustraties gegeven die duidelijk maken hoe retinaal 
strooilicht de kwaliteit van het gezichtsvermogen aantast. Ook wordt in dit hoofdstuk 
ingegaan op de toegevoegde waarde van een strooilichtmeting ten opzichte van de 
gebruikelijke oogheelkundige onderzoeksmethodes, zoals gezichtsscherpte- en 
contrastgevoeligheidsmeting en spleetlamp-onderzoek. 
 In Hoofdstuk 3 is een overzicht te vinden van de literatuur op het gebied van 
strooilichtmeting. Verder wordt hier een overzicht gegeven van de huidige kennis over 
strooilicht in zowel gezonde als ongezonde ogen. Er is veel onderzoek gedaan naar de 
toename van strooilicht als functie van leeftijd. De leeftijdsafhankelijkheid van strooilicht 
in gezonde ogen kan goed beschreven worden met een vermenigvuldigingsfactor 
[1+(A/D)4], waarbij A de leeftijd is, en D de leeftijd waarop de hoeveelheid strooilicht 
verdubbeld is. Gebruikelijke waarden voor D liggen tussen 62.5 en 70 jaar. Strooilicht 
neemt af met een hoekafhankelijkheid van ruwweg de hoek tot de macht -2 (Stiles-
Holladay benadering). Uit onderzoek van onze groep is gebleken dat de hoeveelheid 
strooilicht in licht-gepigmenteerde gezonde ogen verhoogd is. Strooilicht in een oog is 
afkomstig van vier bronnen: hoornvlies, ooglens, oogwand en oogbodem. 
Lichtverstrooiing van hoornvlies en ooglens is enigszins blauwachtig van kleur, terwijl de 
strooilichtbijdrage van de oogwand en oogbodem roodachtig van kleur is. Verhoogde 
strooilichtwaarden worden gevonden in ogen met aandoeningen van het hoornvlies 
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(oedeem, dystrofie), de ooglens (staar, pseudofakie, retinitis pigmentosa) en de oogwand 
(diafanie van de iris). Ook refractieve chirurgie, zoals radiële keratotomie (RK), 
fotorefractieve keratectomie (PRK) en laser-assisted in-situ keratomeleusis (LASIK) kan 
(incidenteel) leiden tot een toename van de hoeveelheid strooilicht. De vroegere resultaten 
zijn verkregen met “equivalent veil”- (vergelijkbare waas-) benaderingen en Directe 
Compensatie-technieken. Deze methoden hebben enkele nadelen die de praktische 
toepasbaarheid van strooilichtmeting,  zoals als keuringseis voor het rijbewijs of 
routinematig klinisch onderzoek, hebben tegengehouden. De Compensation Comparison-
methode is een belangrijke verbetering, waarbij een groot aantal nadelen van de eerdere 
technieken is opgelost. 
 De Compensation Comparison-methode zelf wordt in Hoofdstuk 4 
geïntroduceerd als een aanpassing van de oudere Directe Compensatie-methode. In de 
Directe Compensatie-methode wordt de proefpersoon een knipperende ring getoond. 
Vanwege lichtverstrooiing in het oog komt een gedeelte van het licht in de ring niet in de 
projectie van de ring op het netvlies terecht, maar in het midden van de ring. Hierdoor 
neemt de proefpersoon een lichte knippering waar in het midden van de ring. Door een 
knippering in tegenfase aan te brengen in het centrum van de ring kan deze knippering 
uitgedoofd worden. De hoeveelheid tegenfase-licht die nodig is voor volledige uitdoving 
komt direct overeen met de hoeveelheid retinaal strooilicht in het oog van de 
proefpersoon. In de Compensation Comparison-methode bevinden zich in het centrum 
van de ring twee halve-maanvormige testveldjes. Slechts in één van de testveldjes wordt 
tegenfase-knippering toegevoegd. De taak voor de proefpersoon is om de hoeveelheid 
knippering in beide testveldjes te vergelijken. In een beperkt aantal kortdurende 
aanbiedingen moet de proefpersoon een (gedwongen) keuze maken welk van de twee 
veldjes het sterkst knippert. Met behulp van een zogenaamde “maximum likelihood”- 
procedure wordt de meest waarschijnlijke strooilichtwaarde bepaald aan de hand van de 
responsen van de proefpersoon. Voor deze procedure is een psychometrische functie 
nodig. Een theoretisch onderbouwde vorm voor deze functie werd geformuleerd. Deze 
vorm bleek goed overeen te komen met zowel  laboratoriumexperimenten  als met 
gegevens uit een uitgebreide veldstudie (GLARE-studie). Een standaarddeviatie voor 
herhaalde metingen van 0.07 logaritmische eenheden werd gehaald, die vergeleken moet 
worden met verschillen in een jonge normaal- populatie van 0.4 logaritmische eenheden, 
en met een toename met de leeftijd van 0.5 logaritmische eenheden op tachtigjarige 
leeftijd. In het geval van beginnende staar of hoornvliesproblemen zijn toenames met 1.0 
logaritmische eenheden of meer geen uitzondering. De betrouwbaarheid van de methode 
werd bovendien  in het laboratorium onderzocht met behulp van de C-Quant, en bleek 
uitstekend te zijn. Wij zijn tot de conclusie gekomen dat de Compensation Comparison-
methode geschikt is voor klinisch gebruik om klachten veroorzaakt door lichtverstrooing 
in kaart te brengen. 
 In Hoofdstuk 5 wordt een uitgebreider model voor de psychometrische functie 
besproken. Dit enigszins ingewikkelder model is nodig in het algemene geval, waarbij in 
beide testveldjes knippering wordt toegevoegd. Uit de theoretische beschouwingen in dit 
hoofdstuk volgt dat in principe een nog nauwkeuriger meting mogelijk is door in beide 
veldjes een tegenfase-knippering aan te bieden. Met behulp van deze zogenaamde 
precompensatie neemt de hoeveelheid knippering in de testveldjes zodanig af, dat 
rekening gehouden moet worden met de knipperdrempel. De knipperdrempel is daarom 
opgenomen als een parameter in het uitgebreidere psychofysische model. Ook dit model is 
onderzocht met behulp van laboratoriumproeven en met behulp van de gegevens uit de 
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GLARE-studie. Het model bleek even goed te werken voor de betere waarnemers, en 
beter voor de wat minder goede waarnemers. De gevonden waarden voor de 
knipperdrempel bleken een factor 10 hoger te liggen dan de waarden afkomstig van 
klassieke drempelexperimenten van De Lange en anderen. Dit verklaart tevens waarom de 
nauwkeurigheid van de Directe Compensatie-methode altijd een stuk slechter bleek te zijn 
dan op grond van de klassieke knipperdrempelwaarde te verwachten is. Om wat meer grip 
op het drempelgedrag te krijgen is een aantal laboratoriumexperimenten uitgevoerd met 
verschillende stimulusconfiguraties, waarbij stapsgewijs de complexiteit is opgevoerd van 
het klassieke drempelexperiment tot de vormgeving die in een Compensation 
Comparison-meting wordt gebruikt. Er werd een effect van knippergevoeligheids-
aanpassing ontdekt, veroorzaakt door de knipperende ring.   
 Een belangrijk aspect van de Compensation Comparison-methode is dat een 
schatting van de betrouwbaarheid van een enkele meting kan worden gegeven. Hiertoe 
wordt een betrouwbaarheidsindex, de verwachte standaarddeviatie, berekend aan de hand 
van de zogenaamde waarschijnlijkheidsfunctie. Deze functie volgt uit de reponsen van de 
proefpersoon en de psychometrische functie. Hoe dit precies in zijn werk gaat, wordt 
beschreven in Hoofdstuk 6. Omdat de vorm van de psychometrische functie een centrale 
rol speelt in dit proces, werd gekeken naar de invloed die verschillen in vorm van deze 
functie op het meetresultaat kunnen hebben. Hiertoe werden de proefpersonen gesorteerd 
op basis van de betrouwbaarheidsindex. Hieruit bleek dat er verschillen zijn in het 
waarnemingsvermogen in een populatie, die beschreven kunnen worden met verschillende 
vormen van de psychometrische functie. Met behulp van de aldus verkregen vormen, 
werden de gegevens opnieuw geanalyseerd, om te kijken hoe gevoelig de verkregen 
meetresultaten zijn voor een verkeerde vorm van de psychometrische functie. Gelukkig 
bleek het meetresultaat hiervoor niet erg gevoelig te zijn. Daarom kan volstaan worden 
met een enkele, vaste, vorm van de psychometrische functie om toch een betrouwbare 
strooilichtwaarde te kunnen bepalen, zelfs voor minder goede waarnemers. De 
betrouwbaarheidsindex bleek bovendien goed overeen te komen met de werkelijke 
standaarddeviatie die volgde uit herhaalde metingen. In de klinische praktijk kan de 
betrouwbaarheidsindex gebruikt worden om aan te geven of een meting herhaald moet 
worden. 
 Een ander aspect van betrouwbaarheid, mogelijk systematische afwijkingen van 
meetresultaten, kon niet verkregen worden uit de GLARE-gegevens, simpelweg omdat de 
werkelijke strooilichtwaarden van de doorgemeten ogen natuurlijk nooit bekend zijn. 
Verder kon de effectiviteit van de gekozen meetstrategie niet onderzocht worden. In 
Hoofdstuk 7 komen deze aspecten aan de orde aan de hand van Monte Carlo-simulaties. 
In plaats van responsen van echte proefpersonen te gebruiken, werden deze gegenereerd 
met een computer. Op deze manier zijn zowel de eigenschappen van de gesimuleerde 
proefpersoon (gesimuleerde strooilichtwaarde en vorm van de psychometrische functie) 
als de resultaten van de analyse-routines (strooilichtwaarde en betrouwbaarheidsindex) 
bekend. Een aantal meetstrategieën werd op deze manier onderzocht, waaronder de 
strategie die in de C-Quant wordt gebruikt. In de praktijk zullen geen systematische 
afwijkingen van het meetresultaat voorkomen, en de betrouwbaarheidsindex benadert de 
werkelijke standaarddeviatie in de meeste gevallen. De meetstrategie zoals toegepast in de  
C-Quant blijkt geschikt in het merendeel van de gevallen, en levert een standaarddeviatie 
van de stroolichtwaarde op variërend van 0.03 logaritmische eenheden voor goede 
waarnemers tot 0.1 logaritmische eenheden voor slechte waarnemers. 
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 De resterende hoofdstukken gaan niet meer over de meettechniek op zich,  maar 
over de resultaten van strooilichtmetingen. 
 Lange tijd heeft men gedacht dat lichtverstrooiing in het oog veroorzaakt wordt 
door kleine deeltjes. Zulke deeltjes zouden dan een sterke λ-4 golflengte-afhankelijkheid 
moeten vertonen, vergelijkbaar met de Rayleigh-verstrooiing die de lucht blauw kleurt. 
Een dergelijke golflengte-afhankelijkheid is in het verleden echter niet gevonden in het 
oog. Met behulp van de nauwkeurige Compensation Comparison-techniek hebben we 
opnieuw naar de golflengte-afhankelijkheid van retinaal strooilicht gekeken. In 
Hoofdstuk 8 wordt beschreven hoe we bij proefpersonen met een grote variëteit in 
pigmentatie, en dan met name bij zeer gepigmenteerde proefpersonen, strooilicht hebben 
gemeten bij golflengtes van 625 nm (rood) tot 457 nm (blauw). Overeenkomstig eerder 
onderzoek bleek strooilicht sterk afhankelijk te zijn van pigmentatie, naast de reeds 
bekende leeftijdsafhankelijkheid. Uit dit onderzoek bleek dat ogen van jonge donkere 
mensen een bijna-perfect Rayleigh-gedrag laten zien, hetgeen de aanname van kleine-
deeltjesverstrooiing in hoornvlies en ooglens bevestigt. Maar bij blauwogige blanken, die 
veel minder gepigmenteerd zijn, raakt deze golflengte-afhankelijkheid verloren. Dit is te 
verklaren met de toegevoegde bron van lichtverstrooiing: de roodgekleurde bijdrage 
vanwege doorschijnendheid van de oogwand en reflectantie van de oogbodem. Bij elkaar 
levert dit een min of meer golflengte-onafhankelijk strooilichtgedrag op, overeenkomstig 
de resultaten van eerdere studies. Hiermee lijkt het mysterie van de golflengte- 
(on)afhankelijkheid te zijn ontrafeld. 
 Een veel voorkomend misverstand is de afhankelijkheid van strooilicht van de 
pupildiameter. Waarschijnlijk komt dit doordat verblindingsverschijnselen voornamelijk 
’s nachts worden ervaren, wanneer de pupil een grote diameter heeft. Om dit misverstand 
uit de wereld te helpen, hebben we in Hoofdstuk 9 met behulp van de Compensation 
Comparison-techniek het verband tussen lichtverstrooiing en pupilgrootte onderzocht. Bij 
verschillende verstrooiingshoeken is strooilicht gemeten. Voor natuurlijke pupildiameters 
(2 tot 7 mm) bleek de hoeveelheid strooilicht niet sterk te variëren. Bij zowel extreem 
grote als extreem kleine pupillen kan de strooilichtwaarde aanzienlijk toenemen. Bij 
extreem kleine pupillen wordt dit veroorzaakt door een relatief grotere bijdrage van de 
doorschijnendheid van de oogwand. Bij extreem grote pupillen valt er ook licht op de 
rand van de ooglens, die optisch minder helder is dan het centrum van de ooglens. In 
verblindingssituaties zou men er verdacht op moeten zijn dat de pupil wel eens zou 
kunnen reageren met contractie. Om deze pupilreactie te onderzoeken hebben we een 
opstelling gebouwd die een lichtbron bevatte die vergelijkbaar is met de koplamp van een 
auto. Het bleek dat onder deze verblindingsomstandigheden de pupildiameter die van 
overdag benadert. 
  Een eerste, vrij beperkte, klinische studie is gedaan naar strooilichtwaarden voor 
en na refractieve chirurgie. Twee soorten refractieve chirurgie, namelijk PRK en LASIK, 
werden onderzocht, zoals beschreven in Hoofdstuk 10. Bij twaalf patiënten werden 
strooilichtwaarden gemeten. Over het algemeen bleek geen significante toename in 
strooilicht op te treden. In enkele geïsoleerde gevallen werd echter wel een toename 
gevonden. 
 Vrij vroeg in dit project kregen wij behoefte aan de mogelijkheid om de 
strooilichteffecten van staar te simuleren. Met behulp van een staar-simulerend filter 
zouden we mensen met gezonde ogen kunnen laten ervaren wat iemand met staar ziet. 
Bovendien zou een dergelijk filter handig kunnen zijn om de betrouwbaarheid van de 
Compensation Comparison-methode aan te tonen. Hoofdstuk 11 beschrijft het onderzoek 
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waarin een groot aantal lichtverstrooiende filters werd doorgemeten in een optische 
testbank. De eigenschappen van de filters werden vergeleken met die van menselijke ogen 
met staar. Het effect van staar was uit eerder onderzoek bekend. De hoekafhankelijkheid 
van het staar-effect verloopt met de macht -2.12, en bij beginnende staar wordt een 
toename van de hoeveelheid strooilicht tussen 0.6 en 1.6 logaritmische eenheden ten 
opzichte van een gezond oog gevonden. De strooilichteigenschappen van in de 
fotovakhandel verkrijgbare Tiffen Black Pro Mist filters kwamen aardig overeen met die 
van een ooglens met beginnende staar. Bovendien hebben deze filters net als beginnende 
staar nauwelijks invloed op gezichtsscherpte en contrastgevoeligheid. Het filter BPM2 
vertoont een hoekafhankelijkheid met de macht -2.21 en een strooilichtwaarde van 1.12 
logaritmische eenheden. Dit filter bleek een zeer bruikbare simulatie van een beginnend 
cataract, en is ook gebruikt tijdens enkele experimenten die in hoofdstuk 4 en 5 zijn 
beschreven. 
 Voor een betrouwbare strooilichtmeting moet het oog min of meer gecorrigeerd 
zijn voor brekingsfouten. De meest rechtstreekse manier om dit te bereiken is door 
proefpersonen hun eigen bril te laten gebruiken tijdens de meting. Hierdoor werd de vraag 
opgeworpen hoeveel licht door een brillenglas wordt verstrooid. In Hoofdstuk 12 worden 
de strooilichtkarakteristieken van glazen en plastic brillenglazen beschreven, en 
vergeleken met waarden die gebruikelijk zijn voor het menselijk oog. Het strooilicht van 
de brillenglazen werd gemeten onder hoeken van 4 tot 30 graden. De hoekafhankelijkheid 
bleek overeen te komen met die van het oog: een macht -2.  Schone brillenglazen lieten 
over het algemeen een stroolichtwaarde zien die verwaarloosbaar is ten opzichte van die 
in het menselijk oog, terwijl brillenglazen in de staat zoals ze gedragen werden de 
strooilichtwaarde van het oog konden benaderen. Verder bleek dat plastic brillenglazen 
veel sneller verhoogde strooilichtwaarden laten zien dan brillenglazen van glas. 
 Hoofdstuk 13 beschrijft een fenomeen, de “ciliaire corona”, dat wordt 
waargenomen wanneer men naar een puntvormige lichtbron kijkt, zoals een 
halogeenlamp. Dit is de manier waarop strooilicht zich onder die omstandigheden 
subjectief aan ons voordoet. Het is een karakteristiek patroon van fijne, licht gekleurde 
naalden die vanuit de lichtbron naar buiten gericht zijn. Het bleek dat dit fenomeen te 
verklaren is uitgaande van een verdeling van (lichtverstrooiende) deeltjes in het oog, 
vergelijkbaar met stofjes in een lichtbundel.  Licht dat het oog binnenkomt, wordt 
verstrooid door deze deeltjes. Elk van de deeltjes veroorzaakt een cirkelvormig 
diffractiepatroon op het netvlies, sterk lijkend op het bekende Airy-patroon. Deze 
patronen komen coherent samen op het netvlies. Omdat de deeltjes zich op verschillende 
locaties in de lens bevinden, ontstaan er interferentiepatronen op het netvlies. Het gevolg 
hiervan is een fijn spikkelpatroon op het netvlies in monochromatisch licht. Voor wit licht 
combineren deze spikkelpatronen, waarvan de grootte afhankelijk is van de golflengte, tot 
het lijnenpatroon in de ciliare corona. Gewapend met deze kennis is een 
computersimulatie gemaakt van het patroon, die goed overeen bleek te komen met 
subjectieve observaties van de ciliaire corona.  
 Zoals reeds vermeld vertonen donkere ogen als regel minder strooilicht dan lichte 
ogen. Dit werd verklaard door aan te nemen dat de oogkleur de pigmentatiegraad van (het 
inwendige van) het oog verraadt. Deze pigmentatiegraad is op haar beurt bepalend voor 
de doorschijnendheid van de oogwand en reflectantie van de oogbodem. Bestaande 
classificatiesystemen voor iriskleur zijn niet ontwikkeld om de voor strooilicht relevante 
verschillen in pigmentatie te onderscheiden. In Hoofdstuk 14 wordt een beter 
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classificatiesysteem, gebaseerd op een set van 24 referentie-foto’s van ogen, 
geïntroduceerd. 
 Met de ontwikkeling van de Compensation Comparison-methode is het mogelijk 
geworden om routinematig een functionele grootheid voor optische kwaliteit van het oog 
te meten. De strooilichtwaarde zou in de toekomst wel eens een even belangrijke rol 
kunnen spelen als gezichtsscherpte. Mogelijke toepassingen zouden kunnen zijn om op 
basis van de strooilichtwaarde nastaar te constateren, of de strooilichtwaarde te gebruiken 
als objectieve maat bij de beslissing om een staaroperatie uit te voeren. Verder zijn nu 
studies naar de strooilicht-effecten van refractieve chirurgie of het herstel na een 
hoornvliestransplantatie mogelijk geworden. In de toekomst zou bij de keuringseisen voor 
chauffeurs naast gezichtsscherpte ook strooilicht kunnen worden meegenomen als maat 
voor verblindingsgevoeligheid. Toekomstige verbeteringen van de hier beschreven 
meetmethode zouden kunnen liggen in complexere meetstrategieën, zoals adaptieve 
procedures. De ontwikkeling van de Compensation Comparison-methode zou wel eens 
kunnen leiden tot een hele nieuwe kijk op het begrip “quality of vision”. 
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Abstract 
Purpose. To study straylight values among the population in order to evaluate possible 
gains and losses with the intent to add straylight to clinical decision making on cataract 
extraction. 
Setting. In a multicenter European study active drivers were tested for prevalence of 
different ocular conditions relevant to driver licensing. 
Methods. A subset of the data on both eyes of all 2422 included subjects, viz. visual 
acuity, straylight and LOCS III, was analysed. The eyes were divided into 4 groups ac-
cording to the slitlamp finding and LOCS classification as follows: 220 pseudophakic 
eyes, 3182 non-cataractous eyes (average LOCS score <1.5), 134 cataractous eyes (aver-
age LOCS score >3.0), and a rest group. Visual acuity was determined using logMar 
according to the modified ETDRS system in steps of 0.02 log units. Straylight was deter-
mined using the Compensation Comparison method and specified as the logarithm of the 
straylight parameter s (log(s)). 
Results. The age dependence of straylight in the non-cataractous group compared well 
to earlier data. An age norm for straylight was defined as follows: log(s) = constant + 
log(1+(age/65)4), with the value of the constant = 0.90 for 10 degrees straylight angle and 
0.87 for 7 degrees. So, on average, straylight doubles in non-cataractous eyes by the age 
of 65, and triples by the age of 77. Population standard deviation around this age norm 
was about 0.10 log units. Most interesting was the finding that in pseudophakia, straylight 
values can be much improved not only as expected compared to the cataract group, but 
also compared to the non-cataract group. Visual acuity and straylight were found to vary 
quite independently. 
Conclusions. Lens extraction holds promise not only to improve upon the condition of 
the eye in case of cataract, but also to improve upon the “normal” (but strong) increase in 
straylight value, quite independently from visual acuity. 
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Introduction 
In 2003-2004, a study was conducted among automobile drivers in Europe to assess the 
prevalence of visual function deficits. Included among the visual functions tested was 
straylight. Straylight is the known cause of disability glare.1-3 Light scattering in the eye’s 
optical media causes a veil of straylight over the retina. This leads to deleterious visual 
effects such as glare while driving at night, hindrance from a low sun during day time, 
facial recognition problems, complaints of haziness of vision, etc. Straylight increases 
with age in the perfectly healthy eye, and more so with ocular conditions such as cataract 
and other disturbances to the optical media.1,3,4 The typical straylight-dependent com-
plaints are thought to occur quite independently from visual-acuity-associated complaints. 
So, in order to understand the patient’s visual handicap more fully, straylight assessment 
would be needed in the clinic. As a logical consequence, the question must be raised 
whether straylight should be used as extra functional entry criterion to surgical lens re-
placement. In order to answer this question, data are needed on this presumed independ-
ence between visual acuity and straylight. A second question is, if raised straylight levels 
are to be used as an entry criterion, we need to know what kind of straylight values can be 
expected after the surgery. Thirdly, a reference database must be established for straylight 
values in the population. These 3 questions are discussed in the present report. Data from 
the above mentioned study are used. 

