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Why HID headlights bother older drivers
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Driving requires effective coordination of visual, motor,
and cognitive skills. Visual skills are pushed to their limit
at night by decreased illumination and by disabling
glare from oncoming headlights. High intensity
discharge (HID) headlamps project light farther down
roads, improving their owner’s driving safety by
increasing the time available for reaction to potential
problems. Glare is proportional to headlamp brightness,
however, so increasing headlamp brightness also
increases potential glare for oncoming drivers,
particularly on curving two lane roads. This problem is
worse for older drivers because of their increased
intraocular light scattering, glare sensitivity, and
photostress recovery time. An analysis of automobile
headlights, intraocular stray light, glare, and night
driving shows that brightness rather than blueness is the
primary reason for the visual problems that HID
headlights can cause for older drivers who confront
them. The increased light projected by HID headlights is
potentially valuable, but serious questions remain
regarding how and where it should be projected.
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High intensity discharge (HID) headlights

are brighter, more energy efficient, and

longer lasting than conventional incandes-

cent headlights. They allow owners to detect road

hazards, signage, and pedestrians at greater

distances. They are standard equipment on grow-

ing numbers of more expensive automobiles.

HID headlights probably improve the safety of

night driving for their users. Unfortunately, they

can dazzle viewers on two lane highways, making

it more difficult for approaching drivers to

identify pedestrians, road hazards, and curves in

the road. Night-time driving is difficult for older

individuals. Confronting HID headlights makes it

even more difficult. To understand why older

drivers may complain about their encounters

with HID headlights, it is useful to understand

automotive headlight design and how ageing

affects intraocular light scattering, glare, and

automobile driving.

HEADLIGHTS
Conventional headlights use incandescent light

bulbs. An incandescent bulb consists of a tung-

sten filament mounted in a sealed glass container.

The bulb is evacuated or filled with gases to

prevent filament oxidation. The filament glows

when it is heated by an electrical current. Higher

filament temperatures produce brighter, bluer

light. They also shorten a filament’s lifetime.
A tungsten-halogen (halogen) bulb provides

brighter light at higher filament temperatures,
using a regeneration cycle to lengthen the
tungsten filament’s lifetime.1 A halogen gas such
as iodine is added to the bulb’s atmosphere. When
tungsten evaporates from a heated filament, it
collects on relatively cool bulb surfaces where it
combines with iodine. Volatile tungsten-halide
diffuses back to the heated filament, dissociating
and redepositing tungsten on the filament.
Irregularities in the redeposition process eventu-
ally cause filament thinning and bulb failure.
Halogen bulbs are used widely in automotive
headlights and also in ophthalmic instruments.
The luminous power output of halogen headlights
increases with increasing wavelength across the
visible spectrum.2–4

HID lamps overcome many of the limitations of
incandescent bulbs. A discharge lamp consists of
two electrodes in a quartz container filled with a
high pressure gas. An electronic starter initiates
an electric discharge between the electrodes, pro-
ducing an ionised gas (a plasma) that generates a
continuous spectrum of light as well as narrow
spectral lines. Mercury arc highway illumination
lamps are HID devices. Xenon HID headlights
produce some continuous spectrum white light,
but much of their luminous power is generated as
broadened spectral lines, including blue lines at
405, 435, and 475 nm.4 HID headlamps produce
two to three times more luminous power (flux)
than halogen bulbs.5 6

The colour temperature of a light source is the
temperature of a black body that emits radiation
of the same subjective colour as the light
source.7 8 Higher colour temperature sources have
a bluer appearance. Conventional incandescent
bulbs, halogen incandescent bulbs, xenon HID
bulbs, and the sun’s disc at midday when viewed
from ground level have colour temperatures
around 2800, 3200, 4200, and 5600°K,
respectively.1 8 Thus, HID bulbs are not as blue as
ordinary sunlight, but they are brighter and bluer
than conventional halogen bulbs.

A HID headlight system consists of a discharge
lamp, its electronics, and a reflector. Reflector
design determines the illumination pattern pro-
jected ahead and adjacent to a vehicle.3 It is also a
key factor in determining how bright a headlight
appears to an observer (that is, the headlight’s
luminance in candles/m2, where a candle is lumi-
nous intensity in lumens/steradian) or how
brightly the headlight lights up a surface at the
observer’s location (that is, the surface illumi-
nance that the headlight produces in lumens/m2

or lux).3 9

Automobiles have high beam and low beam
illumination systems. High beam illumination is
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aimed parallel to the road surface and not intended for use

with oncoming traffic. Low beam headlights are aimed slightly

downward to reduce glare for oncoming drivers. The brightest

central area (“hot spot”) in HID headlight illumination

patterns is positioned away from the centre of the road so as

to reduce an oncoming driver’s light exposure. Compared to

halogen low beam headlights, HID headlights have a larger

hot spot, project light farther down the road, and project light

farther to the right and left of their optical axis.

