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Abstract
Contrast sensitivity defines the threshold between the visible and invisible, which has obvious
significance for basic and clinical vision science. Fechner's 1860 review reported that threshold
contrast is 1% for a remarkably wide range of targets and conditions. While printed charts are still
in use, computer testing is becoming more popular because it offers efficient adaptive
measurement of threshold for a wide range of stimuli. Both basic and clinical studies usually want
to know fundamental visual capability, regardless of the observer's subjective criterion. Criterion
effects are minimized by the use of an objective task: multiple-alternative forced-choice detection
or identification. Having many alternatives reduces the guessing rate, which makes each trial more
informative, so fewer trials are needed. Finally, populations who may experience crowding or
target confusion should be tested with one target at a time.

Suppose we present a visual target on a uniform background. The contrast of the target
quantifies its relative difference in luminance from the background, and may be specified as

Weber contrast , Michelson contrast , or RMS contrast , where
Lmax, Lmin, Lbackground, Lμ, and Lσ are luminance maximum, minimum, background, mean,
and standard deviation, respectively. Weber contrast is preferred for letter stimuli,
Michelson contrast is preferred for gratings, and RMS contrast is preferred for natural
stimuli and efficiency calculations (Bex & Makous, 2002; Pelli & Farell, 1999). Threshold
contrast is the contrast required to see the target reliably. The reciprocal of threshold is
called sensitivity.

Vision science, with the ultimate goal of providing a mechanistic account for how we see,
has placed a great emphasis on measuring and explaining sensitivity for a wide range of
target objects in a wide range of conditions. Fechner's 1860 book, Elemente der
Psychophysik, was the beginning of the modern era. His title introduced the word,
psychophysics, referring to behavioral studies of perception. In his words, psychophysics
works towards “an exact theory of the functionally dependent relations of … the physical
and psychological worlds.” (Fechner, 1860/1966, p. 7). He reviewed the prior work on
contrast sensitivity, and described and named many of the basic procedures that we still use
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today to measure threshold (and thus sensitivity). Reviewing his own, and past
measurements, especially (Masson, 1845), Fechner reported that threshold contrast is about
1% for a wide range of targets, independent of size and luminance. That amazing and robust
finding is still unexplained today. The roughly 1% holds up, for example, as the threshold
contrast (log contrast −1.8±0.1, about 1.6%) for identification of Sloan letters over a sixteen-
fold range of size (0.75° to 12°) and hundred-fold range of luminance (7 to 514 cd/m2)
(Zhang, Pelli, & Robson, 1989).

Generalizing earlier results from fluctuation theory, Signal Detection Theory showed that in
white noise, the detectability of a known signal depends solely on its contrast energy,
independent of its shape or extent. The noise level determines the minimum detectable
contrast energy (Peterson, Birdsall, & Fox, 1954; Pelli & Farell, 1999). That is for the
optimal algorithm, or ideal observer. Since, in a given level of white noise, all signals have
the same ideal threshold energy, we can say that the ideal detection thresholds conserve
contrast energy:

(1)

where E is contrast energy, crms is RMS contrast, A is area, T is duration, and k is a
constant. For a fixed luminance, this corresponds to Eq. 1 in Barlow (1958). For a fixed
duration T, this is Piper's law (Piper, 1903). Barlow notes that, far from being the rule, Eq.1
holds only for small-area short-duration stimuli. Unlike Eq. 1, Fechner's review showed that
human threshold contrast is independent of size over a wide range of size. When size
increases, the ideal threshold (in white noise) conserves energy while the human threshold
conserves contrast (Pelli, Burns, Farell, & Moore-Page, 2006; Pelli, Farell, & Moore, 2003;
Dubois, Poeppel, & Pelli, 2013). This is yet to be explained, as noted above, but can be
understood as an early informational bottleneck in object recognition (Dubois, Poeppel, &
Pelli, 2013).