 
Methods 
Participants were recruited among drivers in a wide area around five participating clinics 
in Amsterdam, Salzburg, Tübingen, Barcelona and Antwerp. Subjects belonged to either 
one of the following age groups:  45-54 years, 55-64 years, 65-74 years and 75 years of 
age and over. A group aged 20-30 years served as a reference. Subjects had to possess a 
valid class 1 driving-licence and consider themselves “active driver”. All subjects under-
went a battery of ocular tests. Details about the full study protocol will be published else-
where. Relevant for the present paper are: (1) Best corrected visual acuity, measured with 
the ETDRS chart (logMAR scale),5,6 according to the modified ETDRS protocol.7 (2) All 
subjects were taken a brief medical and ophthalmologic history by an ophthalmologist. (3) 
A slit lamp examination of the anterior segment and funduscopy of the optic nerve head 
and macular region were performed, without pupillary dilation. (4) The condition of the 
lens was scored using the LOCS III classification system.8 Results are given for both 
eyes, classified as either pseudophakic, “no cataract” (average LOCS<1.5), or cataract 
(average LOCS>3.0). This resulted in 220 pseudophakic eyes, 3182 non-cataractous eyes 
and 134 cataractous eyes, with the remainder as an in-between group. 
 Straylight was measured, using a computerized straylight meter, according to the 
compensation comparison principle described elsewhere.9-12 This test also gives an as-
sessment of the reliability of the test outcome. Only reliable measurements were included 
in the data analysis. Each eye was measured twice and the results were averaged. Values 
were expressed as log (straylight parameter). Higher values indicate higher sensitivity to 
glare. In short, this method is based on the “direct compensation” method13,14 which in-
volves presenting a flickering ring to the subject. Because of light scattering in the eye, 
part of the flickering light from this ring also reaches the center of the retinal projection of 
this ring. Because of that, the subject perceives a (faint) flicker in the center of the ring. 
With counterphase modulating light added to the center, this straylight flicker can be 
silenced. The amount of counterphase modulating light needed for silencing directly cor-
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responds to the strength of retinal straylight in the respective individual. A 2-alternative 
forced choice (2AFC) procedure was developed to determine the amount of compensation 
light needed, including a measure for the reliability of the test outcome. This approach 
was implemented in a home built system, but recently a market instrument (C-Quant) was 
manufactured by Oculus GmbH (Wetzlar, Germany). In the present study, straylight was 
measured at 10 degrees scattering angle on average (ring size 7 to 14 degrees), but in the 
C-Quant the average angle is 7 degrees (ring size 5 to 10 degrees). For explanation of this 
way of averaging see.4 The study was approved by an ethics committee and conforms to 
the provisions of the Declaration of Helsinki. 
 
Results 
Figure 1 shows the straylight values as a function of age for each of the three groups 
“pseudophakic” (open circles), “no cataract” (closed points) and “cataract” (crosses) ac-
cording to clinical criteria (see methods). It must be noted here that in particular the “cata-
ract” group can not be considered unbiased since this was an active driver population, 
presumably suffering from relatively mild straylight levels. Else they might have stopped 
driving, or have their cataract removed. It seems safe to assume that true population stray-
light levels before surgery are on average above the values of this group. More interesting 
is the behaviour of the normal and pseudophakic groups. The normal group shows the 
general behaviour very well known from literature, i.e. an increase with age to the power 
4.1,3,4 In accordance, a model function was drawn in Figure 1 with the formula: 
          log (straylight parameter s) = C + log ( 1 + (age/65)4 )                        (1) 
It has been found earlier4 that the age dependency is the same for different angles. In case 
(as used presently) straylight is expressed by means of the straylight parameter s, also the 
constant is relatively independent of angle (10 degrees in this case). From the angular 
dependency studies4 it follows that for the 7 degree angle as used in the C-Quant a correc-
tion of only 0.03 log units needs to be made, resulting in an asymptote C at low age of 
0.87. The dashed lines in Figure 1 correspond to the 95% confidence interval of ± 0.20 
log units. This analysis shows that, on average, straylight remains relatively unchanged up 
till 40 years of age. It doubles in non-cataractous eyes by the age of 65, and triples by the 
age of 77. 
 Most interesting are the straylight findings in pseudophakia. Figure 1 shows a large 
number of pseudophakic eyes with straylight values well below the 95% confidence line. 
In other words, they have not only much improved as expected compared to the cataract 
group, but also compared to the normal group. These eyes could be called “super-normal” 
for their age (with respect to straylight). On the other hand, in the pseudophakic group 
there are also eyes with age-normal values and a few above normal values. 
 Figure 2 shows the same data compared to the best corrected visual acuity. The 
striking finding is how independently the two parameters behave. The horizontal line in 
Figure 2 gives the level where straylight has increased 4-fold as compared to the average 
young eye. Many instances are seen where such increase occurs in the presence of good 
visual acuity. A 4-fold increase is considered a serious handicap, as one can imagine 
knowing the hindrance one experiences already below the age of 40 from a low sun or 
other against-the-light viewing conditions. Although there is a clear and statistically sig-
nificant correlation between visual acuity and straylight in this population, much of the  
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Figure 1 Straylight values as a function of age for each of the three groups “pseudophakic” (open circles), “no 
cataract” (closed points) and “cataract” (crosses). 
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Figure 2 Straylight data compared to the best corrected visual acuity for each of the three groups “pseudo-
phakic” (open circles), “no cataract” (closed points) and “cataract” (crosses). The horizontal line in Figure 
2 gives the level where straylight has increased 4-fold as compared to the average young eye. The vertical 
line gives the much used limit for driver licensing, i.e. LogMar > 0.3 (decimal visual acuity < 0.5). 
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variation is independent. This finding underlines a notion well known in the clinic that 
visual acuity often is insufficient to understand the patient’s complaint. 

 
 
Discussion 
How can the behaviour of straylight values in the pseudophakic group be understood? 
First, the higher values might be caused by the occurrence of (early forms of) after cata-
ract, or other disturbances that were not diagnosed during the study. What about the bet-
ter-than-normal straylight values in the pseudophakic group? This finding does not stand 
on its own. Many better-than-normal values in pseudophakic eyes were also found in a 
recent study of Nuijts and coworkers (publication in preparation). The explanation may be 
simple. The older lens is an important source of straylight, even the most clear old lens. In 
fact studies have suggested that the lens is the dominant factor in the normal increase in 
straylight with age.4 If the lens is removed, straylight could be expected to drop to levels 
of the youth. In fact Figure 1 shows that some old eyes indeed regain the clarity of the 
youth. But not all. And it seems a fascinating perspective to try to reach that goal of “su-
per-vision” for more pseudophakic eyes. But better understanding of the processes in-
volved is needed. 
 Figure 2 shows independence between best corrected visual acuity and straylight to 
exist to a large degree. In this population some comorbidity such as amblyopia and AMD 
may play a role in visual acuity, but most variation can probably be attributed to the lens. 
The question arises how it can be understood that these two aspects of lens behaviour can 
be so independent. The answer may lie in the type of optical disturbance in the lens. In 
optical in vitro studies on the lens it was found that straylight is caused by irregularities 
with sizes of the order of the wavelength of visible light. The proteins in the eye lens have 
long been considered an important source of light scattering, especially when aggregates 
form15-18. Examination of optical scattering from donor lenses has been used to estimate 
the size of these sources (around 0.7 µm radius).19-22 The scatter seen from donor lenses 
was also consistent with the perceived scatter in vivo (i.e. retinal straylight).20,22 A mor-
phological search by Costello and coworkers led to the identification of candidate parti-
cles for forward light scattering in human lenses.23,24 Visual acuity on the other hand is 
dominated by errors of a completely different scale: i.e. refractive errors and wavefront 
aberrations. These are errors that extend over the mm and 100 micrometer range. It may 
not be surprising that the two types of changes in the lens are so independent. As a practi-
cal consequence, straylight must be considered an independent source of complaints. 
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Summary 
 
To understand the relationship between retinal straylight and driving performance, we 
must start out with the simple situation of static blinding. In such situation we consider a 
visual task to be performed against the background of blinding static straylight. However, 
the effect of straylight strongly depends on the background already present, and the lumi-
nance of the task. The road illumination at night (from either streetlight or headlights) is 
in the order of 0.5 to 1 cd/m2.  This luminance determines the state of adaptation of the 
eye.  The state of adaptation of the eye is important in detecting relevant road objects such 
as a crossing pedestrian.  That is, if the eye is adapted to a higher luminance, lower lumi-
nances can not or with more difficulty be detected.  This is similar to entering a dark room 
while having been outside in the sun: vision is reduced until the eyes adapt to the lumi-
nance level of the room.  In the case of glare a veil of straylight will be added on top of 
the image of the road and road objects. This will reduce the visibility because of the loss 
of contrast or the increase of retinal adaptation level. In other words, we need to consider 
the ratio between the values of road and object luminances and veiling luminances from 
straylight. This will be detailed for different glare sources in a night time driving condi-
tion (low beams 0.34 lux, day-time running lights 2.8 lux, and high beams 79 lux), and for 
different stages of cataract (no cataract log(s)=0.8, early cataract log(s)=1.4, and 
mild/dense cataract log(s)=1.8). Compared to an adaptation state of 0.5 to 1 cd/m2, the 
low beams and no cataract situation (veiling luminance of 0.17 cd/m2) will not change 
vision much.  However, with an early cataract the adaptation state is raised already by 
approximately a factor of 2.  It will also be shown that having day-time running lights on 
at night is not a good idea, because for a person without a cataract it already generates 
nearly as much veiling glare as low beams for a person with a mild/dense cataract.  The 
high beam results show that the veiling luminance is so much that serious blinding will 
always be the case. 
Dynamic aspects:  The fact that the blinding light appears suddenly may strengthen its 
effect over the static condition. In other words, right after an opposing car comes around a 
corner and the light from its headlight reaches the eye, there is a moment of blinding that 
is worse than some time later when the static blinding situation has set in. It was found 
that right after onset of the glare source (<0.3 sec) there was an additional (compared to 
the static blinding case) increase in contrast threshold of about a factor of 2. Also a dy-
namic response of the pupil needs to be considered. It was found that in the typical glare 
situation while driving at night the pupil contracts to day-time levels. But this aspect 
proved to be of little practical significance because straylight is not very dependent on the 
normal range of pupil sizes. Both these studies on dynamic aspects are reported elsewhere 
(references below). 
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Introduction 
 
The process of vision starts with light being detected by the retina. However, the retina’s 
ability to respond to light has limits. The most important limit is set by the state of adapta-
tion of the retina. Under static conditions, the state of adaptation is fully determined by 
the amount of background light the retina receives. In fact, the state of adaptation can then 
be defined as the amount of background light the retina receives. Other states of adapta-
tion, such as under dynamic conditions, could be expressed in those terms, which may be 
called equivalent based on some measure of retinal condition. 