Low beam HID headlight systems in Europe and the United

States have comparatively sharp and soft horizontal illumina-

tion cutoffs, respectively.5 10 11 Luminous intensity drops off

abruptly (sharp cutoff) above the height of European

headlights, but declines more slowly (soft cutoff) above the

height of American headlights. Each of these illumination

patterns has its own advantages and disadvantages. European

HID headlights provide more light close to driver and less light

farther down the road than American HID headlights. The

sharp cutoff of luminous intensity above the horizontal height

of European headlights protects oncoming drivers from glare,

but limits visibility distance. The sharp cutoff also causes

“flashing” on bumpy roads when the horizontal cutoff

bounces up and down, into and out of an oncoming driver’s

field of view. Conversely, the softer American horizontal cutoff

causes more glare for oncoming drivers but provides better

overhead sign visibility, less flashing, and longer visibility dis-

tances. Adaptive headlights that adjust to changing driving

conditions could offer the advantages of both American and

European illumination systems.5

LIGHT SCATTERING
Scattered light from oncoming headlights makes night

driving more difficult, in part because the human eye is an

imperfect optical device. Light from the visual environment

enters the eye through the pupil and is imaged on the retina.

Additional light enters the eye by transillumination through

the iris and sclera. Some light is absorbed in photoreceptor

photopigments or other pigments such as melanin, haemo-

globin, xanthophyll, and lipofuscin. Some of it is deflected by

light scattering in ocular tissues.

Light that has been scattered in the eye is termed “stray”

light. Stray light reaching the fovea decreases the contrast of

foveal images, producing disability glare. Light scattering,

reflection, and absorption determine the spectrum of in-

traocular stray light.12–16

The directionality and spectrum of scattered light depends

on the density and size of the particles that scatter the light.

Particle density determines the intensity of light scattering.7

Particle size determines its directionality and wavelength

dependence.17 18

Small particle or Rayleigh scattering has no preferential

direction, but small particles scatter shorter wavelengths more

efficiently than longer wavelengths.7 17 19 Daylight sky is blue

because light reaching an observer from any direction other

than directly out of the sun is scattered by atmospheric parti-

cles that are small in comparison to visible light wavelengths.

Conversely, light coming directly from the setting sun appears

red because shorter wavelength light is scattered out of the

sun’s image during atmospheric transit.

Large particle or Mie scattering is not wavelength depend-

ent, but light is preferentially scattered in the forward

direction.7 17 Mie scattering by retinal pigment epithelial

melanin granules, roughly 1000 nm in diameter,20 21 improves

retinal image contrast by suppressing side scattered light.22

Fog doesn’t change the apparent colour of automobile

headlights because large fog droplets scatter all visible

wavelengths equally effectively.

Stray light from the cornea and lens decreases with

increasing wavelength,16 showing the influence of small parti-

cle scattering. Stray light from fundus reflectance or transillu-

mination increases with increasing wavelength,16 23 showing

the influence of the decreased optical absorption of melanin

and haemoglobin in the red end of the visible spectrum.15 The

net effect is that stray light reaching the fovea has little wave-

length dependence.16 24 25 Thus, blue-white HID headlights

should produce no more foveal stray light or disability glare

than white headlights of the same luminance.

GLARE AND PHOTOSTRESS
Glare can cause discomfort or disability.26 27 Discomfort glare

does not impair vision, but it can be startling or distracting to

a driver, and cause blinking, squinting, ocular aversion, and

fatigue. The physiological and psychophysical origins of

discomfort glare remain uncertain.28 29

Disability glare does impair visual performance. It has been

divided classically into “veiling,” “dazzle,” and “scotomatic”

glare based primarily on the type of glare source.30

Veiling disability glare occurs when a diffuse light source

reduces the contrast of a visual target by “somewhat

uniformly” superimposing light on the visual target’s retinal

image.30 Veiling glare makes outdoor reading more difficult in

bright sunshine.30 It also obscures indoor visualisation of

material between two adjacent windows illuminated by

brilliant sunlight.30

Dazzle disability glare occurs when a bright glare source is

imaged at an extrafoveal location.30 31 Ocular transit scatters

some light from the glare source light onto the viewer’s fovea.

This stray light decreases the contrast between the lighter and

darker details of a visual target’s foveal image.14 32–34 Dazzle

glare from an oncoming vehicle’s headlights makes it more

difficult at night for a driver to identify the edge of a curving

two lane highway.

Scotomatic disability glare occurs when a brilliant light

source decreases visual sensitivity (“puts a retinal area

temporarily out of business”).30 Sensitivity is diminished

while the visual system rapidly light adapts during glare

exposure and then more slowly dark adapts after glare expo-

sure. This “photostress” may startle and disorient observers,

producing afterimages that interfere with vision.35 Scotomatic

glare occurs during flash photography and momentary expo-

sure to an inept lecturer’s laser pointer beam.36 It is caused

primarily by rapid bleaching and subsequent slower regenera-

tion of retinal photoreceptor photopigments.30 31 37–39

Clinical glare terminology is influenced by its testing meth-

ods. In ophthalmic parlance, clinical disability glare generally

refers to classic veiling and classic dazzle glare30 produced by

intraocular stray light.14 34 Clinical photostress refers to classic

scotomatic glare30 40 41 caused by photopigment bleaching,

regeneration, and associated psychophysical processes.41–48

Clinical terminology will be used throughout the rest of this

perspective.