Robson (1993) reviews the history of contrast sensitivity measurement and Owsley (2003)
reviews its importance for clinical assessment. We present some highlights. Contrast
sensitivity is impaired in many clinical conditions and peak contrast sensitivity may be
reduced even when acuity is normal. Contrast sensitivity is impaired in ophthalmic
conditions including myopia (Collins & Carney, 1990), glare (Abrahamson & Sjöstrand,
1986), cataract (Hess & Woo, 1978), amblyopia (Freedman & Thibos, 1975), age-related
macular degeneration (Kleiner, Enger, Alexander, & Fine, 1988), ocular hypertension
(Gandolfi, 2005), glaucoma (Stamper, 1984) and dry eye (Rolando, Iester, Macrí, &
Calabria, 1998). Contrast sensitivity can also be impaired in neurological conditions,
including cerebral lesions (Bodis-Wollner, 1972), multiple sclerosis (Regan, Raymond,
Ginsburg, & Murray, 1981), Parkinson's disease (Bodis-Wollner & Onofrj, 1986) and
schizophrenia (Cimmer et al., 2006). Furthermore, contrast sensitivity loss is a common
side-effect of many prescription drugs (Santaella & Fraunfelder, 2007; Li, Tripathi, &
Tripathi, 2008). Some contrast sensitivity deficits can be remedied by optical,
pharmaceutical, surgical, or rehabilitative intervention. Even when poor contrast sensitivity
cannot be remedied, patients may be glad to understand why they see poorly.

The French hydrographer Pierre Bouguer (1698—1758) made the first measurements of
light, using the eye as a null indicator for a match. To assess the accuracy of the eye's match,
he made the first measurement of contrast sensitivity (Bouguer, 1760/1961). His method is
very simple. Two candles illuminate a screen. One candle is roughly ten times farther than
the other. An opaque rod is placed between the far candle and the screen, casting a shadow
onto the screen. That shadow is the target to be detected by the observer. The luminance
difference across the edge of the shadow is determined solely by the far candle. The

Pelli and Bex Page 2

Vision Res. Author manuscript; available in PMC 2014 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



background luminance comes almost entirely from the near candle. Contrast is the target
luminance difference expressed as a fraction of the background. To measure threshold, the
contrast of the shadow is controlled by adjusting the distance of the far candle until the
observer can barely see it.

Presuming that the candles have the same intensity and that their illuminations strike the
screen at the same angle, as recommended by Bouguer, then the Weber contrast is
approximately d2/D2, where d is the distance of the near candle and D is the distance of the
far candle. The tiny contribution of the far candle to the background luminance is negligible.
Using this technique, Bouguer (1760/1961) reported a threshold of 1/64, or about 1.6%, for
one observer. A hundred years later, Fechner (1860/1966, p. 125) reported that Volkmann
used this technique with four observers and consistently found a 1% threshold. More than
one hundred and fifty years later, in 2012, John Robson and Denis Pelli attempted to
replicate Bouguer's conditions, using modern paraffin candles, placing the near candle at 27
cm (1 paris foot), as specified by Bouguer, and measured a threshold of 2.5%±0.5% (mean
±se), which is not significantly greater than his value of 1.6%.

Masson (1845) used a spinning disk. He painted black a tiny sector of a white disk. When
spun quickly, this produces a gray ring with a contrast proportional to the width of the black
sector. He too found a 1% threshold for “ordinary” to “good” vision, and reported that, over
a wide range, there is no effect of size or illumination. Bouguer's candles allowed for easy
adjustment of contrast, simply by moving the far candle. Masson's disks are not adjustable,
and one finds threshold by testing with several disks. Both tests use a subjective task, asking
whether the observer sees the target, which is always present.