The state of adaptation is very important because it determines the visibility of ob-
jects very strongly. That is because the retinal visibility threshold is approximately pro-
portional to the background intensity, and the background intensity in our natural sur-
roundings can differ by many decades. This proportionality law is called the Weber law. 
The ratio between visibility threshold and background is called the Weber fraction. To 
give an example for a typical night driving situation: Suppose the state of adaptation cor-
responds to 1 cd/m2 and the Weber fraction is 0.10 (10%). Assume further that we need to 
discern a pedestrian with a clothing luminance of 0.3 cd/m2. That would be no problem. 
However, if the state of adaptation increases 10-fold because of the headlights of an on-
coming car, that same luminance would be invisible. 

So, the effect of blinding is known to be caused by desensitization of the retina be-
cause of the scattered light falling on it. This retinal straylight induces sensitivity loss and 
blinding, depending on the relationship between visual task and glare source. With respect 
to visual task, especially important is the luminance of the task, but also its contrast, spa-
tial characteristics and location in the visual field. This desensitization is more or less 
proportional to the amount of background light. Because of that, it is the ratio between 
scattered light and task luminance that is of relevance. In this chapter we will review in 
particular the task luminances encountered during night driving and the equivalent back-
ground luminances induced by the lamps of on coming traffic. 

Dynamic aspects of the blinding effect are not considered here, but can be signifi-
cant. This was already realized by other researchers, in particular the group of Yager.10 
The fact that the blinding veil is projected suddenly in the typical glare situation during 
driving tasks, induces a transiently higher degree of desensitization, as compared to the 
static condition. This was studied by Bichão10 and co-authors using for the blinding veil a 
smooth background luminance. We studied the dynamics for a condition more close to the 
typical glare situation. In particular it must be realized that a blinding veil is not smooth, 
but often has the appearance of the ciliary corona. The ciliary corona is the pattern of fine 
needles that we all see, radiating around a small light source against a dark background. 
This study is described in paragraph 3.3.2 of the GLARE study (www.glare.eu). Roughly, 
an extra desensitizing effect of a factor of 2 was found. Also a dynamic response of the 
pupil needs to be considered. It was found that in the typical glare situation while driving 
at night the pupil contracts to day-time levels.11 But this aspect proved to be of little prac-
tical significance because straylight is not very dependent on the normal range of pupil 
sizes.  
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Quantitative estimates for static blinding 
 

The references in this overview are drawn from a review prepared by L. Franssen, which 
is added at the end of this overview. During driving at night, the adaptation condition of 
our eyes often is dominated by the road area directly in front of us, illuminated by the 
lamps of our own car. Recommended values for road lighting range from 0.5 to 2 cd/m2, 
and actual values found under dry conditions do indeed range about 1 cd/m2.1 In America 
levels between 0.3 and 1.2 cd/m2 were recommended.2 However, actual roadway lumi-
nance values ranged from 0.74 to 0.013 cd/m2.8 These values represent road averages. 
Recommended maximal limits to local variation (Lmax/Lmin) are of the order of 5-10.1,2 
Recommended values for the road luminance to be obtained from the head lamps of the 
own car are around the same value of 1 cd/m2.8 But actual values can be as low as 0.1 
cd/m2 under wet conditions.1 If the more general surrounding is considered, of course 
background luminances can be lower. With prolonged staring in the dark, e.g. to discern a 
weak distant object to the side of the road, retinal adaptation may decrease, and sensitivity 
may improve. However, we will not consider such a situation here. We may conclude that 
1 or maybe 0.5 cd/m2 is the typical static adaptation level during night time driving.  

The most demanding visual tasks in the present context are the timely detection of 
objects such as crossing pedestrians, or to resolve traffic signs. The most problematic 
objects are those illuminated by background light only, and maybe a little bit by the low 
beam lamps of the own car.7 Relevant object luminances as low as 0.01 cd/m2 can be 
found during night driving.1 However at illuminated roads, the situation may be much 
better3 with the recommended illuminance levels of 6-20 lux, actual values being 3-13,3 
leading to object luminances of the same order as that of the road itself, i.e. 0.5 cd/m2.4 As 
corresponds to general awareness, these night driving tasks are already challenging under 
normal non-glare conditions, when our retina’s are adapted to a level of 0.5 – 1 cd/m2. 
The question now is, how much can this adaptation level be raised by glare sources, in 
particular from oncoming cars? This will be considered for static circumstances, but the 
dynamical way in which true life glare presents itself may magnify its effect considera-
bly.6 This is the subject of the next section of the present chapter. 

The (equivalent) luminance added by retinal straylight to a scene, can be calculated 
with the following formula using the straylight parameter s: 
Leq=s·Ebl/θ2, where θ is the angle in degrees of the glare source with respect to the line of 
sight, and Ebl the illuminance on the eye from the glare source in lux. During an encounter 
with an oncoming car with head lights on, neither the term Ebl nor θ2 is constant. When 
the oncoming car approaches, θ increases in inverse proportion to its distance. At the 
same time, Ebl increases in inverse proportion to the square of the distance. The combined 
effect is that Ebl/θ2 remains more or less constant, until the car is so close that his beam no 
longer captures the eyes of the driver under consideration. The practical presentation time 
of such a glare source is of the order of seconds, during much of the time of constant 
value. In our dynamic simulation study we chose 1 second duration, corresponding to 56 
meters at 100 km/hour. 

Low beam values are recommended to be less then 500 cd in the glare direction of 
appr. 3.4 degrees at 50 m distance. Actual values had a median of 850 cd.9 This value 
corresponds to 0.34 lux on the eye of the driver. Using the formula above Leq=0.028s. 
With values of log(s) ranging from 0.8 to 1.8 and higher in the European driver popula-
tion (www.glare.eu) Leq = 0.17 to 1.7 cd/m2. So, eyes with straylight in the lower range do 
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not suffer a large effect on their state of adaptation. For the individuals with higher values 
of log(s), retinal desensitization becomes important. At log(s) = 1.4, Leq = 0.7 cd/m2, and 
the retina is desensitized by a factor of about 2. One can imagine that this hindrance from 
low-beam head lights is a serious nuisance and a danger, and that people stop driving at 
night. So, only if straylight is abnormally raised, hindrance occurs from low beam lights. 
One other way would be to consider abnormally elevated beam intensities. Indeed, in 
another study using 4 degrees for the glare source distance, 1 cd/m2 preadaptation, and 
between 0.87 and 5.28 lux for Lbl it was found that visibility thresholds for a pedestrian 
silhouette strongly correlated with Lbl for normal subjects in a laboratory situation.5 

Table 1 gives an overview of the numerical aspects for several conditions, in case of 
the “typical” glare situation while driving at night. The typical glare situation is for these 
calculations assumed to correspond to a glare source at 3.4 degrees, and a retinal adapta-
tion condition equivalent to 0.7 cd/m2. The last column gives the calculated “desensitiza-
tion” factors. In conditions of normal static viewing, this can be compared to contrast loss. 

 
Oncoming 
lights 

Illuminance on 
the eye  
[lux] 

Eye condition 
(cataract 
stadium/cornea 
problem/vitreous 
opacity) 

Straylight 
parameter  
[10log(s)] 

Straylight 
luminance  
 [cd/m2] 

Desensitisation 
[factor] 

young healthy 0.8 0.17 1.2 

preclinical 1.4 0.7 2 low beams 0.34 

mild/medium 1.8 1.7 3.4 

young healthy 0.8 1.4 3 

preclinical 1.4 5.8 9 

DRL 
(daytime 
running 

light) 

2.8 

mild/medium 1.8 14 21 

young healthy 0.8 40 58 

preclinical 1.4 165 237 high beams 79 

mild/medium 1.8 400 572 

 
For day time running lights (DRL) an estimate was made assuming 1 cd/m2 adaptation 
level and a typical value of 7000 cd for those lamps. It may be clear that those lamps give 
very high values of desensitization when they are used during driving at night. From the 
discussion above it follows that the amount of desensitization is directly proportional to 
the straylight parameter value of the individual. In the respective study on DRLs desensi-
tization values were found ranging from a factor of 5 for young individuals to a factor of 
11 for 75 years of aging without cataract formation.6 

Finally, it may be clear that with full oncoming head lights desensitization is very 
strong. With a typical value of Lbl = 79 lux6 desensitization after preadaptation to 1 cd/m2 
road luminance ranges from a factor of 40 to a factor of 400 for the straylight values 
found in the present European study. With a factor of 40, maybe some vision is preserved, 
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but with a factor of 400 all vision is lost. Moreover, it may take several seconds to recu-
perate from such blinding.6 At 100 km/hour the distance traveled in one second is 36 
meters, which emphasizes the danger such blinding entails. 

A few remarks on the desensitization model used above to quantify the blinding ef-
fects of oncoming cars. First, desensitization was set equal to the factor by which the 
retinal adapting luminance is increased. Think of the normal situation in our visual world. 
During the day, overall luminance changes by a factor of 1000. Yet our visual world ap-
pears constant. In other words, a pedestrian e.g. may differ in brightness by that same 
factor of 1000, yet his visibility during the day remains unchanged. The explanation is 
that the retina desensitizes in the same proportion, so that the retina signals the pedestrian 
with the same strength. That is the above mentioned Weber law. However, this law is not 
always precise. Actual desensitization may be a bit less than the factor 1000. The differ-
ence is different between different visual tasks. Tasks may be as different as detecting a 
pedestrian against a cluttered background, a color discrimination task with e.g. a colored 
traffic sign, a resolution task reading text on direction signs. However, the sensitivity for 
each of the possible visual tasks is controlled by the adapting luminance. So, even if 
quantitatively the amount of desensitization may not be precisely equal to the luminance 
increase, that same value is the controlling factor, and by approximation quantitatively the 
accurate factor. The unattractive alternative would be to specify desensitization for every 
single task one could encounter. 
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Table 3 Recommended maintained roadway luminance (IES Roadway Lighting committee; Proposed American 
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“A key difference between this research and previous tinting studies (Wakely, 1988) is that the slide 
photographs used in this study more realistically depicted the types of objects that are likely to be in 
the path of a backing car without back-up lights. The higher-contrast versions of the targets ap-
peared as they would on a moderately lighted driveway area. The lower-contrast objects appeared as 
if they were in a poorly lighted area.” 
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typical night driving situation. There was a rectangular white area below the glare stimuli and pe-
destrian silhouette that was meant to approximately represent the lighting effects of a road surface 
illuminated by typical low-beam headlamps. This surface was evenly illuminated to a luminance of 
1.0 cd/m2 by a tungsten lamp, a value that is reasonably representative of the visual adaptation 

Target Contrast 
Car 0.73 / 3.76 
Bicyclist 0.90 / 2.38 
Pedestrian 0.72 / 2.02 
Child 0.79 / 2.88 
Debris 0.67 / 1.67 
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conditions of a driver at night, using low-beam headlamps (Olson, Aoki, Battle, & Flannagan, 
1990). The CIE 1931 chromaticity values of the surface were x = 0.46 and y = 0.41.” 

 
“Figure 1. The subject’s view of the glare sources 
and pedestrian silhouette. The glare sources ap-
peared, as shown, to the right or left of the pedes-
trian. The larger glare stimuli are represented by 
the outer circles and the smaller glare stimuli are 
represented by the inner circles. The pedestrian 
appeared, as shown, in positive contrast against a 
neutral background within a small rectangular 
frame. The large white area below the pedestrian 
and glare stimuli was illuminated to a dim level 
representative of pavement illuminated by typical 
low-beam headlamps. The areas surrounding the 
glare stimuli and pedestrian were black.” 

 

 
 
“The pedestrian silhouette appeared within a small white rectangle in the middle of the stimulus 
configuration (shown as a light gray rectangle in Figure 1). The luminance of this area, due to ambi-
ent light, was 0.50 cm/m2.”  
 
6 Schieber et al. (South Dakota) 
 
1993, Schieber. Age and glare recovery time for low-contrast stimuli 
Full text (www.usd.edu/~schieber/pdf/glare.pdf): The intensity of glare source (79 lux) represented 
the challenge offered by an approaching (or closely following) vehicle using high-beam headlamps 
(Olson and Sivak, 1984; Olson and Aoki, 1989). Under these conditions, older drivers would lose 
visual contact with targets having contrasts in the 0-10% range for a period of over 2 sec following 
exposure to a challenging glare source. Most rural and secondary roads without delineation treat-
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ments have effective contrasts which fall within this range of transient invisibility. Perhaps this is 
one of the reasons why older persons universally report problems with nighttime driving (e.g., 
Schieber, et al., 1992).” 
 
1998, Schieber. Analytic study of daytime running lights as potential sources of disability and dis-
comfort glare under ambient illumination conditions ranging from dawn through dusk 
Full text (www.usd.edu/~schieber/pdf/drl.pdf): “The photometric definitions of dawn through dusk 
used in this analysis are operationalized as the following nominal values:” 

 
 
 
 
 
 
 
 

 
“The first step in the analysis of the magnitude of disability glare from daytime running lights is to 
calculate the illumination of the potential glare sources at the eye of the observer (i.e., Eglare). This 
value is dependent upon several factors, including: the geometry of the viewing conditions and the 
peak intensity of the daytime running lights measured at or above the horizontal plane of reference. 
Based upon the average location, height and separation of vehicular headlamps (Sivak, Flannagan, 
Budnick, Flannagan and Kojima, 1996), viewing distances of 20 m through 100 m (i.e., inverse-
square law) and the assumption of opposing vehicles on a 2-lane road having 3.7 m lane widths, the 
geometry presented in Table 1 was devised to calculate the Eglare values used in subsequent analy-
ses.” 
 

 
 
“Based upon the Eglare values in Table 1, the equivalent veiling luminance (Equation 1) and the 
relative threshold elevation (Equation 3) due to disability glare was calculated for daytime running 
lights having H-V spot luminous intensity of 7000 cd; viewing distances of 20, 40, 60, 80 and 100 
m; observer ages of 25, 65, and 75 years; and, background luminance adaptation levels of 1 and 50 
cd/m2, respectively. The 7000 cd intensity value was selected for analysis because it was the maxi-
mum level permitted under the current Federal Rule MVSS 108; and, hence, represented a “worst 
case” glare source exposure under “test bench” conditions.  
 

Lighting Condition Driver Adaptation 
State (cd/m2) 

Typical Roadway 
Illumination (lux) 

road at night 1 100 
late twilight/early dawn 50  
mid-twilight/mid-dawn 100 5000-7000 
early twilight/late dawn 500  
overcast daytime sky 1000  
clear bright sky 5000-6000 70,000-85,000 
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In order to determine whether daytime running lights with horizontal plane luminous intensities of 
7000 cd would represent as source of disability glare if operated under nighttime conditions, Table 2 
also contains a summary of the elevations in threshold contrast that would be expected to occur 
given a luminance background adaptation state of 1 cd/m2 (equivalent to a dark roadway at night). 
This analysis reveals that if such a daytime running light configuration was deployed at night that 
opposing drivers of all ages at all viewing distances (at least through 100 m) would demonstrate 
significant levels of visual impairment due to disability glare (i.e., elevations in contrast threshold 
ranging from 5 through 11-fold). This suggests that special care must be taken to minimize the 
likelihood of drivers’ mistakenly operating such daytime running light configurations at night.” 
 

 
 
7 Bullough, Van Derlofske et al. (Lighting Research Center, Rensselaer Polytechnic 
Institute) 
 
2001, Lighting Technology Developments for Automobiles, Bullough, Rea. Driving in snow: effect 
of headlamp color at mesopic and photopic light levels 
Full text: “Since nighttime driving is a task primarily performed at low photopic and medium-to-
high mesopic luminances between 0.1 and 1 cd/m2 (Rea, 2000, He et al, 1997)…”    “Using manu-
facturer-reported photometric data on the illuminance distribution from headlamps, information 
about the areal concentration of snow in the atmosphere during snowfall (O’Brien, 1970), the spec-
tral reflectance of snow particles (Wyszecki et al, 1982), and field measurements of object contrast 
along roadways (Zwahlen&Schnell, 1995), it was determined that an average background lumi-
nance of approximately 1 cd/m2 and a target contrast of 0.55 (contrast is defined here as the abso-
lute difference between the target and background luminance, divided by the larger of the target or 
background luminance) represent "typical" values encountered in the visual scene while driving 
during a snowfall at night.” 
 