Strictly speaking, clinical disability glare (classic veiling and

classic dazzle glare) is an optical process which should resolve

immediately after glare exposure because visual adaptation is

unaffected. Conversely, photostress is a psychophysical process

which should persist after light exposure because dark adap-

tation takes time to restore visual sensitivity to its pre-

exposure level. In reality, most clinical glare tests don’t differ-

entiate between optical and psychophysical processes. Clinical

glare sources are often bright enough to produce photostress

as well as disability glare, accounting for the use of terms such

as “glare recovery time”49 50 for “photostress recovery

time.”38 51 52 Light adaptation can be controlled in specialised

disability glare tests,53 but photostress sources always produce

stray light and disability glare sources can alter visual adapta-

tion.

Further confusion arises because methods other than

disability glare and photostress testing can be used to study

visual perception in suboptimal viewing circumstances.
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Disability glare testing illuminates a patient’s eye with an off-

axis light source to produce stray intraocular light that

decreases the contrast of a foveal target. Visual performance

under adverse conditions can also be studied without a sepa-

rate glare source, however, by decreasing the contrast of an

extraocular target before it is imaged on the retina. For exam-

ple, reduced contrast optotypes and sine wave gratings are

used in variable contrast acuity and contrast sensitivity

testing.54–57 These studies are not considered to be disability

glare or photostress tests, but they use light sources, so they do

produce intraocular stray light and disability glare.

TESTING GLARE AND PHOTOSTRESS
Discomfort glare can be quantified from numerical estimates

of the extent of discomfort that people experience when they

are exposed to a particular retinal illumination while

performing a specific visual task. Discomfort glare varies at

different times and in different individuals, and it is worse in

older than younger people.4 26 34 58 59

Most disability glare tests measure visual thresholds for

optotype, grating, or acuity targets in the presence or absence

of a glare source.27 53 60–66 Poor performance on glare sensitivity

testing is often referred to as increased “glare sensitivity” or

decreased “glare resistance.” Stray light that causes glare can

be measured without threshold testing using an annular

flickering glare source that scatters light into the fovea. The

intensity of a foveal target flickering in counterphase with the

glare source is adjusted until flickering from the peripheral

glare source is no longer visible.67–69

Stray light and disability glare increase with increasing

glare source intensity because there is more light scattered

intraocularly to reduce retinal image contrast.14 16 23 27 30 Light

scattering increases in people over 50 years of age.14 16 25 33 70 71

Degenerative changes throughout the visual system may

reduce the efficiency of visual information processing.38 59

Older individuals perform worse than young ones on standard

disability glare tests, and even worse if they have cataract

formation.33 59 65 72 73 Disability glare is increased by cataract,74

intraocular lens implantation,75–77 and posterior capsule

opacification.78 Transient glare as occurs in a headlight

encounter is worse than static glare from a light source of the

same luminance, and this effect increases with ageing and

media opacities.66 79

Most clinical photostress tests measure how long it takes

for visual sensitivity to recover after bright light exposure.

Vision is the most common test end point,39 but pupillary80 and

visually evoked81 82 recovery times can also be measured. Pho-

tostress luminances and exposure durations vary between

protocols. Photostress recovery times have been monitored

with visual acuity test letters, grating targets, and Landolt-C

dark adaptometer targets.40 51 52

Photostress recovery time increases with photostress source

luminance.31 35 43 48 It also increases with ageing, although dif-

ferent rates of increase are reported for different testing

methods.38 49 50 83–85 Macular degeneration and other retinal dis-

orders markedly prolong recovery times.39 52 86 87

AGEING AND NIGHT DRIVING
The older driver is visually disadvantaged. Almost all self

reported and clinical measures of visual function decline with

ageing.73 88–91 Eye disorders increase this problem, and their

prevalence also increases with ageing.88 92 93 Even when high

contrast visual acuity is normal, visual performance decreases

with increasing age on most other sensory tests, including

visual field, glare recovery time, stereopsis, contrast sensitivity,

and low contrast visual acuity with and without glare.72 89–91 94

Successful driving is a symphony of visual, motor, and cog-

nitive abilities.95–99 Declining vision increases non-sensory

demands, which also decline with ageing. Older drivers tend

to make less efficient eye movements100 and slower

decisions101 in driving situations. Cataract, visual field loss, and
glaucoma are all associated with increased accident risk, as are
reduced mesopic vision and increased glare sensitivity.94 102–108

Night driving is a mesopic (intermediate brightness vision)
rather than a scotopic (night-time vision) or photopic
(daytime vision) task. It can push even normal visual systems
to their limits. Visual acuity decreases with decreasing target
illumination. This loss is greater in people over 65 years of
age.109 110 The distance at which night-time highway signs can
be read decreases significantly in older individuals compared
to younger people of the same visual acuity.111 Headlight glare
sensitivity also increases with ageing.26

The increased brightness of HID headlights is an advantage
for the older drivers who use them. They enable owners to see
farther down straight roads, providing them with more time
to respond to potential problems. Conversely, disability glare
and photostress recovery time increase with glare source
luminance.14 23 27 30 31 35 43 Thus, HID headlights can produce
more glare than halogen headlamps for drivers who confront
them on curving or hilly two lane highways.