On each trial: The task
Methods to measure contrast threshold can be broadly categorized into objective and
subjective tasks (e.g. Pelli and Farell, 2010). Objective tasks have a right answer. Subjective
tasks do not. In objective tasks, the observer is making a factual assertion about the stimulus,
which is right or wrong. In subjective tasks, the observer is reporting his or her internal
experience, which is private to the observer, so the experimenter cannot classify the report
as right or wrong. Subjective tasks include rating, matching, and nulling. Objective tasks
include yes/no (Is it present?) and forced-choice detection or identification.

When observers make a yes-no judgment, to detect a stimulus, it is now well established that
they say “yes” if the internal magnitude of the stimulus sensation exceeds an internal
criterion (Green and Swets, 1966). Many things, including instructions, can induce the
observer to raise or lower his or her criterion, causing threshold to shift up or down. This
unknown internal criterion of the observer typically differs among observers and may vary
across populations and over time. Clinical and basic studies of visual sensitivity are usually
not interested in these criterion shifts, so they avoid the undesired variations of yes/no
methods by using less-criterion dependent methods (Vaegan & Halliday, 1982). Symmetric
designs, with equally probable possibilities encourage observers to use a criterion that yields
equally probable answers. In some popular forced-choice procedures the observer identifies
a letter as one of the N possible letters, or identifies the orientation of a stimulus as one N
orientations, or indicates which of N spatial or temporal intervals contained the target. The
N possibilities are equally probable. Such forced-choice identification and detection tasks
are the preferred methods for accurate estimation of contrast thresholds.

For detection, N is typically 2, and the task is usually two-interval forced choice (2IFC).
There are two presentations, each marked by a tone. Only one contains the grating. The
observer must say which. Threshold is the contrast at which the observer's response is
correct on a given percentage (e.g. 75%) of the trials.
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The trial sequence: Threshold estimation
In order to estimate a contrast threshold, the observer is tested over many trials, at various
contrasts. Each trial is at some contrast and is scored right or wrong. The proportion of
correct responses at each contrast is recorded. The observer's probability of correct response
as a function of contrast is the psychometric function. There are several ways to select the
contrast level to be tested on the current trial. The method of constant stimuli presents a
predetermined set of contrasts in random order (Fechner, 1860/1966). This approach is easy
to implement, but requires that the set of test contrasts be specified before the experiment
begins. This often forces the experimenter to test an inefficiently broad range of contrasts,
which is particularly problematic for special populations. Running 10 trials at each of 10 test
contrasts requires 100 trials per threshold. Observers can typically complete ten trials per
minute, but special populations may be slower, and may tire sooner. The wish to minimize
the number of trials has led to the popularity of statistically efficient methods that use all the
preceding responses to select the contrast level for the current trial that will be most
informative in improving the threshold estimate. Such methods yield an accurate estimate of
threshold after 40 trials.

More generally, adaptive staircase methods exploit existing knowledge of the likely
parameters of the psychometric function for similar observers together with the results of
previous trials to select a test level that provides maximum information about the
psychometric function. There are many alternative adaptive staircase methods, including 3
down 1 up (Wetherill & Levitt, 1965), APE (Watt & Andrews, 1981), QUEST (Watson &
Pelli, 1983), PEST (Taylor & Creelman, 1967), ZEST (King-Smith, Grigsby, Vingrys,
Benes, & Supowit, 1994), and Ψ (Kontsevich & Tyler, 1999). For review see Treutwein
(1995) and Leek (2001).

As noted above, in a forced-choice task, the experimenter asks the observer to identify one
of many possible targets or to say which of several intervals (spatial or temporal) contained
the target. The two-alternative forced-choice (2AFC) procedure with feedback concerning
response accuracy is widely used to test experienced psychophysical observers (Blackwell,
1952). However, the slope of the psychometric function and therefore the information
gained from each response, increases with the number of alternatives because the probability
of a successful guess decreases. Multiple response alternatives reduce the guessing rate, as
Snellen (1862) and Donders (1864) pointed out long ago. Most of this benefit is attained by
having at least four or five alternatives (Pelli, Robson, & Wilkins, 1988; Pelli & Robson,
1991). When central viewing is not required, four spatial alternatives have been
recommended for testing inexperienced observers (Jäkel & Wichmann, 2006).