2003, Van Derlofske, Bullough. Spectral effects of High-Intensity Discharge automotive forward 
lighting on visual performance 
Full text: “Under nighttime driving conditions light levels typically range from 0.3 – 0.01 cd/m2.”    
“In order to increase application validity this experiment was performed in the field. A disused 
runway at Schenectady County Airport in Scotia, NY was chosen as the study location. This loca-
tion offered a straight, flat, paved surface with little stray light. The average background illumi-
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nance was less than 0.1 lx. The tarmac is asphalt and exhibited reflection characteristics similar to a 
typical roadway surface.” 
 
8 Lewin (Lighting Sciences Inc., Scottsdale) 
 
1999, Conference of the Institution of Lighting Engineers, Lewin. Lamp color and visibility in 
outdoor lighting design 
Full text: “Are Typical Nighttime Lighting Levels Mesopic? It is normally assumed that when 
luminances exceed 3 cd/sq.m., conditions are photopic, and rarely is the luminance of a roadway as 
high as 3 cd/sq.m. Designs performed to international standards are likely to have lighting levels in 
the general range of 0.3 to 2.0 cd/sq.m. Therefore, mesopic effects can be detected when light levels 
are typical of roadway lighting systems. 
In the United States of America, the recommended average luminance for major commercial roads 
is 1.2 cd/sq.m (IESNA RP8-1998). For local residential roads, the average level is 0.3 cd/sq.m. 
Other roadway classifications fall within this range.    A survey of actual roadway luminance values 
conducted in Albany and Troy, New York, USA, showed a range from 0.74 to 0.013 cd/sq.m.” 
 
9 Alferdinck et al. 1986. Human Factors Institute, Soesterberg, The Netherlands 
Report “Stare by car headlamps; a field measurement” 
 
10 Bichão I, Yager D., Meng J. 1995. J. Opt. Soc. Am. A 12:2252-2258. 
Disability glare: effects of temporal characteristics of the glare source and of the visual-field loca-
tion of the test stimulus 
 
11 Franssen, Tabernero, Coppens, van den Berg . Invest Ophthalmol Vis Sci. 
Pupil size and retinal straylight in the normal eye. (in press) 
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Abstract 
Aim.  To evaluate the properties of devices for measuring straylight and glare: the 
Nyktotest, Mesotest, "conventional" straylight meter and a new, computer implemented 
version of the straylight meter. 
Methods.  112 subjects, divided in 3 groups: 1) Young subjects without any eye disease; 
2) Elderly subjects without any eye disease and 3) Subjects with (early) cataract in at least 
one eye. All subjects underwent a battery of glare and straylight tests, measurement of 
visual acuity, contrast sensitivity, refraction, and LOCS III cataract classification. Sub-
jects answered a questionnaire on perceive disability during driving. 
Results.  Repeatability values were similar for all glare/straylight tests. Validity (corre-
lation with LOCS III and questionnaire scores) discriminative ability (ability to discrimi-
nate between the 3 groups) and added value (to measurement of visual acuity and contrast 
sensitivity) were all superior for both straylight meters. Results of successive measure-
ments are interrelated for the conventional but not the new straylight meter. This indicates 
a better resistance to fraud for the latter device.  
Conclusions. The new computer implemented straylight meter is the most promising 
device for future straylight measurements.  
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Introduction  
Disability glare is the reduction in visual performance, caused by veiling luminance on 
the retina. It is an effect of intraocular straylight. Measurements of glare and straylight are 
particularly important for drivers,1-3 cataract 4-6 and refractive surgery.7-14 Glare testing in 
the elderly may be important in view of the high accident rates in this age group,15 espe-
cially at night.16 Moreover, glare measurements may predict future decrease of visual 
acuity.17 

Over the years, many glare testers have been developed. Most of these measure ei-
ther visual acuity or contrast sensitivity in the presence of a glare source. None of these 
have evolved into a universally accepted standard.18-20 The straylight meter21-23 provides a 
direct measure of intraocular straylight, instead of measuring the effect on perception. It is 
therefore considered the current "gold standard", but it is, as yet, suited for laboratory use 
only.24 The design of the equipment does not allow implementation in a setting in which 
fraud resistance is essential.  

Glare measurements for drivers are advocated by the German Ophthalmological So-
ciety.2 The guidelines are based on the classical study of Aulhorn and Harms.25 This led to 
the development of the Nyktometer and the Mesotest. Although widely used,25-30 the 
properties of these devices (reproducibility, validity and discriminative ability) have been 
scarcely investigated.31-33 

In the current study, we compared the properties of several straylight and glare test 
devices. Apart from the straylight meter the Nyktotest and the Mesotest, a new, computer 
implemented version of the straylight meter was included that, intently, does not bear 
several of the drawbacks of the original device. 
 
 
Methods  
Subjects 
A cross sectional cohort of 112 subjects was drawn from the patients and visitors of the 
three participating clinics. Subjects belonged to either one of the following groups: 
1. The young group: between 20 and 40 years of age, no ocular disease, corrected VA 
equal to or better than 0.1 logMAR (Snellen acuity 20/25) in both eyes (n = 40);  
2. The elderly group: 50 years of age and over, corrected VA in both eyes equal to or 
better than 0.1 logMAR, minimal cataract at most, no other ocular disease (n = 37);  
3. The cataract group: binocular VA equal to or better than 0.2 (Snellen acuity 20/32), 
clinically relevant cataract in at least one eye, no other eye disease (n = 35).  

Subjects had no more than 6 diopters of myopia, 5 diopters of hyperopia and/or 1.5 
diopters of astigmatism. In half of the subjects, glare and straylight measurements were 
repeated on a different day, to allow repeatability calculations. 
 
Questionnaire  
Prior to testing, subjects were asked to answer a questionnaire, containing questions about 
experienced visual disability during driving.34 
 
Measurement of visual function  
Visual acuity (VA) was measured with the ETDRS chart on a logMAR scale,35,36 using 
best corrected visual acuity (BCVA), according to the modified ETDRS protocol from the 
AREDS study37; Contrast sensitivity (CS) was determined using the Pelli-Robson chart,38-
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40 with BCVA and, for subjects of 40 years and over, a near addition of +0.75 and ex-
pressed as log(contrast sensitivity). Straylight was measured, using the Conventional 
straylight meter (CSLM).21-23 The right and left eyes were measured, using trial glasses as 
instructed by the designer (may be obtained from the authors), to correct for refraction 
errors. In addition, straylight was measured using the new (computer-implemented) stray-
light meter (NSLM). This device differs from the CSLM in that the turning knob does not 
have an end stop and the luminance of the central detection field is kept constant. These 
modifications aimed at enhancing fraud resistance by eliminating cues, other than detec-
tion of flicker in the measurement fields. In addition, the NSLM may be used binocularly, 
because the subject looks at a computer screen rather than in a (monocular) test tube. 
Subjects wore trial glasses with their BCVA, with near addition according to age. Meas-
urements were performed for right and left eyes and binocularly. Straylight measurements 
consisted of the average of three knob settings and were expressed as log(straylight pa-
rameter). CSLM and NSLM were performed with “normal” pupils at room light as well as 
with pharmacologically “dilated” pupils (one drop of tropicamide 0.5%). Mesopic con-
trast sensitivity and glare sensitivity, were measured using the Mesotest II25 (Oculus, 
GmbH, Wetzlar, Germany) and the Nyktotest 30030 (with both 501 and 502 test discs, 
Rodenstock, GmbH, Ottobrunn) and expressed as Level, corresponding to log(percent 
contrast). The Nyktotest 300 has a brighter illumination of the background than the 
Mesotest. According to the instructions of the manufacturer, Mesotest measurements were 
the average of 5 subsequent readings. The Nyktotest has only one reading per level, there-
fore each measurement consisted of one reading only. For the Nyktotest, levels 1 to 8 
correspond to log(percent contrast) of, respectively, 0.02; 0.1; 0.2; 0.3; 0.4; 0.5; 0.7 and 
0.92. For the Mesotest, levels 1 to 4 correspond to log(percent contrast) of, respectively, 
0.02; 0.1; 0.2 and 0.3.  
 
Definition of impaired  
Visual acuity was considered impaired when higher than 0.3 logMAR. (Snellen acuity 
lower than 20/40), straylight when the log(s) parameter was higher than 1.4; contrast 
sensitivity when the log(contrast sensitivity) was less than 1.25,41 Nyktotest and Nyktotest 
with glare when more than  40% contrast was needed, corresponding to level 5,30 and 
Mesotest and Mesotest with glare when more than 20% contrast was needed, correspond-
ing to level 2 (DOG recommendations for class 1 drivers2).  
 
Quantification of cataract  
Cataract was quantified, using the LOCS III lens classification.42  
 
Statistical analysis  
The Statistical analysis was performed using SPSS for Windows PC, release 9.0.0. 
 
Results  
Repeatability    
The level of agreement between repeated measurements can be expressed as repeatability 
coefficient RC = 2 x SD of differences between repeated measurements.43 The Nyktoytest 
and the Mesotest have a minimum and a maximum score that is being achieved by many 
subjects. For example, for the right eyes, minimum or maximum scores were reached in 
29 and 6 subjects for the Nyktotest and the Mesotest without glare and in 28 and 26 sub-
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jects for the Nyktotest and the Mesotest with glare, respectively (see also Figure 1). 
Therefore, many scores are “arbitrarily” fixed on the minimum and maximum values. 
This truncation of scores artificially improves the repeatability.44 To correct for this effect, 
in the analysis we removed the maximum and minimum scores on the Nyktotest and the 
Mesotest, both with and without glare. (see Table 1: “RC’, correction for truncations”). 
 To allow for comparison of values between tests that use different measurement 
units, we calculated the ratio between RC’ and the range of measurement values that was 
obtained. The ratio RC’/RNG hardly differs between the tests (Table 1). Only for contrast 
sensitivity, ratios are lower, caused by the wide range of scores, obtained with the Pelli 
Robson chart. 

For none of the tests was there a significant relation between repeatability and test 
score (regression analysis, all p values larger than 0.24). There was no dependency of 
repeatability coefficients on the subject group (analysis of variance; all p values ranging 
from 0.20 to 0.84).  
 
Validity  
The validity of a test indicates the extent to which the test outcome is related to a refer-
ence variable, in our study: the LOCS III lens classification and the questionnaire. We 
found the highest correlations for the CSLM and, to a lesser extent, the NSLM (Table 2). 
We studied the correlation between test outcomes and single parameters of both LOCSIII 
(NO, NC, C and P) and the questionnaire (single questions); these were similar to those of 
the overall scores. Therefore, only the overall scores are being reported.  Since the CLSM 
in the literature is considered the gold standard, we also investigated the relation of test 
outcomes to the CLSM. These correlations were highest for the NSLM. 
 
Dilated pupils  
The LOCS III lens classification evaluates the properties of the entire lens, the effects of 
glare and straylight are clustered around the optical axis. This difference may have af-
fected the relation between the two. Therefore, we measured straylight with dilated pupils. 
We found that the correlations between the CSLM/NSLM, as measured with dilated pu-
pils, and the LOCS III lens classification are no better than those for undilated pupils 
(Table 2). 
 
Discriminative ability  
We investigated to what extent the devices could discriminate between our groups. For 
the CLSM and the NSLM, there are no young subjects that display impaired test results 
(Figure 1A,B). There is only one elderly subject with an impaired NSLM result. For the 
Nyktotest and the Mesotest (Figure 1C-F), several normal elderly subjects display im-
paired test results, for the with-glare condition (Figure 1E,F), even some young subjects 
display impaired results (false positives). For all tests, several subjects from the cataract 
group display non-impaired results These may not be considered false negatives because 
cataract can, but not necessarily does lead to increased straylight/glare values. 
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Table 1 Repeatability coefficients (RC) and related parameters (n = 49-55). The repeatability, expressed as 
RC/RNG, is about similar for all tests, although monocular values for the NSLM tend to be lower than those of 
the remaining glare/straylight tests. Values for contrast sensitivity are lower than those for glare and straylight 
tests.  
 

Test 

Repeatability 
coefficient 
(RC) 

RC' 
corrected 
for 
truncations 

Range 
(RNG) 

Ratio 
RC'/RNG 

Right eye 

Conventional straylight meter 0.34 id 1.29 0.26 

New straylight meter 0.27 id 1.30 0.21 

Nyktotest 1.72 1.905 7 0.27 

Mesotest 1.05 1.174 4 0.29 

Nyktotest with glare 2.37 2.809 8 0.35 

Mesotest with glare 0.96 1.170 4 0.29 

Visual acuity 0.2u* id 0.7U 0.29 

Contrast sensitivity 0.15u** id 1.2 0.13 

Left eye 

Conventional straylight meter 0.36 id 1.35 0.27 

New straylight meter 0.31 id 1.50 0.21 

Nyktotest 1.58 1.711 7 0.24 

Mesotest 0.99 1.125 4 0.31 

Nyktotest with glare 2.11 2.406 8 0.30 

Mesotest with glare 0.97 1.184 4 0.46 

Visual acuity 0.2u* id 0.7U 0.29 

Contrast sensitivity 0.15u** id 1.15 0.13 

Both eyes 

New straylight meter 0.29 id 1.17 0.25 

Nyktotest 1.47 1.728 6 0.29 

Mesotest 0.55 0.655 4 0.16 

Nyktotest with glare 1.52 1.641 8 0.20 

Mesotest with glare 1.41 1.673 4 0.41 

Visual acuity 0.2u* id 0.5U 0.4 

Contrast sensitivity 0.15** id 0.9 0.17 
 

*From Elliott and Sheridan45; ** From Elliott, Sanderson, Conkey40; id: No correction for truncations (RC’ 
identical to RC). Note that all values are on a log scale, including the ones for visual acuity. For visual acuity, 
0.1 log unit corresponds to one line on the visual acuity chart. 
 
 



Measurement of straylight and glare 

 251

Table 2 Validity: Pearson’s correlation coefficients between tests and reference variables: CSLM, LOCSIII and 
the questionnaire (n=112). The LOCS III score was the average of all 4 LOCS III parameters. The questionnaire 
score was the average score of all 5 questions. The scores on the CSLM and, to a lesser extent, the NSLM, are 
closest related to the results of the LOCS III classification and the questionnaire. The correlations between 
CSLM/NSLM and LOCSIII for dilated pupils are no better than those for undilated pupils. All correlation 
coefficients were statistically significant (p<0.05). 
 
 

Reference variable 

Test 
Conventional 
straylight meter 

LOCS III 
lens classification 

Questionnaire 
(average score) 

Right eye 

Undilated pupils - 0.763 0.454 
Conventional  
straylight meter 

Dilated  
pupils - 0.702 0.474 

Undilated pupils 0.635 0.650 0.313 
New straylight 
 meter 

Dilated  
pupils 0.711 0.609 0.346 

Nyktotest -0.471 -0.479 -0.244 

Nyktotest with glare -0.436 -0.397 -0.249 

Mesotest -0.449 -0.495 -0.205 

Mesotest with glare -0.465 -0.486 -0.247 

Left eye 

Undilated pupils - 0.751 0.483 Conventional  
straylight  
meter 

Dilated  
pupils - 0.689 0.456 

Undilated pupils 0.705 0.658 0.355 
New straylight 
meter 

Dilated  
pupils 0.709 0.538 0.420 

Nyktotest -0.561 -0.536 -0.298 

Nyktotest with glare -0.516 -0.505 -0.318 

Mesotest -0.548 -0.513 -0.293 

Mesotest with glare -0.508 -0.534 -0.293 

Both eyes 

New straylight meter - - 0.415 

Nyktotest - - -0.312 

Nyktotest with glare - - -0.334 

Mesotest - - -0.266 

Mesotest with glare - - -0.319 
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Figure 1 Distribution of data for each of the tests. Note that the vertical scaling differs between panels. For 
the CSLM and the NSLM, there are hardly any “normal” young or elderly subjects that display “impaired” 
test results (low false positives). Some elderly (and young) subjects display “impaired” results on the Nyk-
totest and the Mesotest without glare, and even more so on the Nyktotest and the Mesotest with glare (higher 
false positives). Results are shown for right eyes only. Results for left eyes and binocular tests are similar. 
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Table 3 Values of “area under the curve” of the Receiver Operating Characteristics (n=112). A value of 0.5 
indicates a random test; the closer to 1, the better the discriminative ability of the test. 
 