Older individuals have increased intraocular stray
light, glare sensitivity, and photostress recovery
time.26 33 38 49 50 72 73 83–85 112 Thus, confronting brilliant HID head-
lights is a greater potential problem for older than younger
drivers. HID headlights also cause more discomfort glare than
conventional halogen headlights of the same photopic or sco-
topic illuminance.2 4 113 This potential distraction is greater in
61–77 than 20–31 year old drivers.4

Windshield or spectacle filters decrease night-time visibil-
ity, so they are not a useful solution for headlight glare.114–116

Some older drivers simply choose to limit their night-
time driving,107 117 118 but there is still a need to develop
screening techniques to identify drivers at greatest
accident risk.79 103 106 119 120 Promising techniques have been
examined,91 104 120 121 but the selection of appropriate methods
for screening older drivers raises complex medical, social, and
legal issues that remain under investigation.

Practical solutions for the highway glare problem have been
studied for decades.3 5 26 Countermeasures have never been
implemented seriously because of consumer disinterest,
manufacturer resistance, and lack of legislative resolve. HID
headlight glare has now captured the attention of many con-
sumers. There have been improvements in divided highway
design such as wide medians and glare screens separating
opposing lanes. Unfortunately, these construction advances
can’t be implemented on two lane, undivided highways where
headlight glare is worst.

Glare countermeasures include adaptive headlights and
ultraviolet headlight systems. Adaptive headlight systems
monitor and compensate both optically and mechanically for
changing traffic, road, and meteorological conditions. Ultra-
violet headlight systems project invisible ultraviolet radiation,
improving the visibility of fluorescent highway markers, signs,
and objects without increasing glare for oncoming drivers.
Ultraviolet radiation is especially valuable in fog because
highway signs can fluoresce in the visible spectrum when
exposed to ultraviolet radiation, but backscattered ultraviolet
radiation is invisible so it can’t reduce the contrast and legibil-
ity of the signs. This situation is similar to retinal imaging in
patients with asteroid hyalosis. Ordinary reflectance images
have poor detail because back scattered flashlamp light
reduces the contrast and visibility of retinal features. In fluo-
rescein angiography, however, back scattered blue light from
the photographic flash is blocked from reaching the camera by
a barrier filter, and green fundus fluorescence provides good
retinal image contrast.

Polarising headlight systems are perhaps the best solution
to the highway glare problem.5 A polarising filter is placed in
front of all automobile headlights, with its axis of polarisation
inclined at 45° to the vertical. Another polarising filter known
as an analyser is placed in front of the eyes of all drivers. Ana-
lysers have the same axis of polarisation as polarisers in front
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of their own headlights, which is perpendicular to that of

polarisers in oncoming vehicles. Thus, analysers block light

from opposing traffic but transmit light scattered from

roadside objects by their own headlights. Even ideal analysers

block approximately 50% of the light reaching them, but HID

headlights provide adequate headlamp brightness for fixed

analyser systems, and there are methods for switching analys-

ers on and off when polarised light is detected. A major draw-

back in the adoption of polarising headlamp systems is the

fact that their cost would be borne by their owners, but the

systems would benefit only oncoming drivers until they

became widely used.5

CONCLUSION
A HID headlamp manufacturer touting the fact that a “xenon

bulb produces more than twice the amount of light of a halo-

gen bulb,”6 answered the question “Why does xenon light

sometimes appear to irritate oncoming drivers?”6 by explain-

ing that “due to the conspicuous colour of xenon light, drivers

are more inclined to look in the headlamps.”6 Older drivers

encountering HID headlights on a winding two lane highway

know that “photophilia” isn’t the answer.

Night driving can push any visual system to its limits. Con-

ventional clinical glare tests underestimate disability glare

from moving light sources. Disability glare increases with

increasing glare source brightness. HID headlights are

brighter than conventional tungsten-halogen headlights.

Thus, they cause more disability glare under identical viewing

circumstances.

Visual quality declines with ageing, even in individuals with

20/20 visual acuity. Glare due to intraocular light scattering

increases with ageing, prompting many older drivers to curtail

their night driving activities. Increased glare from HID head-

lights is one more visual hurdle for the older driver.

Aircraft landing lights would allow automobile drivers to see

farther down a road. They would also incapacitate oncoming

drivers. Brighter headlights do provide increased visibility for

older drivers who use them. They also cause more glare for older

drivers who confront them. The optimal balance in headlight

brightness between owner visibility and viewer disability

depends on the driving situation, but technologies are available

for more adaptable, less bothersome headlight systems.