The psychometric data (responses at several contrasts) generated by any of these methods
are usually then fit with a psychometric function, which is one of several similar sigmoidal
functions (Treutwein, 1995), with free parameters for threshold and slope, and a fixed
parameter for the guessing rate and possibly a fourth (free or fixed) parameter for response
mistakes (Wichmann & Hill, 2001a), arising from attention lapses, blinks, finger slips etc.
Algorithms are available to fit and estimate confidence intervals on each parameter
(Wichmann & Hill, 2001a,b; Kingdom & Prins, 2009).

The Contrast Sensitivity Function (CSF)
Campbell & Robson (1968) revealed the presence of multiple channels in vision, each
selective to a different band of spatial frequencies. Ever since, it has been of interest to
measure contrast sensitivity as a function of spatial frequency. This contrast sensitivity
function (CSF) typically consists of the measured contrast detection threshold at five or so
spatial frequencies uniformly spaced on a log scale spanning the most sensitive part of the
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range, typically 1 to 16 c/deg. This set of thresholds as a function of spatial frequency is next
fit with a contrast sensitivity function (Watson, 2000). In order to establish the CSF of a
standard human observer, a group of 10 laboratories (Carney et al., 2000) collaborated to
collect contrast thresholds for 16 observers on a standard set of 43 diagnostic stimuli
(Carney et al., 1999). The resulting data were used to evaluate the goodness of fit of 5
(Watson, 2000) or 9 (Watson & Ahumada, 2005) competing CSF models. Several models
provided approximately equally good fits to the data, with as few as four parameters.

The peak spatial frequency of the CSF shifts to larger sizes during normal aging (Owsley,
Sekuler, & Siemsen, 1983) and lower luminance levels (De Valois, Morgan, & Snodderly,
1974), and when eye diseases like age related macular degeneration are present (Mei &
Leat, 2007). While in many pathologies, contrast sensitivity is often impaired at all spatial
frequencies, a range of different clinical conditions selectively affect different regions of the
CSF. For example, incorrect refraction reduces sensitivity to high spatial frequencies,
without affecting sensitivity to low spatial frequencies (Green & Campbell, 1965; Charman,
1979), as does amblyopia (Freedman & Thibos, 1975); glare, which is a common side effect
of refractive surgery (Ackermann et al., 2013), reduces sensitivity to low spatial frequencies
with relatively little effect on acuity (Abrahamson & Sjöstrand, 1986), and fovea-sparing
geographic atrophy from Dry AMD can reduce sensitivity only to large targets (Sunness et
al., 1997).

How many degrees of freedom does the CSF have? Might one get by with fewer than four?
Pelli, Rubin, and Legge (1986) suggested that a fixed-shape parabola might adequately fit
clinical CSFs plotted as log contrast sensitivity as a function of log spatial frequency. That
model has only two degrees of freedom: horizontal and vertical position of the parabola. If
two degrees of freedom suffice, then measuring acuity and one contrast sensitivity (at a
single size or spatial frequency) ought to be enough to estimate the whole CSF. To test this
idea, Rohaley and Owslely (1993) fit one hundred CSFs of older patients and found that, to
fit them all, they needed more that two degrees of freedom. As noted above, the simplest
model so far needs 4 parameters to fit CSFs of normal observers.