Test  Groups for comparison 
 Cataract versus 

No cataract 
(young and elderly) 

Cataract versus 
Elderly without 
Cataract 

Elderly versus 
Young 

Right eye 

Conventional straylight meter 0.881 0.836 0.774 

New straylight meter 0.916 0.871 0.771 

Nyktotest 0.682 0.632 0.659 

Mesotest 0.697 0.658 0.613 

Nyktotest with glare 0.736 0.695 0.680 

Mesotest with glare 0.764 0.716 0.756 

Visual acuity 0.784 0.748 0.533 

Contrast sensitivity 0.810 0.767 0.547 

LOCS III lens classification 0.929 0.887 0.851 

Left eye 

Conventional straylight meter 0.897 0.847 0.725 

New straylight meter 0.881 0.825 0.792 

Nyktotest 0.693 0.640 0.629 

Mesotest 0.719 0.703 0.525 

Nyktotest with glare 0.750 0.704 0.683 

Mesotest with glare 0.772 0.713 0.756 

Visual acuity 0.846 0.822 0.526 

Contrast sensitivity 0.897 0.864 0.594 

LOCS III lens classification 0.957 0.928 0.846 

Both eyes 

New straylight meter 0.895 0.848 0.832 

Nyktotest 0.737 0.676 0.638 

Mesotest 0.693 0.666 0.584 

Nyktotest with glare 0.794 0.745 0.674 

Mesotest with glare 0.813 0.763 0.762 

Visual acuity 0.839 0.809 0.567 

Contrast sensitivity 0.915 0.871 0.547 

Questionnaire 0.867 0.832 0.576 
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Receiver operating characteristics  
Table 3 shows the area under the curve of the receiver operating characteristics (ROCs) 
for comparisons between groups. For al comparisons (cataract versus no cataract; cataract 
versus elderly; young versus elderly), the results were best for the NSLM. Values for the 
straylight meters were similar to those for visual acuity and contrast sensitivity. Note that 
values for VA may be artificially high, because this was a selection criterion of the study. 
The high values for the LOCS III classification may be caused by the fact that lens 
opacification, as observed at the slitlamp, was one of the criteria for group assignment. 
 
Resistance to fraud: the CSLM and NSLM 
For the CSLM, within measurement variability was lower than between measurement 
variability, indicating that successive measurements are related. This makes the device 
prone to fraud. This difference is not present for the NSLM (Table 4). 
 
Table 4 Within and between measurement repeatability for the CSLM and the NSLM (n=49-55). For the 
CSLM, 'within' values are better than 'between' values, indicating that successive measurements are related. For 
the NSLM, ‘within’ values are not better than between values, suggesting that successive measurements are 
independent. Values are higher than values in Table 1, because values in this table reflect the repeatability of 
single knob settings and values in Table 1 reflect repeatability of measurements, consisting of three knob set-
tings. 
 

Repeatability coefficient 
Test within measurements between measurements 

Conventional straylight meter 0.282 0.430 

New straylight meter 0.489 0.394 
 
Added value of a test  
We investigated to what extent each of the glare tests provide information, additional to 
that acquired from visual acuity and contrast sensitivity. Furthermore, we studied to what 
extent visual acuity and contrast sensitivity provide information that is not being provided 
by the glare tests. We assumed our a priori group assignment as reference. 
 In the absence of any covariants, all tests provide information about differences 
between groups (Table 5A,B). If VA and CS are covariants, only the CSLM, the NSLM 
and the Nyktotest and the Mesotest with glare provide information about differences be-
tween groups (Table 5C). In all comparisons, F values for the CSLM and the NSLM are 
highest. 
 
 
Discussion  
Many authors have favoured the measurement of glare sensitivity for assessing the visual 
capacity of drivers and for evaluating cataract, but currently it is not included in the Di-
rective of the European Union.46 A possible inclusion of a glare or straylight test is ham-
pered by the absence of a universally accepted, fraud resistant measurement technique. In 
this study we systematically investigated various aspects of several glare and straylight 
tests. Knowledge about these aspects is crucial before a widespread introduction of one or 
more of these tests may be taken into consideration. 
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Table 5 ANOVA statistics for the discrimination between the three groups: Young/Elderly/Cataract (n=112). In 
absence of any covariant (A and B), all tests discriminate between the groups. If visual acuity and contrast 
sensitivity are covariant (Panel C), only the straylight meters and the Nyktotest and the Mesotest with glare 
discriminate between the groups. In all comparisons, F values are highest for the CSLM and the NSLM. 
 

Right eye Left eye Both eyes 
Dependent Covariants F P F P F P 

A: visual acuity and contrast sensitivity 

Visual acuity None 19.48 < 0.001 27.91 < 0.001 27.17 < 0.001 

Contrast sensitivity None 24.32 < 0.001 46.63 < 0.001 32.87 < 0.001 

B: glare/straylight 

Conventional straylight meter None 53.41 < 0.001 49.88 < 0.001 NA NA 

New straylight meter None 69.51 < 0.001 63.80 < 0.001 63.78 < 0.001 

Nyktotest None 11.66 < 0.001 14.31 < 0.001 16.31 < 0.001 

Mesotest None 13.04 < 0.001 12.57 < 0.001 12.61 < 0.001 

Nyktotest with glare None 20.31 < 0.001 22.34 < 0.001 28.50 < 0.001 

Mesotest with glare None 25.77 < 0.001 26.28 < 0.001 35.50 < 0.001 

C: glare/straylight with covariants 

Conventional straylight meter VA, CS 15.88 < 0.001 8.11 0.001 NA NA 

New straylight meter VA, CS 31.36 < 0.001 23.39 < 0.001 29.69 < 0.001 

Nyktotest VA, CS 2.07 0.131 0.62 0.539 4.47 0.014 

Mesotest VA, CS 3.10 0.049 0.73 0.486 2.28 0.107 

Nyktotest with glare VA, CS 8.49 < 0.001 5.04 0.008 14.18 < 0.001 

Mesotest with glare VA, CS 11.64 < 0.001 9.92 < 0.001 17.09 < 0.001 
 

We found that various aspects, such as validity, discriminative ability and added value are 
superior for the straylight meters. It may be noted that this device provides a measure of 
intraocular straylight, which is the cause of glare. Other devices, such as Nyktotest and 
Mesotest, but also other commercially available glare testers, measure the effect of glare 
on perception (contrast sensitivity). This effect is largely dependent on the specific meas-
urement conditions. It may be that these conditions do not represent the conditions in 
daily life, when glare is perceived. Apparently, this counts even for devices, such as Nyk-
totest and Mesotest, in which traffic conditions are simulated. Notably, our questionnaire 
contained questions, specifically directed at night time driving. Even the results of our 
questionnaire were better correlated with the straylight meters than with the Nyktotest and 
the Mesotest. The fact that the straylight meters performed best in our experiments also 
indicates that intraocular straylight is well correlated with the detrimental effects of glare 
on perception. 
 
Repeatability  
We found that repeatability values, in relation to the range of measurement values were 
about similar for all tests. Repeatability coefficients in relation to range of values for con-
trast sensitivity were much lower, due to the wide range of measurement values that was 
obtained with this test. Because this wide range is mainly caused by outliers, this does not 
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necessarily increase the reliability of this test. For the straylight meters, repeatability can 
probably be improved by changing the measurement strategy into a forced choice method. 
This is a topic of future study. 

The Nyktometer is similar in design to the Nyktotest and similar in test conditions to 
the Mesotest. Hartmann and Wehmeyer26  investigated the repeatability of the Nyktometer 
in a study that involved 9 subjects, who performed 18 measurements each. The authors 
found that the SD of the mean of these measurements was 0.75 levels. Rassow,30 evaluat-
ing the Nyktotest, found an accuracy of +- 1 level. These results agree well with our re-
sults: we found an SD of 0.67 for the Nyktotest without glare and 0.70 with glare. 

We note that for the Nyktotest and the Mesotest, there is only a small distance be-
tween the average normal score and the recommended cut-off values. This counts for the 
young, but especially for the elderly group. (Expressed in units RC, distances were gener-
ally less than 1, compared to values of about 2 for visual acuity, contrast sensitivity and 
straylight meters).  With such small distances, misclassification of subjects (normal sub-
jects being classified as impaired and vice versa) could easily occur. Hartmann and Weh-
meyer concluded that this repeatability is “good”. Although we agree with the magnitude 
of the repeatability value, in view of the small difference between “normal” and “im-
paired” values, we consider this value low.  
 
Discriminative ability   
For the assessment of discriminative ability, we assumed our clinical group assignment as 
the reference variable. This group assignment was based on a constellation of signs and 
symptoms: the history of the subject, the clinical assessment of cataract by the ophthal-
mologist and the visual acuity. Hence this group assignment provides a clinical aggrega-
tion of the cataract assessment and perceived disability, similar to the LOCS III classifica-
tion and questionnaire. The information of group assignment, LOCS III and questionnaire 
therefore displays some overlap. Since group assignment is a discrete variable, it is par-
ticularly suited for discrimination studies. The low discriminative ability of the Nyktotest 
and the Mesotest, particularly in the presence of glare, agrees with the literature: the high 
rate of false positives constitutes a major problem of these tests.32,34,47 
 
Selection bias and misclassification  
The subjects/participants in these experiments formed a non-random selection of the visi-
tors of the outpatient departments of the involved clinics. Group assignment was made on 
the basis of clinical judgement. The primary intention of this study was to provide an 
analysis of the measurement devices that are currently available. Any selection bias only 
affects the concept of glare measurements, not the relation between the various measure-
ment devices. The same counts for possible misclassification errors: elderly normal sub-
jects that erroneously have been assigned to the cataract group and vice versa. These 
would have weakened the relation between test outcomes and reference variables, but not 
the relations between the various test devices. The inclusion criterion for the cataract 
group was a binocular visual acuity of at least 0.6. Although unlikely, it may be that rela-
tions between test outcomes and reference variables is different in subjects with lower 
visual acuities. We note that in such subjects, visual acuity itself is the most important 
parameter of visual function. Straylight and glare measurements are particularly important 
in subjects with early cataracts and only slightly decreased visual acuities. Our study 
demonstrates that in these subjects, measurement of straylight/glare does provide addi-
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tional information and the straylight meter does discriminate between presence and ab-
sence of early cataract. 
 
Glare and driving 
Many investigators have promoted the use of glare measurement devices for assessing 
fitness for driving. Our research demonstrates that the straylight meter may be the device 
of choice for such assessment. However, before introducing any glare or straylight meas-
urement, there should be a more thorough evaluation of the relation between increased 
straylight measurements and the detrimental effects on perception as well as an investiga-
tion of the prevalence of impaired values in the driving population. 
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Measurement of glare sensitivity and straylight can potentially provide useful information 
about the visual capacity of elderly drivers and drivers with a cataract. However, the 
widespread implementation of such measurements critically depends on the availability of 
a proven measurement technique, which is reproducible, valid and resistant to fraud. 
Moreover, this technique has to be able to discriminate between 'normal' and 'impaired' 
subjects and provide information about visual capacity that is not provided by visual acu-
ity alone. The measurement techniques that are currently available have been insuffi-
ciently investigated, regarding these aspects. The purpose of the current study was to 
evaluate the properties of several test devices for measurement of glare sensitivity and 
straylight: the Nyktotest and Mesotest as well as the straylight meter. A new version of 
the straylight meter, to facilitate large-scale implementation and improve fraud-resistance, 
was developed. Three groups of subjects were studied: 1) Young subjects without any eye 
disease; 2) Elderly subjects without any eye disease and 3) Subjects with (early) cataract 
in at least one eye. All subjects underwent a battery of glare and straylight tests, as well as 
measurement of visual acuity, contrast sensitivity, refraction, eye colour and objective 
assessment of cataract. (LOCS III classification). Subjects filled out a questionnaire on 
self-perceived disability during driving. Of the glare/straylight tests that were investi-
gated, the new straylight meter was superior. Repeatability, discriminative ability, resis-
tance to fraud and added value were all on the level that should be required from a test. 
However, more study is needed on the following topics: 1) Validity. 2)Cutoff criteria 
must be established, in relation to driving performance. 3) Prevalence of impairment, the 
impact of a test on the driving population, as well as the cost effectiveness of the test need 
be established. 
 
Background 
 
Glare is considered an important danger for safe driving. Most glare hindrance results 
from the optical effect of light scattering, resulting in straylight on the retina. Important 
sources are windshields and glasses,1 but the present report concerns light scattering in the 
eye of the driver itself. Glare hindrance can be subdivided into discomfort and disability. 
Discomfort glare is the general name for the discomfort sensation caused by bright light 
sources, while disability glare is more specifically associated with reduced vision because 
of straylight (scattered light) originating from a bright source. We will concentrate on 
disability. The respective visual disabilitation is known to be the effect of retinal contrast 
reduction due to the veil of retinal straylight. So it has become the CIE standard to address 
disability glare by means of an assessment of straylight.2 Retinal straylight can be as-
sessed with the straylight meter.3,4 Additionally many attempts have been made to assess 
disability glare by means of so-called glare testers. In these instruments the effect of a 
glare source (a bright source in the (near-)periphery of the subject’s field of view) on 
some visual function (e.g. the visibility of an optotype) is taken to represent the subject’s 
“glare sensitivity”. Over the years, many glare testers have been developed. Most of these 
measure either visual acuity or contrast sensitivity in the presence of a glare source. None 
of these tests have evolved to a generally accepted standard.5-7 In a comparative study, the 
Straylight Meter was found to be superior to glare testers with respect to reproducibility 
and discriminative ability.7 Although this device is sometimes considered as the gold 
standard, its original design was for laboratory use only.8 In the present study, two meas-
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urement devices for retinal straylight and two instruments for glare sensitivity testing 
were investigated. 

Currently, glare is a parameter for visual function that is not included in the driver 
licensing demands. This is often felt to be an important shortcoming, since it may be re-
lated to well known and often encountered difficulties during driving.9,10 Examples in-
clude the blinding effects of a low sun and that of the headlights of oncoming cars, espe-
cially at low ambient light levels. The effects are enhanced when the driver should see 
low contrast objects, such as unilluminated obstacles or pedestrians.11 Since glare is con-
dition-dependent (it only happens when a blinding source is present) people may be rela-
tively unaware of the potential dangers. Some literature12,13 suggested a strong relation 
between glare tests and road traffic accidents. On the other hand, in a previous study only 
a weak relation was found between glare tests and (self) perceived driving disability.14 
This suggested that there is a discrepancy between perceived and true disability. So, peo-
ple may not be aware of their impairment. This adds to the importance of glare testing for 
driver licensing applications. But implementation of glare testing is only possible when an 
adequate measurement technique is available. 

Glare is most often specifically related to clouding of the eye lens: cataract. This 
disease is related to ageing: cataracts in young people are rare, while, as age increases, 
proportionally more people develop a cataract. With the increase of both life expectancy 
and mobility in higher age groups, the effects of cataracts during driving may increase 
rapidly in the years to come.15,16 A modern source of increased glare sensitivity is refrac-
tive surgery. It has been shown that, even after uneventful refractive surgery, glare sensi-
tivity is increased17-22 although this has also been disputed.23 

An extra aspect of adding a (glare) test for judging fitness to drive, is that it should 
provide information about visual function that is not provided by other tests such as visual 
acuity or contrast sensitivity. Advanced cataracts lead to a decrease of visual acuity and 
contrast sensitivity. However, early cataracts leave visual acuity and contrast sensitivity 
unaffected.24-27 In such a situation, glare testing may be of particular value. On a popula-
tion level, measures of visual acuity are highly correlated to contrast sensitivity and glare 
sensitivity. However, on an individual level, such correlations seem to fail.28 
 
 
Methods 
 
In a previous study,14 we looked at three different tests that potentially could provide 
information about a person’s glare sensitivity. These tests were the Pelli-Robson contrast 
sensitivity test, the Nyktotest, and the Mesotest. All three are contrast sensitivity tests, but 
the Nyktotest and Mesotest are specifically designed to simulate driving conditions at 
night by having the subjects dark adapt first for 10 minutes and measuring the contrast 
sensitivity at low luminance, both with and without a bright glare source. The Mesotest 
II29 tests at 0.032 cd/m2 surround luminance the visibility of optotypes at 4 levels of con-
trast (Lsur-Lopt)/Lsur = 0.96, 0.80, 0.63 and 0.50. The highly comparable Nyktotest 30030 
tests at 0.1 cd/m2 and 8 levels of contrast (0.96, 0.80, 0.63, 0.50, 0.40, 0.32, 0.20, 0.12). 
When glare is added, in both instruments the same contrasts are tested, but at a luminance 
that is 0.5 log unit higher.  
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For the assessment of retinal straylight, this report will discuss the straylight meter 
(SLM). The device measures the amount of straylight on the retina, defined by means of 
the equivalent luminance concept.2 The SLMs are based on the direct compensation 
method31 (see Figure 1). In this method a ring-shaped straylight source (glare source) is 
flashed on and off at a frequency of about 8 Hz (i.e. at the peak of our flicker detection 
sensitivity). The subject fixates at the centre, i.e. the fovea receives the central test field. 
In the ‘on’-phase, light will reach the fovea because light from the straylight source will 
be scattered in the eye and diverted to the fovea. In the ‘off’-phase there is no light to be 
scattered, so the fovea will only receive light that is truly present in the central test field. 
If the centre of the image is black in both phases, the subject will perceive a flickering 
signal on the fovea because of light scattering from the flickering annulus. However, if 
some (compensation) light is added in the central test field in the ‘off’-phase, this will 
weaken the flicker. Flicker will cease if the amount of compensation light equals the 
amount of straylight, thus enabling a precise quantitative measure for retinal straylight. 