Governmental regulations determine which headlights we

encounter. Acceptance or rejection of the current generation of

HID xenon headlights ultimately depends on their record in

traffic and litigation. Xenon bulbs make good headlights. They

also make good glare sources. The additional light they project is

valuable. Questions remain regarding how and where it should

be projected. Until these questions are resolved, for many older

drivers confronting stylish HID headlights on two lane roads,

glare rather than beauty will be in the eye of the beholder.

ACKNOWLEDGEMENT
Supported in part by the Kansas Lions Sight Foundation, Inc.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
M A Mainster, G T Timberlake, Department of Ophthalmology,
University of Kansas Medical Center, 3901 Rainbow Boulevard, Kansas
City, KS 66160-7379, USA

REFERENCES
1 Levi L. Applied optics: a guide to optical system design. New York: John

Wiley, 1968.
2 Flannagan MJ, Sivak M, Gellatly AW, et al. A field study of discomfort

glare from high-intensity discharge headlights. Ann Arbor, MI:
Transportation Research Institute, The University of Michigan, 1992.

3 Sliney DH, Fast P, Ricksand A. Optical radiation hazards analysis of
ultraviolet headlights. Appl Optics 1995;34:4912–22.

4 Flannagan MJ. Subjective and objective aspects of headlight glare:
effects of size and spectral power distribution. Ann Arbor, MI:
Transportation Research Institute, The University of Michigan, 1999.

5 Mace D, Garvey P, Porter RJ, et alW. Countermeasures for reducing the
effects of headlight glare. Washington, DC: The AAA Foundation for
Traffic Safety, 2001.

6 Phillips Electronics NV. The ten most common questions about xenon
light. http://www.eur.lighting.philips.com/automotive/html/press6.htm.
Amsterdam, Netherlands, 1999.

7 Meyer-Arendt JR. Introduction to classical and modern optics.
Englewood Cliffs, NJ: Prentice-Hall, 1984.

8 Wyszecki G, Stiles WS. Color science. New York: John Wiley, 1967.
9 Sliney DH, Wolbarsht ML. Safety with lasers and other optical sources:

a comprehensive handbook. New York: Plenum Press, 1980.
10 Rumar K. Vehicle lighting and the aging population. Ann Arbor, MI:

Traffic Research Institute, The University of Michigan, 1998.
11 Simanaitis D. Where the photons hit the road. Road and Track

2000;52:136–41.
12 Geeraets WJ, Williams RC, Chan G, et al. The loss of light energy in

retina and choroid. Arch Ophthalmol 1960;64:606–15.
13 Boettner EA, Wolter JR. Transmission of the ocular media. Invest

Ophthalmol 1962;1:776–83.
14 Vos JJ. Disability glare—a state of the art report. Commission

International de l’Eclairage Journal 1984;3:39–53.
15 Mainster MA. Wavelength selection in macular photocoagulation. Tissue

optics, thermal effects, and laser systems. Ophthalmology
1986;93:952–8.

16 Van den Berg TJ. Light scattering by donor lenses as a function of depth
and wavelength. Invest Ophthalmol Vis Sci 1997;38:1321–32.

17 Minnaert M, Seymour L. Light and color in the outdoors. Berlin:
Springer-Verlag, 1993.

18 Van de Hulst HC. Light scattering by small particles. New York: Dover
Publications, 1981.

19 Nassau K. The physics and chemistry of color: the fifteen causes of
color. New York: John Wiley, 1983.

20 Fine BS, Yanoff M. Ocular histology: a text and atlas. 2nd ed.
Hagerstown, MD: Harper and Row, 1979.

21 Hogan MJ, Alvarado JA, Weddell JE. Histology of the human eye: an
atlas and textbook. Philadelphia: WB Saunders, 1971.

22 Ham WT Jr. Remarks on fundus reflectance. Vis Res 1975;15:1167–8.
23 Van den Berg TJ, JK IJ, de Waard PW. Dependence of intraocular

straylight on pigmentation and light transmission through the ocular wall.
Vis Res 1991;31:1361–7.

24 Wooten BR, Geri GA. Psychophysical determination of intraocular light
scatter as a function of wavelength. Vis Res 1987;27:1291–8.

25 Whitaker D, Steen R, Elliott DB. Light scatter in the normal young,
elderly, and cataractous eye demonstrates little wavelength dependency.
Optom Vis Sci 1993;70:963–8.

26 Pulling NH, Wolf E, Sturgis SP, et al. Headlight glare resistance and
driver age. Hum Factors 1980;22:103–12.

27 Abrahamsson M, Sjostrand J. Impairment of contrast sensitivity function
(CSF) as a measure of disability glare. Invest Ophthalmol Vis Sci
1986;27:1131–6.

28 Fugate JM, Fry GA. Relation of changes in pupil size to visual
discomfort. Illuminating Engineering 1956;51:537–49.

29 Howarth PA, Heron G, Greenhouse DS, et al. Discomfort from glare: the
role of the pupillary hippus. Int J Lighting Res Tech 1993;25-:37–44.