Is it Necessary to Measure the Whole CSF?
Straightforward measurement of the CSF at four spatial frequencies, with 40 trials per point,
requires 160 trials. A standard CSF function, with four free parameters, can be fit to the
results. Alas, 160 trials is prohibitive for routine clinical testing. If time is very limited,
clinicians measure just acuity. With more time, many clinicians also measure low-contrast
acuity (Bailey 1982; Regan & Neima, 1983), or employ the Pelli-Robson contrast sensitivity
chart, which measures threshold contrast for identification of a fixed size target letter (Pelli
et al., 1988). This two-number summary, high-contrast acuity and either low-contrast acuity
or contrast threshold for a large letter, could be fit by one of the models to estimate the full
contrast sensitivity function. In this spirit, Brown and Lovie-Kitchen (1989) found high
correlations between the CSF and the high- and low-contrast acuities. Of course, with only
two measurements and a four-parameter model, one might not get accuracy as good as
would be achieved with four or more measurements. Since clinical time is so precious, it
would be interesting to determine how the accuracy of the estimated CSF grows with the
number of thresholds measured, from zero (just population norms) on up.

Recently, new methods use prior knowledge of the psychometric function and the
distribution of its parameters to select the spatial frequency and contrast of each trial to
maximize the information gain (Lesmes, Jeon, Lu, & Dosher, 2006; Lesmes, Lu, Baek, &
Albright, 2010; Vul, Bergsma, & MacLeod, 2010). These approaches provide significant
gains in clinical data collection and have already demonstrated successful visual assessment
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in clinical populations with amblyopia (Hou et al., 2010), age-related macular degeneration
(Lesmes, Wallis, Jackson, & Bex, 2012) and congenital cataracts (Kalia et al., 2012). In
these populations, reliable estimates of the CSF are possible within 25 trials and an estimate
of the area under the log CSF in as few as 15 trials (Lesmes, Jackson, Wallis, & Bex, 2013).

Conclusion: Practical advice
Based on the considerations reviewed here, and our own experience in developing and using
contrast sensitivity tests, we have five recommendations for contrast sensitivity testing.

1. FORCED CHOICE. Use a less-criterion-dependent objective test. This will
minimize the effects of attitude, which vary and yet are not usually of interest in
basic and clinical studies.

2. SCALE. When testing multiple sizes (or spatial frequencies), vary only size. Vision
is roughly scale invariant and the test should be too, so that revealed scale
dependence can be attributed directly to size and not any covarying test parameter.

3. MANY ALTERNATIVES. Use at least 4 or 5 alternatives to minimize the
guessing rate to speed threshold estimation.

4. ADAPTIVE. If the test is not printed, then use an adaptive method, e.g. QUEST.

5. ONE OR MANY? If the test is printed, then think carefully about whether to show
one or more letters at a time. Traditional charts show many letters, which save
space. However, if many letters or symbols are present, small children have trouble
knowing which symbol is being tested, and some clinical groups, including central
field loss, strabismic amblyopes, and apperceptive agnosics, may be affected by
crowding (Levi, 2008; Pelli & Tillman, 2008). If using a computer, then just show
one letter or symbol at a time.

Acknowledgments
Thanks to Gary Rubin and Cynthia Owsley for helpful comments. Thanks to the students of Pelli's Spring 2013
Experiments in Beauty Class for improving the abstract. This work was supported by NIH Grant R01EY04432 to
Denis Pelli and by NIH grants R01EY019281 and R01EY018664 to Peter Bex.

References
Abrahamson M, Sjöstrand J. Impairment of contrast sensitivity function as a measure of disability

glare. Investigative Ophthalmology & Visual Science. 1986; 27:1131–1136. [PubMed: 3721791]

Ackermann R, Kammel R, Merker M, Kamm A, Tünnermann A, Nolte S. Optical side-effects of fs-
laser treatment in refractive surgery investigated by means of a model eye. Biomedical Optics
Express. 2013; 4(2):220–229. doi:10.1364/BOE.4.000220. [PubMed: 23413236]

Bailey IL. Simplifying contrast sensitivity testing. Am J Optom Physiol Opt. 1982; 59:12P.