Figure 1 The direct compensation method for quantitative measurement of retinal straylight. This principle 
is applied in two instruments: The original Straylight Meter (Van den Berg and IJspeert 1991, 1992, and 
IJspeert and Van den Berg 1992) is a stand-alone hard/firmware desktop instrument of 20x20x30 cm; the 
newer one is realized on a PC with extra monitor. 
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 The elegance of this method is that the retina is used as a null instrument and that the 
condition of the retina or imaging ocular optics is relatively unimportant for the precision 
of the measurement. As long as the retina can detect the 8 Hz flicker, adequate measure-
ments can be performed. In the rare occasion that the 8 Hz flicker sensitivity is depressed, 
the accuracy of the measurement method suffers, but no systematic error is introduced. 
An important difference between the straylight meter and other glare testers is that the 
straylight meter measures a true physical aspect of the eye (retinal straylight). Other glare 
testers determine a (contrast) sensitivity value, which may depend also on other aspects of 
the eye, such as the state of dark adaptation, or retinal pathology. The new implementa-
tion on a personal computer system has the advantages of more flexibility, easier instruc-
tion, and that the results can be analysed directly at the same computer. 

A cross-sectional cohort of 112 subjects was drawn from the patients and visitors of 
the outpatient departments of the participating clinics: the department of Ophthalmology 
at the VU University Medical Center in Amsterdam, The Netherlands; the University Eye 
Hospital at the University of Tübingen, Germany; and the Universitätsklinik für Augen-
heilkunde und Optometrie in Salzburg, Austria. Subjects belonged to either one of the 
following groups:  

(1) Subjects between 20 and 40 years of age, no cataract or other ocular disease, 
with corrected visual acuity equal to or better than 0.8 in both individual eyes (n = 40). 
These subjects formed the young group without ocular disease.  

(2) Subjects of 50 years of age and over, with visual acuity in both individual eyes 
equal to or better than 0.8, no or only minimal cataract on slitlamp, no other ocular dis-
ease (n = 37). These subjects formed the elderly group without ocular disease.  

(3) Subjects with binocular visual acuity equal to or better than 0.6, clinically rele-
vant cataract in at least one eye, no other eye disease (n = 35). These subjects formed the 
group with cataract.  

Neither of the subjects had any eye disease apart from refraction errors and, in group 
3, cataract. Refraction errors were confined to no more than 6 diopters of myopia, 5 diop-
ters of hyperopia and 1.5 diopters of astigmatism. All subjects underwent a battery of 
glare and straylight tests, as well as measurement of visual acuity, contrast sensitivity, 
refraction, eye colour and objective assessment of cataract (LOCS III classification). Sub-
jects completed a questionnaire into perceived disability during driving. For about half of 
the subjects of each group, the measurements of glare and straylight were repeated on a 
different day, to allow calculation of repeatability. The present report deals with only a 
small part of the results. 
 For the calculation of Relative Risk values and discriminative abilities, definitions 
of impaired were chosen as follows. Visual acuity was considered impaired when higher 
than 0.3 logMAR units. This corresponds to a decimal Snellen acuity level of 0.5 or 
20/40. Straylight was considered impaired when the log(s) parameter was higher than 1.4. 
This is 0.1 log unit higher than the upper border for normal data in the general population. 
Contrast sensitivity was considered impaired when the log(contrast sensitivity) was less 
than 1.25,32 Nyktotest and Nyktotest with glare were considered impaired when more than 
40% contrast was needed, corresponding to level 5,30 and Mesotest and Mesotest with 
glare when more than 80% contrast was needed, corresponding to level 2.10 Hence, level 
5 and level 2 would be the minimum requirements for the Nyktotest and Mesotest, respec-
tively (notably, for Class 2 drivers, level 3 corresponding to 63% contrast needed). Defi-
nitions of impaired are also referred to as cut-off values. 
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Repeatability should be considered in relation to the biological differences that are con-
sidered significant. Therefore, in the analysis that follows, the repeatability of each test 
will be considered in view of the range of measurement values that are being obtained 
with this test. The range is the difference between the maximum and the minimum values 
that are gathered from the study subpopulation. In addition, if individuals with normal 
scores on the test are widely separated from the cut-off value, then a low repeatability will 
be sufficient. If normal scores are close to the cut-off value, then the repeatability has to 
be higher, in order to avoid normal subjects to be classified as impaired due to measure-
ment variability. Therefore, repeatability will also be considered in relation to the cut-off 
value of each particular test. 
 
 
Results and discussion 
 
Table 1 shows the Repeatability Coefficients (RC33) that were calculated from these re-
sults, both isolated and in relation to the range of measurement results. For the Mesotest 
and Nyktotest the results are in agreement with the literature for the Nyktome-
ter/Mesotest34 and for the Nyktotest.30 The ratio between the Repeatability Coefficient and 
the Range of data (RNG) hardly differs between the tests. The distance to impaired 
scores, expressed in units (RC) is a measure for the probability that an average normal 
subject will reveal an impaired score, based on measurement variability (false positive 
score). For young subjects, this distance is largest for the New straylight meter and visual 
acuity. Both values are higher than 2, indicating a small chance of impaired measurements 
due to measurement variability. For elderly subjects, this value is largest for visual acuity. 
Note that many values, particularly for the Nyktotest and Mesotest, are very low. 

Other analyses showed concordant outcomes. In short: for discriminative ability, i.e. 
the ability of each test to discriminate between the three groups (young/elderly/cataract) 
the straylight meters were superior, with respect to false positives (elderly and young 
subjects who failed the tests): 1 out of 154 tests a (elderly) subject failed. For the glare 
testers 7/154 (all elderly) failed without glare, and 28/74 elderly and even 4/80 young 
subjects failed with glare. Furthermore, the added value of the tests was studied, i.e. 
whether the tests provided extra information about group assignment 
(young/elderly/cataract) surpassing the information provided by visual acuity and contrast 
sensitivity. The added value was found to be largest for the new straylight meter. Con-
versely, visual acuity provided the least extra information in the presence of new stray-
light meter results, less so than in presence of the results of the remaining glare/straylight 
tests. This indicates that the new straylight meter provided the best information about 
group assignment of the subjects. 

We wondered whether the fact that Mesotest and Nyktotest actually determine con-
trast sensitivity might have confounded their use as instruments to assess glare sensitivity 
or group assignment. In fact, their design gives the option to assess glare sensitivity as a 
separate entity because contrast sensitivity is measured with and without glare. The dif-
ference between the two results should in an isolated fashion indicate glare sensitivity 
(apart from some constant factor because of the difference in luminance levels). More-
over, because this would involve paired comparisons, maybe (much) better accuracy 
could be obtained, comparable to the straylight meters. This, however, proved not to be 
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Table 1 Repeatability coefficients (RC) and related parameters of straylight (in log units), Nyktotest and 
Mesotest (in levels) and visual acuity (in log units); n = 49-55. Negative values in last column indicate that 
the average score of the group is worse than the cut-off value. *From Elliott and Sheridan, 1988; Id: No 
correction for truncations (RC= identical to RC).  
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Original straylight meter 

 
0.34 

 
Id 

 
1.29 

 
0.26 

 
1.79 

 
1.18 

 
New straylight meter 

 
0.27 

 
Id 

 
1.30 

 
0.21 

 
2.32 

 
1.49 

 
Nyktotest without glare 

 
1.72 

 
1.90 

 
7 

 
0.27 

 
1.02 

 
0.63 

 
Mesotest without glare 

 
1.05 

 
1.17 

 
4 

 
0.29 

 
1.18 

 
0.77 

 
Nyktotest with glare 

 
2.37 

 
2.81 

 
8 

 
0.35 

 
0.49 

 
0.02 

 
Mesotest with glare 

 
0.96 

 
1.17 

 
4 

 
0.29 

 
0.92 

 
-0.14 

 
Visual acuity 

 
0.2* 

 
Id 

 
0.7 

 
0.29 

 
2.16 

 
1.99 

 
Left eye 
 
Original straylight meter 

 
0.36 

 
Id 

 
1.35 

 
0.27 

 
1.65 

 
1.11 

 
New straylight meter 

 
0.31 

 
Id 

 
1.50 

 
0.21 

 
2.14 

 
1.28 

 
Nyktotest without glare 

 
1.58 

 
1.71 

 
7 

 
0.24 

 
1.02 

 
0.61 

 
Mesotest without glare 

 
0.99 

 
1.12 

 
4 

 
0.31 

 
1.08 

 
0.94 

 
Nyktotest with glare 

 
2.11 

 
2.41 

 
8 

 
0.30 

 
0.52 

 
-0.03 

 
the case. In fact the overlap between the subject groups was even larger than for the con-
trast sensitivity values alone.  

To conclude, the straylight meters performed clearly better than the Mesotest and 
the Nyktotest. Repeatability, discriminative ability, and added value were all on the level 
that should be required from a test. However, for implementation much more is needed: 
Before introduction of a straylight test can be considered, a careful study of validity has to 
be performed. This study must reveal a cut-off criterion of the test, in relation to driving 
performance. The impact of a test on the driving population, as well as the cost effective-
ness of the test, is determined by the prevalence of impaired test outcomes in the driving 
population (apart from the relation with unsafe driving behavior). This aspect was not 
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investigated in the current study, but knowledge is essential before introduction of the test 
is warranted. 
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Introduction 
 
We know that disturbances to the eye media may cause vision loss of small detail. This 
can be determined with visual acuity assessment using a letter chart. But eye media dis-
turbance can do much more harm, because it may cause light scattering, resulting in a veil 
of straylight over the retinal image (see Figure 1). The patient complaints may include 
hazy vision, increased glare hindrance, loss of contrast and color, etc. These problems are 
much enhanced if visual function is already low from retinal pathology, such as in macu-
lar degeneration or glaucoma. 
 

 
Straylight in the eye is caused by optical imperfections in the eye media, such as the cor-
nea and the crystalline lens. The amount of straylight is different for each individual, and 
may even be different for the two eyes of one individual. It depends on age, pigmentation, 
pathologies such as cataract, and may change due to human interventions such as refrac-
tive surgery. 

The C-Quant straylight meter determines, in an accurate and objective way, the 
amount of straylight in a patient’s eye. This is illustrated in Figure 2, where the straylight 
meter outcome is translated to a real-life situation. 
 
 
 
 
 

pedestrian 

car headlight 

Figure 1 Visualization of retinal straylight. The optical components of the eye form an image of the outside 
world (left picture) on the retina (right picture). In the case of such a street scene, the picture on the retina is 
much degraded. Street objects are much less visible compared to the original picture. This is caused by the 
fact that part of the light coming from the car headlight is scattered in all forward directions (represented by 
the white arrows in the figure), projecting a veil of light over the retinal image which causes a decrease in 
the contrast of this image. This veil of light is called straylight. 
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The C-Quant straylight meter uses a psychophysical technique called compensation com-
parison. This document is intended to give some background information about this tech-
nique, for those who are new in this field.  
The first principle to be explained is the direct compensation technique that was used in 
the original version of the straylight Meter. In this section, the need for the flickering ring 
is explained, as well as the difference between scattered and non-scattered light, and the 
concept of compensation light. 

Then the step to compensation comparison is made, the technique that is used in the 
C-Quant straylight meter. The properties of the subsequent stimuli that are presented to 
the patient during a measurement are explained, leading to the psychometric function, a 
well-known concept from psychophysics. The 50% point of the psychometric curve is 
introduced, which in our case directly gives the straylight value. 
In the last section, the implementation of these principles in the C-Quant straylight meter, 
as well as some added features, such as luminance equalization, instruction phase, initial 
and final phase, and measurement range categories are explained. 

 

Figure 2 Night scene as seen by an individual with normal (left) and increased straylight (right). With the 
test outcome of the straylight meter we can determine the intensity of the veil of light obscuring the scene, 
as the patient sees it, e.g. at the location of the pedestrian (red circle both figures). This veil of light is 
straylight originating from the car headlight. 
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Previous method: direct compensation 
Originally, the straylight meter was based on a slightly different principle than the present 
version. The instrument had a simple design and was mainly used to study the basic prop-
erties of human retinal straylight. However, it proved to be not suitable for routine large-
scale clinical use. In this instrument, the test field in the center was one whole circle, 
contrary to the current C-Quant version, where the test field is subdivided into two half 
fields. The layout of the old test screen is illustrated in Figure 3. 
 

                        

Straylight source

Test field

Straylight source

Test field

 
Figure 3 Test screen layout for a direct compensation based straylight meter 

 
There are two fields in the screen where something happens during the test: the ring-
shaped straylight source and the disc-shaped test field in the center. The rest of the screen 
remains gray throughout the measurement. The subject fixates on the test field. If this test 
field is black, he would normally see it as black. When the test starts, the straylight ring 
starts to flicker. This means the ring is intermittently white and black. When it is white, 
we call it the on-phase, and when it is black, we call it the off-phase. What happens with 
the light from the ring that reaches the subject’s eye? Have a look at Figure 4: in the on-
phase, the ring is projected on the retina (the non-scattered light), but, due to optical im-
perfections of the eye media (such as a cataract), a small part of the light that originates 
from the ring is scattered to other parts of the retina, including the fovea. The fovea is 
looking at the black test field, and therefore, as the subject sees it, the test field does not 
appear black anymore, but a little bit gray.  In reality, however, it is still black. All the 
light is coming from the ring (to be precise, there is also some light from the gray areas, 
but we will disregard this for the moment), and there is no light coming from the test 
field. 

In the off-phase there is no light coming from the ring, so the ring, as well as the test 
field, appears black to the subject. As a result, as the on- and off-phase are alternated, the 
test field seems to be flickering, i.e. alternating between grey and black, in phase with the 
flickering ring. 
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Remember the purpose of the straylight meter: we want to quantify the amount of retinal 
straylight in a subject’s eye. This means that we want to quantify the amount of light that 
is flickering on and off in the test field as the subject sees it. For this purpose, we add 
some light in the test field in the off-phase (see Figure 5). The amount of light is adjust-
able and we call it compensation light, for reasons that will be explained as follows. Be-
cause of this light the test field will become a bit gray in the off-phase. But for the subject 
it appears gray in both the off-phase and the on-phase. 

One can imagine that, because the test field is now gray in both the on- and off-
phase, it will be flickering less than when there was no compensation light. If we make 
the compensation light in the off-phase the same as the straylight in the on-phase, the 

Figure 4 The straylight from the ring in the on-phase is alternated with no straylight in the off-phase, result-
ing in a flicker perception in the central test field. 

Figure 5 The straylight in the on-phase is compensated by the compensation light in the off-phase. This 
compensation light can be adjusted to match the straylight, thereby causing the flicker perception in the test 
field to disappear. This is called direct compensation. 
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flicker in the test field will even completely disappear. In other words, the straylight 
flicker will be compensated by the compensation light in this case. Because we know how 
much compensation light we put in the test field, we also know the amount of straylight in 
the subject’s eye, which was the goal of the whole procedure. 
So, if we want to know the straylight value of a subject, all we have to do is let him look 
at the test screen, make the ring flicker, vary the amount of compensation light in the test 
field, and ask the subject at which setting he sees no flicker in the test field. This proce-
dure is known as the direct compensation method. 
 

C-Quant method: compensation comparison 
 
The direct compensation based straylight meter was tested in many subjects. From these 
measurements, it appeared that, for many of them, the task of deciding when there is no 
flicker in the test field, while at the same time there is a heavily flickering ring in the 
surroundings, was very difficult. Also, this instrument did not allow assessment of the 
quality of the measurement or, in other words, the reliability of the answers of the subject. 
Moreover, we wanted to improve the measurement accuracy, make it fraud resistant, and 
make the test easier to administer. Therefore, a new version of the straylight meter was 
developed, that takes the direct compensation principle one step further: the compensation 
comparison based straylight meter. 
 
Compensation comparison based straylight meter 
To facilitate the decision task mentioned above, the compensation comparison based 
straylight meter was developed. The stimulus field of this straylight meter is very similar 
to the direct compensation version (see Figure 6). The most important difference is that 
the test field is now divided into two halves. 