30 Bell L, Troland LT, Verhoeff FH. Report of the sub-committee on glare of
the research committee IES Trans Illuminating Engineering Soc New York
1922;17:743–50.

31 Wolf E. Glare and age. Arch Ophthalmol 1960;64:502–14.
32 Fry GA, Alpern M. The effect of a peripheral glare source upon the

apparent brightness of an object. J Opt Soc Am 1953;43:189–95.
33 IJspeert JK, de Waard PW, van den Berg TJ, et al. The intraocular

straylight function in 129 healthy volunteers; dependence on angle, age
and pigmentation. Vis Res 1990;30:699–707.

34 Van den Berg TJ. On the relation between glare and straylight. Doc
Ophthalmol 1991;78:177–81.

35 Brindley GS. The discrimination of after-images. J Physiol
1959;147:194–203.

36 Mainster MA. Blinded by the light—not! Arch Ophthalmol
1999;117:1547–8.

37 Chilaris GA. Recovery time after macular illumination as a diagnostic
and prognostic test. Am J Ophthalmol 1962;53:311–14.

38 Elliott DB, Whitaker D. Changes in macular function throughout
adulthood. Doc Ophthalmol 1991;76:251–9.

39 Horiguchi M, Ito Y, Miyake Y. Extrafoveal photostress recovery test in
glaucoma and idiopathic central serous chorioretinopathy. Br J
Ophthalmol 1998;82:1007–12.

40 Severin SL, Tour RL, Kershaw RH. Macular function and the photostress
test 1. Arch Ophthalmol 1967;77:2–7.

41 Severin SL, Tour RL, Kershaw RH. Macular function and the photostress
test 2. Arch Ophthalmol 1967;77:163–7.

42 Rushton WA, Gubisch RW. Glare: its measurement by cone thresholds
and by the bleaching of cone pigments. J Opt Soc Am
1966;56:104–10.

43 Miller ND. Positive afterimage following brief high-intensity flashes. J
Opt Soc Am 1966;56:802–6.

44 Chisum GT. Intraocular effects of flashblindness. Aerosp Med
1968;39:861–8.

45 Mainster MA, White TJ. Photoproducts of retinal photopigments and
visual adaptation. Vis Res 1972;12:805–23.

46 Mainster MA. Retinol transport and regeneration of human cone
photopigment. Nat New Biol 1972;238:223–4.

47 Smith PA. A study of the transient effects of high energy laser light on
visual function. PhD Thesis: University of London, 1996.

116 Mainster, Timberlake

www.bjophthalmol.com



48 Stamper DA, Lund DJ, Molchany JW, et al. Laser-induced afterimages in
humans. Percept Mot Skills 2000;91:15–33.

49 Burg A. Light sensitivity as related to age and sex. Percept Mot Skills
1967;24:1279–88.

50 Collins M. The onset of prolonged glare recovery with age. Ophthalmic
Physiol Opt 1989;9:368–71.

51 Glaser JS, Savino PJ, Sumers KD, et al. The photostress recovery test in
the clinical assessment of visual function. Am J Ophthalmol
1977;83:255–60.

52 Sandberg MA, Gaudio AR. Slow photostress recovery and disease
severity in age-related macular degeneration. Retina 1995;15:407–12.

53 Yuan R, Yager D, Guethlein M, et al. Controlling unwanted sources of
threshold change in disability glare studies: a prototype apparatus and
procedure. Optom Vis Sci 1993;70:976–81.

54 Mainster MA. Contemporary optics and ocular pathology. Surv
Ophthalmol 1978;23:135–42.

55 Mainster MA, Timberlake GT, Schepens CL. Automated variable contrast
acuity testing. Ophthalmology 1981;88:1045–53.

56 Regan D, Neima D. Low-contrast letter charts as a test of visual function.
Ophthalmology 1983;90:1192–200.

57 Regan D, Neima D. Low-contrast letter charts in early diabetic
retinopathy, ocular hypertension, glaucoma, and Parkinson’s disease. Br
J Ophthalmol 1984;68:885–9.

58 Bennett CA. The demographic variables of discomfort glare. Lighting
Design Application 1977;7:22–4.

59 Kline DW. Light, ageing and visual performance. In: Marshall J, ed. The
susceptible visual apparatus. London: Macmillan Press, 1991:150–61.

60 Miller D, Jernigan ME, Molnar S, et al. Laboratory evaluation of a
clinical glare tester. Arch Ophthalmol 1972;87:324–32.

61 Paulsson LE, Sjostrand J. Contrast sensitivity in the presence of a glare
light. Theoretical concepts and preliminary clinical studies. Invest
Ophthalmol Vis Sci 1980;19:401–6.

62 LeClaire J, Nadler MP, Weiss S, et al. A new glare tester for clinical
testing. Results comparing normal subjects and variously corrected
aphakic patients. Arch Ophthalmol 1982;100:153–8.