Barlow HB. Temporal and spatial summation in human vision at different background intensities. The
Journal of Physiology. 1958; 141:337–350. [PubMed: 13539843]

Bex PJ, Makous W. Spatial frequency, phase, and the contrast of natural images. Journal of the Optical
Society of America. 2002; 19(6):1096–106. [PubMed: 12049346]

Blackwell HR. Studies of psychophysical methods for measuring visual thresholds. Journal of the
Optical Society of America. 1952; 42(9):606–616. [PubMed: 13000567]

Bodis-Wollner I. Visual acuity and contrast sensitivity in patients with cerebral lesions. Science. 1972;
178:769–71. [PubMed: 5082844]

Bodis-Wollner, I.; Onofrj, M. Advances in Neurology. Raven Press; New York: 1986. The visual
system in Parkinson's disease; p. 323-7.

Pelli and Bex Page 6

Vision Res. Author manuscript; available in PMC 2014 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bouguer, M. Traité d'optique sur la gradation de la lumière: De l'Imprimerie de H. L. Guerin & L. F.
Delatour. In: Middleton, WEK., editor. Pierre Bouguer's Optical Treatise on the Gradation of Light.
Toronto University Press; 1760/1961. p. 501961

Brown B, Lovie-Kitchin JE. High and low contrast acuity and clinical contrast sensitivity tested in a
normal population. Optometry & Vision Science. 1989; 66(7):467–473. [PubMed: 2771334]

Campbell FW, Robson JG. Application of Fourier analysis to the visibility of gratings. The Journal of
Physiology. 1968; 197:551–66. [PubMed: 5666169]

Carney T, Klein S, Tyler CW, Silverstein AD, Beutter B, Levi DM, Watson AB, Reeves AJ, Norcia
AM, Chen CC, Makous W, Eckstein MP. Development of an image/threshold database for
designing and testing human vision models. Human Vision, Visual Processing, and Digital
Display IX. Proceedings of SPIE. 1999; 3644:542–551. doi:10.1117/12.348473.

Carney T, Tyler CW, Watson AB, Makous W, Beutter B, Chen CC, Norcia AM, Klein SA. ModelFest:
Year one results and plans for future years. Proceedings of SPIE. 2000; 3959:140–151. http://
vnl.psy.ntu.edu.tw/VNL/files/CarneyTC_2000_ModelfestFutureYear_SPIE.pdf.

Charman WN. Effect of refractive error in visual tests with sinusoidal gratings. British Journal of
Physiological Optics. 1979; 33:10–20. [PubMed: 554724]

Cimmer C, Szendi I, Csifcsák G, Szekeres G, Ambrus Kovács Z, Somogyi I, Kéri S. Abnormal
neurological signs, visual contrast sensitivity, and the deficit syndrome of schizophrenia. Progress
in Neuro-psychopharmacology & Biological Psychiatry. 2006; 30(7):1225–1230. doi:10.1016/
j.pnpbp.2006.03.021. [PubMed: 16644085]

Collins JW, Carney LG. Visual performance in high myopia. Current Eye Research. 1990; 9(3):217–
223. [PubMed: 2347202]

De Valois RL, Morgan H, Snodderly DM. Psychophysical studies of monkey vision-III. Spatial
luminance contrast sensitivity tests of macaque and human observers. Vision Research. 1974;
14(1):75–81. [PubMed: 4204839]

Donders, FC. Anomalies of Accommodation and Refraction of the Eye. New Sydenham Society;
London: 1864.

Dubois M, Poeppel D, Pelli DG. Seeing and hearing a word: Combining modalities is more efficient
than combining the parts of a word. PLoS ONE. 2013 In press.

Fechner, GT. Elemente der Psychophysik. 1860. Leipzig: Breitkopf und Hertel. In: Adler, HE., editor.
Elements of Psychophysics. Holt, Rinehart, and Winston; New York: 1860/1966. 1966

Freedman RD, Thibos LN. Contrast sensitivity in humans with abnormal visual experience. The
Journal of Physiology. 1975; 247(3):687–710. [PubMed: 1142303]

Gandolfi SA. Improvement of spatial contrast sensitivity threshold after surgical reduction of
intraocular pressure in unilateral high-tension glaucoma. Investigative Ophthalmology & Visual
Science. 2005; 46(1):197–201. doi:10.1167/iovs.04-0199. [PubMed: 15623774]

Green DG, Campbell FW. Effects of focus on the visual response to a sinusoidally modulated spatial
stimulus. Journal of the Optical Society of America. 1965; 55:1154–1157.