Another difference is that during a measurement the stimulus is no longer presented 
continuously, but in a series of short duration stimuli. These stimuli are identical with 
respect to the flickering ring and the gray surroundings. Only the two test fields differ 

 
 

Straylight source

Right test field
Left test field

Straylight source

Right test field
Left test field

 
Figure 6 Test screen layout for the compensation comparison based straylight meter 
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between the stimuli. One of the test fields is black all the time. In the other test field com-
pensation flicker is added. So, one test field corresponds to the starting point in the direct 
compensation method, and the other test field corresponds to some compensation value in 
the direct compensation method. In this way the subject can compare different compensa-
tion values to no compensation. The task for the subject is to decide for each stimulus 
which test field flickers stronger: left or right. During the test the left/right location of the 
two test fields is randomly varied with each stimulus. 

The test field without compensation is black all the time. But, because of the stray-
light, the subject will perceive a flicker in that test field as soon as the ring starts to 
flicker. Obviously, the same straylight also causes a flicker perception in the other test 
field. But in this test field compensation light is presented that is different for each stimu-
lus. In this way the perceived flicker in this test field will be different for each stimulus. 
Depending on the amount of compensation light, it can be more or less than the flicker in 
the test field without compensation. If the subject decides the side with compensation is 
flickering stronger, we denote this as a “1” score, if he chooses the side without compen-
sation, we call it a “0” score. 

Let us consider the stimuli represented with numbers 1 to 7 in Figure 7 for a subject 
with known straylight. The amount of straylight corresponding with the ring is supposed 
to be 10. There is no straylight when the ring is off (value 0). This means, in the test field 
without compensation the subject sees a modulation between 10 and 0 or, in other words, 
a flicker with a modulation of 10.The first stimulus has no compensation light in either of 
the test fields, and therefore both test fields are identical. In the second stimulus, there is a 
small amount of compensation light in one of the test fields, increasing with each subse-
quent stimulus until it reaches a certain maximum value in stimulus no. 7. Let us consider 
what responses we may obtain, for each of these stimuli, to the question which side flick-
ers stronger. To a certain extent, we can predict the responses because the straylight value 
of the subject is known.  
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Figure 7 The light that appears in the subject’s eye (in arbitrary light units) in both the on- and off-phase in 
both test fields. In one test field only the straylight is seen by the subject, staying the same for all stimuli. In 
the other test field the compensation light is varied with the different stimuli, changing the flicker percep-
tion in that test field. The subject has to judge which of the two test fields flickers stronger. 
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stimulus 
number 

compensation 
light 

modulation no 
comp field 

modulation 
comp field 

modulation 
difference 

average 
score 

1 0 10 10 0 0.5 
2 5 10 5 -5 0.1 
3 10 10 0 -10 0 
4 15 10 5 -5 0.1 
5 20 10 10 0 0.5 
6 25 10 15 5 0.85 
7 30 10 20 10 1 

 
In the first stimulus (no. 1 in Figure 7) the compensation light is zero. Both test fields are 
identical, and therefore the subject sees no difference between them. However, the subject 
has to make a choice anyway (this is called a “forced choice” procedure). There is a 50% 
chance that he will choose the one side, and a 50% chance that he will choose the other 
side. The score will be either 1 or 0, but if we present this stimulus several times, the 
average score will be 0.5. Table 1 gives the figures for each stimulus. 

In the next stimulus (no. 2), the compensation light in one test field is 5, so the 
modulation the subject sees in this test field reduces to 10-5=5. This is less than the 10 he 
sees in the other test field, so the score may be 0: the test field without compensation 
flickers stronger. Only, the difference between two flickers of unequal size is not always 
judged properly. If we present this stimulus a few times, the subject may sometimes 
choose the wrong side (score 1), let’s say in 10% of the cases. The average score is then 
0.1. 

Stimulus no. 3 is special, because here the compensation light is the same as the 
straylight, so there is no modulation in the test field with the compensation (10-10=0). 
This is the direct compensation situation we were looking for in the previous version of 
the straylight meter. Because there is no flicker at all in the test field with compensation, 
it is easy for the subject to decide that the test field without compensation flickers 
stronger: the average score will be 0. 

In stimulus no. 4, the compensation light is 15, and the modulation in the corre-
sponding test field becomes 15-10=5, just as in stimulus no. 2. The modulation in the test 
field without compensation is again stronger (it’s still 10 there), so the subject’s score 
should be 0. But, just as in stimulus no. 2, the difference in modulation is only 5, which 
may be a bit hard to see by the subject, and sometimes the score may erroneously be 1. 
The average score may again be 0.1. 

Stimulus no. 5 is a special case also. The compensation light is 20, and the modula-
tion in the corresponding test field becomes 20-10=10. This is the same as the modulation 
in the other test field (nothing has changed there), so the subject cannot see a difference in 
modulation between the two test fields, just as in stimulus no.1. Because the subject is 
asked to give an answer anyway, the score will be either 1 or 0, but after several repeti-
tions of this stimulus the average score will be 0.5. 

Table 1 The modulation in both test fields can be derived from Figure 7. Because there is no compensation 
light in one test field, the modulation there is always 10-0=10. The modulation in the other test field is the 
compensation light minus the straylight (which was assumed to be 10). Modulation difference=modulation 
no comp field minus modulation comp field. The average score is explained in the text. 
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In stimulus no. 6, the compensation light is 25, and the modulation in the corre-
sponding test field becomes 25-10=15. This is now more than the 10 in the other test 
field, so the score of the subject should be 1. But, just as in stimulus nos. 2 and 4, the 
difference in modulation is only 5, which may be hard to recognize by the subject, and 
sometimes the score will erroneously be 0. Let’s assume the average score to be 0.85. 

In stimulus no. 7, the compensation light is 30, and the modulation in the corre-
sponding test field becomes 30-10=20. The difference in modulation is 10, which may be 
easy to recognize by the subject. The subject may score 1 for each presentation of this 
stimulus, giving an average score of 1. 

A further increase of the compensation light will also increase the difference in 
modulation, making the flicker comparison task even more easy. The average score will 
remain 1 for all these stimuli. 

The above mentioned procedure reveals the psychophysical method that is used in 
the straylight meter, known as a two-alternative-forced-choice (2AFC) procedure. There 
are two alternatives to choose from (left and right), and the subject has to make a choice 
every time, even if he sees no difference. Subjects must be told that they sometimes have 
to guess. In fact, some persuasion is occasionally needed to get people to choose. The 
2AFC method is well-known in psychophysics. It allows well-established statistical 
analysis procedures (see below). 
 
Straylight value determination 
Why do we need to bother the subject with all these stimuli, if we only want to know 
where the direct compensation point is? For the subject in the example above, the direct 
compensation point was reached with stimulus no. 3. However, for a subject with a differ-
ent straylight value this will be different. For example, for a subject with a straylight value 
of 15, you can immediately see in Figure 7 that his direct compensation point is reached 
with stimulus no. 4. Considering that real straylight values may vary by a factor of 10, it 
is clear that it is necessary to present a wide range of stimuli to cover all possible stray-
light values. In the C-Quant straylight meter a procedure has been implemented that needs 
only 25 stimuli (of 1 to 2 seconds each) to arrive at an accurate straylight measurement. 

Another reason to measure more points than only the direct compensation point is to 
estimate the reliability of the measurement (see chapter 6). 
 

Psychometric function 
If we plot the average scores in Table 1 as a function of the amount of compensation light, 
we get a so-called psychometric function. This is shown in Figure 8. Figure 8a shows the 
modulation the subject sees in the test fields with and without compensation as a function 
of the compensation light. As the figure shows, the modulation is constant in the test field 
without compensation, but it varies in the test field with compensation. Figure 8b shows 
the psychometric function for the comparison task, resulting from the responses to the 
presented stimuli. In general, a psychometric function is defined as the chance of a certain 
response (right/left in our case) as function of a stimulus value (the compensation in our 
case). 

The psychometric function is a universally used concept in experiments involving 
human perception. It is used in hearing, olfaction, pain sensation, and also in vision. The 
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psychometric function is different for each perceptual task and also for each individual. 
However, the general shape of the psychometric function is usually the same for a specific 
task. 
 
Added value of the psychometric function 
There are three aspects of the psychometric function that can be used to improve the per-
formance of the straylight meter with respect to the direct compensation based version: 
1. Accuracy of straylight estimation can be improved by concentrating on the point 

where the psychometric function is switches between 1 and 0 (the so-called 50% 
point of the curve). 

2. The psychometric function can be used to estimate the reliability of the measure-
ment. 

3. The psychometric function can be used to optimize the measurement procedure, 
leading to shorter measurement times and increased accuracy of the measurements. 

These three aspects will be described in more detail below. 
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Figure 8 a) Perceived modulation in the test fields with and without compensation as a function of 
the amount of compensation light in one test field, according to Figure 7 and Table 1. There are two 
points where the modulation in both test fields is equal, resulting in an average score of 0.5. b) Aver-
age score as a function of the compensation light. This is the psychometric function for this subject. 



Compensation Comparison in the C-Quant 

 279

50% point 
Looking at Figure 8b, we can observe that the direct compensation point, where the com-
pensation light is equal to the subject’s straylight, and the average score is 0, is not so 
well-defined. Around this point, the average score is also more or less 0, especially when 
you have only a limited amount of stimulus presentations. The best-defined point in the 
curve is where the steepness is at its maximum. This is halfway the transition from 0 to 1, 
also known as the 50% point (there is also a 50% point on the left end of the graph, but 
this points contains no information about the straylight value). In this point, the compen-
sation light is two times the straylight value, causing the perceived flickers in both test 
fields to be equal. 

To put it simply, the straylight meter “tries” to find the point where, for the respec-
tive subject, the amount of flicker is the same in both test fields. This is the 50% point in 
the subject’s psychometric curve for flicker comparison. In this point the compensation 
light is twice the amount of straylight the subject “sees” because of the flickering ring. 
The result of a measurement is a collection of one and zero responses, each belonging to a 
certain compensation light value. These points can be put in a graph like Figure 8b, and a 
psychometric function can be fitted to these points to find the 50% point. The fit is done 
according to the so-called maximum likelihood procedure, a method commonly used in 
psychophysics. It is comparable to the least-squares regression method. Explanation of 
this procedure is outside the scope of this document. 
 
Measurement reliability 
The psychometric function is a means to take limitations in the subject’s visual system, 
such as neuronal noise, into consideration. Because of these limitations, the responses to 
the presented stimuli will not be exactly the same each time the test is performed, leading 
to a certain spread in the test outcomes. With knowledge about a subject’s psychometric 
behavior one can estimate the reliability of his measurement. 
 
Optimization of the measurement procedure 
The shape of the psychometric curve depends on the exact design of the measurement. 
Examples of design parameters are the size of the test fields and the flicker frequency. 
Knowledge of the psychometric function (as a function of these design parameters) helps 
to optimize the test screen layout and the measurement procedure, leading to an increased 
accuracy of the measurement and/or a reduction in the amount of stimuli needed to attain 
this accuracy. The compensation comparison method offered an opportunity to adjust 
these design parameters. This provided the possibility to optimize the design of the C-
Quant straylight meter. This will not be further explained here. 
 
Logarithmic scale 
Having explained the importance of the psychometric function in the previous section, we 
will now have a closer look at the properties of this curve, and see how it changes in a 
subject with a different straylight value. In Figure 9, the retinal modulation and psycho-
metric curve for subjects with straylight values of 10 (Figure 9a and 9b, identical to Fig-
ure 8) and 15 (Figure 9c and 9d) are plotted. For the higher straylight value, the 50% point 
has shifted to the right (Figure 9d). This is what you would expect, because the 50% point 
is located at twice the straylight value, as explained in the previous section. Obviously, 
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also the direct compensation point, which directly represents the straylight value, has 
shifted accordingly. Moreover, the psychometric curve in Figure 9d is less steep. This can 
be explained by the so-called Weber law, which is one of the basic laws in psychophysics. 
This law states that the smallest noticeable difference in a certain quantity is proportional 
to the average value of that quantity. Around the 50% point of a higher straylight value, 
the absolute amount of modulation is higher, making it more difficult to judge differences 
in modulation. In short, a different straylight value changes not only the position of the 
50% point, but also the shape of the psychometric curve. 
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Now, consider the psychometric function on a logarithmic scale (Figure 10b). This causes 
the shape, including the steepness, to be independent of the straylight value. In this plot 
the only difference lies in the position of the 50% point. This is a direct consequence of 
Weber’s law, and because of this it has become customary in psychophysical studies to 
plot psychometric functions on a logarithmic scale. Moreover, the importance of psycho-
physical effects is as a rule better judged on a logarithmic scale. Also the lines on a visual 
acuity chart are scaled logarithmically. With the Snellen chart this was only approxi-
mately true, but the ETDRS chart is exactly logarithmic. 

Figure 9 Retinal modulation and psychometric curve for a subject with straylight value 10 (a and b, identi-
cal to Figure 8) and a subject with straylight value 15 (c and d). Compared to curve b, the 50% point in 
curve d has moved to the right (but is still located at twice the straylight value!). Moreover, curve d is less 
steep than curve b. 
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Because of these reasons, the psychometric curve is plotted and also fitted on a logarith-
mic scale in the C-Quant straylight meter. This means that the straylight value, which lies 
at half the value of the 50% point, is then located 0.3 log units below the 50% point. 

 

The C-Quant straylight meter 
In the previous chapters, the principles of the compensation comparison straylight meas-
urement were explained in a somewhat simplified way. In this section, the actual imple-
mentation in the C-Quant straylight meter, as well as some added features, will be de-
scribed. 
 
Straylight parameter units 
In the previous chapters absolute values were used to characterize the amount of straylight 
and compensation light on the fovea. These values will change when the intensity of the 
straylight source is different. For example, if the annular straylight source would be made 
twice as bright, two times as much straylight would fall on the fovea. However, the stray-
light parameter s used in literature, as well as in the C-Quant, characterizes a physical 
property of the eye and is as such independent of the intensity of the straylight source. 
Accordingly, the straylight parameter is defined in such a way that only the ratio between 
the intensity of the straylight and the intensity of the straylight source plays a role. In the 
previous chapters this was not an issue because the straylight source was assumed to be 
constant for all stimuli. However, in reality and also in the C-Quant the straylight source 
is not always constant (see below). Therefore, compensation and straylight levels are 
expressed in these ratio based straylight parameter units in the C-Quant. 
 
Luminance equalization 
The stimuli that were used in the previous chapters not only differ in the modulation they 
induce on the retina, but also in average luminance. Looking at Figure 7, it appears that 
the test field with compensation is always brighter than the test field without compensa-
tion (except for stimulus no. 1, where both test fields are equal). Such brightness differ-
ence could give a clue to the subject about which is the test field with and which is the test 

Figure 10 a) Psychometric curves from Figure 9b and 9d combined in one graph (linear scale). Both the 
position of the 50% point and the steepness of the curve are different. b) Same curves on a logarithmic 
scale. Now only the 50% point position is different. The whole shape, including the steepness, is now 
independent of the straylight value. Note that the points in graph a where the compensation light = 0 can not 
be plotted in graph b, because log(0) = minus infinity. 
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field without compensation, giving the opportunity to manipulate the test outcome. Also, 
the subject might be confused by the luminance difference and judge the stimuli on lumi-
nance difference instead of flicker difference. Also, the luminance difference may induce 
a retinal sensitivity difference. All these effects might compromise the validity of the 
measurement. 
 For these reasons, the average luminance in both test fields is made equal for each 
stimulus in the C-Quant, by adding an equal offset in both the on- and off-phase of the 
test field without compensation. This does not influence the (absolute) modulation differ-
ence (see Figure 11). 
 
Instruction phase 
In the C-Quant, the first five stimuli can be used to familiarize the subject with the flicker 
comparison task, and to verify if the subject is able to perform this task. This instruction 
phase is optional. 
 The first three stimuli differ from the remaining stimuli: the ring is not flickering, so 
there is no straylight flicker in the center. Both test fields are made flickering by putting 
light in either the on- or off-phase. These stimuli are used to familiarize the subjects with 
a flicker comparison task, to check if the subject has understood the task and is able to 
compare flickering signals (in the absence of peripheral flicker). The third of these stimuli 
can be quite hard to judge for some subjects. 
 In the 4th and 5th stimulus, the ring is flickering also. These stimuli are in fact the 
first of the real test, only with such an amount of compensation light that any subject 
should choose the side with the compensation light with ease, thereby scoring 1. These 
stimuli are to familiarize the subject with the added complexity of a peripheral flickering 
ring and to train the subject to concentrate only on the test fields without being distracted 
by the flickering ring. 
  

Figure 11 Luminance equalization: to make the average luminance equal in both test fields, an offset is 
added in the test field without compensation in both the on- and off-phase, retaining the modulation. Be-
cause the average luminance in the test field with compensation is different for each stimulus, also the 
luminance correction has to be different for each stimulus, illustrated by the graphs for stimulus numbers 3 
and 7 (from Figure 7). 
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If one of the five instruction stimuli is not scored as 1, the C-Quant will give a warning 
and pause to give the operator the chance to reinstruct the subject before continuing the 
measurement. 
 