63 Pelli DG, Robson JG. The design of a new letter chart for measuring
contrast sensitivity. Clin Vis Sci 1988;2:187–99.

64 American Academy of Ophthalmology. Contrast sensitivity and glare
testing in the evaluation of anterior segment disease. Ophthalmology
1990;97:1233–7.

65 Elliott DB, Bullimore MA. Assessing the reliability, discriminative ability,
and validity of disability glare tests. Invest Ophthalmol Vis Sci
1993;34:108–19.

66 Bichao IC, Yager D, Meng J. Disability glare: effects of temporal
characteristics of the glare source and of the visual-field location of the
test stimulus. J Opt Soc Am A 1995;12:2252–8.

67 Van den Berg TJ. Importance of pathological intraocular light scatter for
visual disability. Doc Ophthalmol 1986;61:327–33.

68 Beckman C, Abrahamsson M, Sjostrand J, et al. Evaluation of a clinical
glare test based on estimation of intraocular light scatter. Optom Vis Sci
1991;68:881–7.

69 Van den Berg TJ. Clinical assessment of intraocular stray light. Applied
Optics 1992;31:3694–6.

70 Van den Berg TJ. Analysis of intraocular straylight, especially in relation
to age. Optom Vis Sci 1995;72:52–9.

71 Hennelly ML, Barbur JL, Edgar DF, et al. The effect of age on the light
scattering characteristics of the eye. Ophthalmic Physiol Opt
1998;18:197–203.

72 Haegerstrom-Portnoy G, Schneck ME, Brabyn JA. Seeing into old age:
vision function beyond acuity. Optom Vis Sci 1999;76:141–58.

73 Ivers RQ, Mitchell P, Cumming RG. Visual function tests, eye disease
and symptoms of visual disability: a population-based assessment. Clin
Exp Ophthalmol 2000;28:41–7.

74 Elliott DB, Gilchrist J, Whitaker D. Contrast sensitivity and glare
sensitivity changes with three types of cataract morphology: are these
techniques necessary in a clinical evaluation of cataract? Ophthalmic
Physiol Opt 1989;9:25–30.

75 Dick HB, Krummenauer F, Schwenn O, et al. Objective and subjective
evaluation of photic phenomena after monofocal and multifocal
intraocular lens implantation. Ophthalmology 1999;106:1878–86.

76 Weatherill J, Yap M. Contrast sensitivity in pseudophakia and aphakia.
Ophthalmic Physiol Opt 1986;6:297–301.

77 Schmitz S, Dick HB, Krummenauer F, et al. Contrast sensitivity and glare
disability by halogen light after monofocal and multifocal lens
implantation. Br J Ophthalmol 2000;84:1109–12.

78 Tan JC, Spalton DJ, Arden GB. Comparison of methods to assess visual
impairment from glare and light scattering with posterior capsule
opacification. J Cataract Refract Surg 1998;24:1626–31.

79 Anderson SJ, Holliday IE. Night driving: effects of glare from vehicle
headlights on motion perception. Ophthalmic Physiol Opt
1995;15:545–51.

80 Zabriskie NA, Kardon RH. The pupil photostress test. Ophthalmology
1994;101:1122–30.

81 Lovasik JV. An electrophysiological investigation of the macular
photostress test. Invest Ophthalmol Vis Sci 1983;24:437–41.

82 Parisi V. Electrophysiological evaluation of the macular cone adaptation:
VEP after photostress. A review. Doc Ophthalmol 2001;102:251–62.

83 Wolf E. Studies on the scatter of light in the dioptric media of the eye as
a basis of visual glare. Arch Ophthalmol 1965;74:338–45.

84 Reading VM. Disability glare and age. Vis Res 1968;8:207–14.
85 Margrain TH, Thomson D. Sources of variability in the clinical

photostress test. Ophthalmic Physiol Opt 2002;22:61–7.

86 Magder H. Test for central serous retinopathy based on clinical
observations and trial. Am J Ophthalmol 1960;49:147–50.

87 Wu G, Weiter JJ, Santos S, et al. The macular photostress test in diabetic
retinopathy and age-related macular degeneration. Arch Ophthalmol
1990;108:1556–8.

88 Tielsch JM, Sommer A, Witt K, et al. Blindness and visual impairment in
an American urban population. The Baltimore Eye Survey. Arch
Ophthalmol 1990;108:286–90.

89 Rubin GS, West SK, Munoz B, et al. A comprehensive assessment of
visual impairment in a population of older Americans. The SEE Study.
Salisbury Eye Evaluation Project. Invest Ophthalmol Vis Sci
1997;38:557–68.

90 Klein BE, Klein R, Lee KE, et al Associations of performance-based and
self-reported measures of visual function. The Beaver Dam Eye Study.
Ophthalmic Epidemiol 1999;6:49–60.

91 Brabyn J, Schneck M, Haegerstrom-Portnoy G, et al. The Smith-Kettlewell
Institute (SKI) longitudinal study of vision function and its impact among
the elderly: an overview. Optom Vis Sci 2001;78:264–9.