Initial phase and final phase 
The measurement with the C-Quant consists of two consecutive stages: the initial or 
“dark” phase and the final or “light” phase (see Figure 12). In the initial phase (the closed 
blue dots in Figure 12), the variation in modulation in the stimuli is not achieved by varia-
tion of the compensation light, as in the previous chapters, but by variation of the intensity 
of the flickering ring and, as a consequence, of the straylight as well. Each stimulus has a 
different value on the psychometric curve, in spite of the compensation light being con-
stant for all stimuli, because the value on the x-axis expresses the compensation light 
relative to the intensity of the ring (straylight parameter units, see above). The latter value 
is different for each stimulus. 

Figure 12 C-Quant operator screen after a measurement. The graph in the lower part gives the subject’s 
responses: (blue open circles) the last two of the five instruction stimuli, (filled blue circles) the initial phase 
and (red Xs) final phase, as well as the psychometric function fitted to all responses (red curve). The stray-
light value (0.93 in this case) is marked with a red dot. This value is 0.3 log units below the 50% point of 
the psychometric curve. The gray curves represent the upper and lower limits of the normal psychometric 
function for the age of this particular subject. The test result is also marked with a red dot in the age graph 
in the left middle part of the screen, showing, with a gray band, the normal straylight range for healthy eyes 
as a function of age. The parameters “Esd” and “Q” are used to estimate the reliability of the measurement. 
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The stimuli in the initial phase are equidistant on a logarithmic scale, and presented in a 
fixed order: from high to low (relative) compensation, or from right to left in the psycho-
metric curve. An advantage of this method is that the ring starts to flicker with low inten-
sity, so that the flicker comparison task is easy in the beginning. The flicker intensity 
increases with each stimulus until the last stimulus of the initial phase is reached, and the 
task is becoming more difficult. This relates well to the real-life experience of being hin-
dered more by glare sources with higher intensities, especially at night. 
 From the results of the initial phase a first estimate of the position of the 50% point 
is made by fitting a psychometric curve to the measured points. This first estimate was 
1.29 in the example of Figure 12. Around this first estimate the stimuli of the final phase 
are placed. In these stimuli the ring intensity is constant and the compensation light is 
variable, as in the examples in the previous chapters. 
 In the final phase, 13 stimuli are presented around the first estimate, but twice as 
closely packed compared to the initial phase stimuli (red dots in Figure 12). Contrary to 
the stimuli in the initial phase, they are presented in a random order, according to the 
psychophysical method of constant stimuli. 
 At the end of the final phase, a psychometric curve (red curve in Figure 12) is fitted 
to all data points (initial and final phase results) to find a best estimate for the straylight 
value (defined as 0.3 log units below the 50% point of the psychometric curve). For the 
measurement example in Figure 12, the 50% point is found at 1.23, so the straylight value 
is log(s)=0.93. 
 
Measurement range 
One of the design criteria of the C-Quant was to get the best possible measurement accu-
racy with the fewest possible stimuli presentations. In a clinical environment it is desir-
able for the test duration to be as short as possible. 
 For subjects with healthy eyes it is not necessary to test the complete range of possi-
ble straylight values. We can make use of the knowledge from population studies about 
normal variation in straylight values. It is known how, on average, straylight increases 
with age. Therefore, age categories were introduced that vary the measurement range of 
the C-Quant. In the C-Quant there are five age categories (see Table 2). In addition, two 
more categories are provided for cases of increased straylight beyond the normal age-
dependent increase, such as with cataract or corneal disturbances. 
 
Table 2: Range settings for the stimuli presented in the initial phase in the C-Quant straylight meter 

Range 
Initial phase 

compensation levels 
presented 

intended log(s) 
range Intended use 

A 2.0, 1.7, 1.6,…0.7 ≤1.1 Healthy eye (age≤45) 
B 2.1, 1.8, 1.7,…0.8 0.8-1.2 Healthy eye (age 46-55) 
C 2.2, 1.9, 1.8,…0.9 0.9-1.3 Healthy eye (age 56-65) 
D 2.3, 2.0, 1.9,…1.0 1.0-1.4 Healthy eye (age 66-75) 
E 2.5, 2.2, 2.1,…1.2 1.2-1.6 Healthy eye (age≥76)/early opacity 
F 2.7, 2.4, 2.3,…1.4 1.4-1.8 Moderate opacity 
G 3.0, 2.7, 2.6,…1.7 ≥1.7 Severe cataract/corneal edema 

 
The measurement ranges are quite wide, so that the choice of range is not critical. In fact, 
most clinical subjects can probably be measured with the default “E” range. This range is 
intended for a straylight value around log(s)=1.4, as is typical for a very healthy but 80 
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year old eye. However, 1.4 may occur as pathological in young eyes. If the straylight 
value of the subject is outside the chosen measurement range, a warning will be given 
(see below). 
 
C-Quant test result example 
An example of the test outcome of a C-Quant measurement was already shown in Figure 
12. As mentioned before, the lower graph contains the subject’s responses in the initial 
and final phase, as well as the fitted psychometric curve, from which the straylight value 
is calculated. The blue open points on the right are the responses to the 4th and 5th stimulus 
of the instruction phase (the responses to the first three stimuli are not plotted). The stray-
light value is marked with a red dot in the minimum of the psychometric curve. The gray 
curves represent the upper and lower limits of the normal psychometric function for the 
age of this particular subject. The normal range is also plotted as a gray band in the age 
graph in the left middle part of the screen. This graph also includes the red dot that marks 
the straylight value for this particular subject. In this way it is immediately clear whether 
or not the subject has an increased value compared to the healthy value corresponding 
with his age. In this example the subject has a normal straylight value. 
 The upper part of the figure contains the relevant data for the measurement: the 
subject’s name, date of birth, age, measured eye, refraction correction, measurement 
range, date of the measurement, duration of the measurement, and finally the test out-
comes: the straylight value (log(s)) and two parameters for estimation of the measurement 
reliability: Esd and Q. The exact meaning of the log(s) value is explained in separate 
documents. It is important to remember that a higher value means more straylight and 
therefore worse vision, and that an increase in log(s) of 0.3 means a doubling of the 
amount of straylight, due to the logarithmic character of the value. The Esd and Q values 
are measures of the quality of the measurement. If Esd is below 0.08 and Q is above 1.0, a 
reliable measurement has been obtained. This is attainable in most cases. Both conditions 
have been met in this example, so this measurement can be regarded as reliable. Espe-
cially for eyes in worse condition, these strict requirements can be relaxed though. 
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Introduction 
This document is intended as help when working with the Oculus C-Quant straylight 
meter. It gives some examples of possible measurement outcomes, which can be useful to 
interpret the results, especially when measurement reliability is not optimal. It is assumed 
that you are already familiar with basic operation of the C-Quant. If not, please refer to 
the C-Quant Instruction Manual. 

Please start to familiarize yourself with the measurement by testing your own eye. 
Play with different range settings (including “G”) and (erroneous) corrective lenses up till 
errors of  + and - 4D. Study the response patterns (lower graph of the C-Quant screen) 
obtained and compare them with the examples in this document.  

Startup and patient data entry (Patient Data Management screen) 
 

- Start up the C-Quant program by double clicking the Oculus Company logo on 
the desk top. A screen-filling company logo appears. Click again to go to the Pa-
tient Data Management screen. 

- Enter the appropriate patient data or select the appropriate patient from the pa-
tient list. Note: the <First name> field needs at least two characters before the 
patient data can be added to the patient list. 

- Start up the examination program by single clicking the [C-Quant] button. Note: 
Double clicking will give an error! 

- If the message “C-Quant could not be found” appears, either the C-Quant is not 
switched on, the C-Quant is not properly connected to the (laptop) computer, or 
the <Mode> setting in the <System settings> dialog of the examination program 
(go to <Settings> → <System>) does not correspond to the type of connection 
you are using (serial or USB). After making the necessary adjustments, close 
down the examination program and start it up again. 

 

The examination program (Oculus C-Quant screen) 

Before the measurement 
Three settings need to be made on the screen before a measurement can be started: 
1. Eye:  
The eye that is going to be measured (left or right). The other eye should be occluded with 
an eye patch or something similar. Note: see under “Range” below. 
2. Correction:  
The refractive correction is not critical for the C-Quant measurement. A deviation of the 
best corrected value of up to 2 diopters can easily be tolerated. Cylindrical errors of up to 
3 diopters may be corrected with the spherical equivalent. It is recommended to use only 
one trial lens for refractive correction, unless the cylindrical correction is more than 3 
diopters. Note: for visual acuities down to 0.2, it should still be possible to perform the 
test. For visual acuities of 0.1 or lower, the test will be very difficult to perform. 
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3. Range:  
The default <Range> setting is “E(>75)”. This will be an adequate setting for most clini-
cal cases. If the patient finds the test very difficult or if a high straylight value is expected 
(e.g. with corneal turbidities), the setting “F(cataract)” or “G” is recommended. Note: 
change the <Range> setting before changing the <Eye> setting, otherwise the <Eye> 
setting will jump back to “Left”. Note: the chosen <Range> setting might turn out to be 
not optimal for the actual patient. Depending on the circumstances, it might be necessary 
to repeat the measurement with a different <Range> setting in order to obtain a (more) 
reliable measurement (see under “After the measurement” below). 
 

Patient instruction:  
The instruction for the patient should include the following elements: 

Eye position 
- Position the eye close to the eyepiece, keeping a minimal distance (figure a). A 

slight touch is good, but not firmly against it. If the eye is tightly against the eye-
piece, condensation may form on the lens of the C-Quant, which will influence 
the measurement outcome (figure b). Also, if the eye is too far from the eye-
piece, this will give a wrong test result (figure c).  

- Keep your eye normally open and do not squeeze, as this may also influence the 
measurement outcome (figure d). 

 

 
 

Task during the test 
- Only concentrate on the two half fields in the center of the field; ignore the flick-

ering ring. 
- Compare the two half fields, decide which one flickers more clearly/strongly, 

and press the corresponding button on the C-Quant (left button if the left test 
field flickers stronger, right button if the right test field flickers stronger). This 
procedure will be repeated for a series of stimulus presentations, until the test is 
finished. 

- React by first impression and react promptly. Do not try to think about a presen-
tation. The buttons can be pressed as soon as flicker appears, shortly after the 
beep. 

- For several presentations, it will be hard to tell the difference between the two 
half fields (they seem to be flickering equally strong). This is normal, and also 
here you must make a choice following your first impulse. 

- Optional information (only if the patients asks): one measurement consists of 
about 25 presentations and usually takes 1.5 to 2 minutes. 
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Make sure the patient is seated comfortably and the measurement takes place in a quiet 
environment with a minimum of background noise and other people around. The meas-
urement requires full attention from the patient. 

Start the measurement by clicking the [Start] button. A <Start Examination> dialog 
appears where you can check if you entered the correct <Eye> and <Correction> settings. 
This information must be correct, as it can not be altered afterwards. The settings can be 
altered in the dialog box. 
Click the [OK] button to start the actual measurement. 

During the measurement 
If the patient is too hesitant to choose between the two half fields and/or refuses to press a 
button, you can enter responses yourself with the arrow keys on the computer/laptop. If 
you need to generate a random answer (in case the patient is undecisive with respect to 
the left/right choice), it is best to always press the same key (e.g. the left arrow key). Use 
this option cautiously. 

After the measurement 
When the measurement is finished, reliability is automatically verified. The measurement 
is considered reliable when esd≤0.08 and Q≥1. In this case, both numbers are shown in 
black (Example 1). 

When esd>0.08 and/or Q<1, these values are shown in red, and the message “Reli-
ability not optimal. Consider to repeat the measurement” appears. What to do in such a 
case? This depends on the actual value of esd. The reliability requirements employed in 
the C-Quant are rather strict. In most clinical cases, measurements with esd≤0.1 or even 
esd≤0.12 are sufficiently reliable, even ignoring the Q value (Example 2). To really get 
the best out of the measurement, you could consider to repeat the measurement in order to 
obtain a measurement with esd≤0.08. Before repeating the measurement, you should 
verify if a correct <Range> setting was chosen (see below). 

If esd>0.12, the measurement should be considered not reliable (but see below). The 
measurement should be repeated until a measurement with esd≤0.12 is obtained. Again, 
you should first verify if a correct <Range> setting was chosen (see below). 

If reliability does not improve, the test may be too difficult for the patient (e.g. be-
cause of very low visual acuity). In this case, the “G” setting for <Range> may help. The 
“G” setting is the easiest for everybody, and should be used for difficult cases.  

If esd>0.12 using a high <Range> setting (e.g. “G”), the result might still contain 
valuable information. For many clinical applications, it is not necessary to know the exact 
straylight value, but only whether or not the value is increased. In some cases, this infor-
mation can be deduced from a measurement, even if esd>0.12 (Examples 3a, 3b, and 
3c). 

When it is desirable to know the exact straylight value (e.g. for follow-up measure-
ments) after performing the test with the “G” range, another attempt could be made to 
obtain a reliable measurement at the patient’s proper <Range> setting (the patient might 
have improved his performance after performing the test with the “G” range). 
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When to choose a different <Range> setting? 
The <Range> setting might be too high if the straylight value of the patient is low. In this 
case, there are too many 1 responses and not enough 0 responses (Example 4). The 
<Range> setting might be too low if the straylight value of the patient is much increased. 
In this case, there are too many 0 responses and not enough 1 responses (Example 5). In 
both cases, repeating the measurement with the same <Range> setting will not yield a 
lower esd value. You can only improve reliability by choosing a different <Range> set-
ting. Note: It is not always clear if the chosen range was too low (Example 6). In such a 
case it is anyway a good idea to choose a higher <Range> setting, because the test will be 
easier to perform then. Example 7 shows that the patient from Example 6 is perfectly able 
to do the measurement. The chosen range in Example 6 was apparently too low. 
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C-Quant Examples 
Example 1: esd≤0.08 and Q≥1.  
This is a reliable measurement. Note that there is almost no overlap between the 0 and 1 
responses. More overlap means a less reliable measurement. 

 
 
Example 2: 0.08<esd≤0.12.  
Although reliability is not optimal, this measurement may be accepted as a good meas-
urement in most cases. However, if time allows, it is recommended to repeat the meas-
urement in order to obtain a better reliability. Note that there is quite some overlap be-
tween the 0 and 1 responses. 
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Example 3a: esd>0.12 in “G” range 
If there is no time to repeat the measurement, this measurement can be used to estimate an 
upper limit for the straylight value. Because there is a consistent row of 1 responses in the 
right part of the graph, it is quite certain that the patient does not have a straylight value 
higher than the outcome of the measurement. If you need a more reliable straylight value, 
just repeat the measurement. 

 
Example 3b: esd>0.12 in “G” range 
This example is similar to Example 3a: if there is no time to repeat the measurement, the 
outcome of this measurement can be used to estimate an upper limit for the straylight 
value. If you decide to repeat the measurement, the surplus of 1 responses would suggest 
choosing a lower <Range> setting (as in Example 6), but the presence of some erroneous 
points (blue points at 2.0, 2.3 and 3.3) indicates that this patient has difficulty to perform 
the test. Maybe the patient needs a little bit of “getting used to”. Note that the same 
<Range> setting (“G”) is the easiest for the patient. 
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Example 3c: esd>0.12 in “G” range 
This example is similar to Examples 3a and 3b, only esd is so high that no estimation for 
the straylight value could be calculated (log(s)=6.00 is a meaningless value). However, 
you can make this estimation yourself by looking at the 1 and 0 responses: the 50%-point 
of the curve will probably be not higher than 1.8, corresponding to a straylight value of 
1.5, a moderately increased value. 

 
 
Example 4: <Range> setting too high 
This measurement went very well, only there are too many 1 responses and not enough 0 
responses for a reliable estimation of the straylight value. Reliability can be improved by 
repeating the measurement at a lower <Range> setting. 
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Example 5: <Range> setting too low 
There are too many 0 and not enough 1 responses for a reliable estimation of the stray-
light value. The measurement reliability can be improved by repeating the measurement at 
a higher <Range> setting (which will be “G” in this case). 

 
 
Example 6: unreliable measurement at low <Range> setting 
From this result you can not tell if the <Range> setting was chosen too low, or if the test 
is too difficult for the patient. In both cases it is wise to repeat the measurement at a 
higher <Range> setting, in this case the “G” setting (see Example 7). 
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Example 7: reliable measurement at high <Range> setting 
The same patient as in Example 6, but measured with the “G” setting. This is a reliable 
measurement (esd≤0.08 and Q≥1). The chosen range in Example 6 was apparently too 
low. 

 
 
 

 

Additional information 
 
For additional information, please contact: 
 
Tom van den Berg 
Ocular Signal Transduction group 
Netherlands Institute for Neuroscience (NIN) 
Amsterdam, The Netherlands 
Phone: +31-20-5665185 
E-mail: t.j.vandenberg@nin.knaw.nl 
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