92 Ivers RQ, Mitchell P, Cumming RG. Sensory impairment and driving: the
Blue Mountains Eye Study. Am J Public Health 1999;89:85–7.

93 Weih LM, VanNewkirk MR, McCarty CA, et al. Age-specific causes of
bilateral visual impairment. Arch Ophthalmol 2000;118:264–9.

94 Johnson CA, Keltner JL. Incidence of visual field loss in 20,000 eyes
and its relationship to driving performance. Arch Ophthalmol
1983;101:371–5.

95 Sivak M, Soler J, Trankle U. Cross-cultural differences in driver
risk-taking. Accid Anal Prev 1989;21:363–9.

96 Sivak M, Olson PL, Kewman DG, et al. Driving and perceptual/cognitive
skills: behavioral consequences of brain damage. Arch Phys Med Rehabil
1981;62:476–83.

97 Rumar K. The basic driver error: late detection. Ergonomics
1990;33:1281–90.

98 Sivak M. The information that drivers use: is it indeed 90% visual?
Perception 1996;25:1081–9.

99 Stutts JC, Stewart JR, Martell C. Cognitive test performance and crash
risk in an older driver population. Accid Anal Prev 1998;30:337–46.

100 Maltz M, Shinar D. Eye movements of younger and older drivers. Hum
Factors 1999;41:15–25.

101 Walker N, Fain WB, Fisk AD, et al. Aging and decision making:
driving-related problem solving. Hum Factors 1997;39:438–44.

102 Von Hebenstreit B. Visual acuity and traffic accidents. Klin Monatsbl
Augenheilkd 1984;185:86–90.

103 Keltner JL, Johnson CA. Visual function and driving safety. Arch
Ophthalmol 1992;110:1697–8.

104 Ball K, Owsley C, Sloane ME, et al. Visual attention problems as a
predictor of vehicle crashes in older drivers. Invest Ophthalmol Vis Sci
1993;34:3110–23.

105 Owsley C, McGwin G Jr, Ball K. Vision impairment, eye disease, and
injurious motor vehicle crashes in the elderly. Ophthalmic Epidemiol
1998;5:101–13.

106 Lachenmayr B, Berger J, Buser A, et al. Reduced visual capacity
increases the risk of accidents in street traffic. Ophthalmologe
1998;95:44–50.

107 Owsley C, Stalvey B, Wells J, et al. Older drivers and cataract: driving
habits and crash risk. J Gerontol A Biol Sci Med Sci 1999;54:M203–11.

108 Owsley C, Ball K, McGwin G Jr, et al. Visual processing impairment and
risk of motor vehicle crash among older adults. JAMA
1998;279:1083–8.

109 Sturgis SP, Osgood DJ. Effects of glare and background luminance on
visual acuity and contrast sensitivity: implications for driver night vision
testing. Hum Factors 1982;24:347–60.

110 Sturr JF, Kline GE, Taub HA. Performance of young and older drivers on
a static acuity test under photopic and mesopic luminance conditions.
Hum Factors 1990;32:1–8.

111 Sivak M, Olson PL, Pastalan LA. Effect of driver’s age on nighttime
legibility of highway signs. Hum Factors 1981;23:59–64.

112 Scharwey K, Krzizok T, Herfurth M. Night driving capacity of
ophthalmologically healthy persons of various ages. Ophthalmologe
1998;95:555–8.

113 Flannagan MJ, Sivak M, Battle DS, et al. Discomfort glare from
high-intensity discharge headlamps: effects of context and experience.
Ann Arbor, MI: Transportation Research Institute, The University of
Michigan, 1993.

114 Steen R, Whitaker D, Elliott DB, et al. Effect of filters on disability glare.
Ophthalmic Physiol Opt 1993;13:371–6.

115 Marmor MF. Double fault! Ocular hazards of a tennis sunglass. Arch
Ophthalmol 2001;119:1064–6.

116 Eperjesi F, Fowler CW, Evans BJ. Do tinted lenses or filters improve
visual performance in low vision? A review of the literature. Ophthalmic
Physiol Opt 2002;22:68–77.

117 Stutts JC. Do older drivers with visual and cognitive impairments drive
less? J Am Geriatr Soc 1998;46:854–61.

118 Ball K, Owsley C, Stalvey B, et al. Driving avoidance and functional
impairment in older drivers. Accid Anal Prev 1998;30:313–22.

119 Grosskopf U, Wagner R, Jacobi FK, et al. Twilight vision and glare
sensitivity in monofocal and multifocal pseudophakia. Ophthalmologe
1998;95:432–7.

120 Mantyjarvi M, Tuppurainen K. Cataract in traffic. Graefes Arch Clin Exp
Ophthalmol 1999;237:278–82.

121 Charman WN. Vision and driving—a literature review and commentary.
Ophthalmic Physiol Opt 1997;17:371–91.

Why HID headlights bother older drivers 117

www.bjophthalmol.com