Hess R, Woo G. Vision through cataracts. Investigative Ophthalmology & Visual Science. 1978;
17(5):428–435. [PubMed: 640789]

Hou F, Huang CB, Lesmes L, Feng LX, Tao L, Zhou YF, Lu ZL. qCSF in clinical application:
efficient characterization and classification of contrast sensitivity functions in amblyopia.
Investigative Ophthalmology & Visual Science. 2010; 51(10):5365. [PubMed: 20484592]

Jäkel F, Wichmann FA. Spatial four-alternative forced-choice method is the preferred psychophysical
method for naïve observers. Journal of Vision. 2006; 6(11) doi:10.1167/6.11.13.

Kalia A, Lesmes LA, Dorr M, Bex PJ, Gandhi T, Chatterjee G, Sinha P. Measurements of contrast
sensitivity functions show recovery from extended blindness. Perception. 2012:154. 41 ECVP
Abstract Supplement. doi:10.1068/v120244.

Kingdom, FAA.; Prins, N. Psychophysics: A Practical Introduction. Academic Press; 2009.

King-Smith PE, Grigsby SS, Vingrys AJ, Benes SC, Supowit A. Efficient and unbiased modifications
of the QUEST threshold method: theory, simulations, experimental evaluation and practical
implementation. Vision Research. 1994; 34(7):885–912. [PubMed: 8160402]

Kleiner RC, Enger C, Alexander MF, Fine SL. Contrast sensitivity in age-related macular
degeneration. Archives of Ophthalmology. 1988; 106:55–7. [PubMed: 3337707]

Pelli and Bex Page 7

Vision Res. Author manuscript; available in PMC 2014 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://vnl.psy.ntu.edu.tw/VNL/files/CarneyTC_2000_ModelfestFutureYear_SPIE.pdf
http://vnl.psy.ntu.edu.tw/VNL/files/CarneyTC_2000_ModelfestFutureYear_SPIE.pdf


Kontsevich LL, Tyler CW. Bayesian adaptive estimation of psychometric slope and threshold. Vision
Research. 1999; 39(16):2729–2737. [PubMed: 10492833]

Leek M. Adaptive procedures in psychophysical research. Attention, Perception, & Psychophysics.
2001; 63(8):1279–1292. doi:10.3758/BF03194543.

Lesmes LA, Jackson M, Bex PJ. Visual function endpoints to enable dry AMD clinical trials. Drug
Discovery Today: Therapeutic Strategies. 2013 in press.

Lesmes LA, Jackson M, Wallis J, Bex PJ. The reliability of the quick CSF method for contrast
sensitivity assessment in low vision. Investigative Ophthalmology & Visual Science. 2013;
54:2762. in press. 2013. ARVO E-Abstract.

Lesmes LA, Jeon S-T, Lu Z-L, Dosher BA. Bayesian adaptive estimation of threshold versus contrast
external noise functions: The quick TvC method. Vision Research. 2006; 46(19):3160–3176. doi:
10.1016/j.visres.2006.04.022. [PubMed: 16782167]

Lesmes LA, Wallis J, Jackson M, Bex PJ. Clinical application of a novel contrast sensitivity test to a
low vision population: the quick CSF method. Investigative Ophthalmology & Visual Science.
2012; 53:4358. 2012. ARVO E-Abstract.

Levi DM. Crowding-An essential bottleneck for object recognition: A mini-review. Vision Research.
2008; 48(5):635. [PubMed: 18226828]

Li J, Tripathi RC, Tripathi BJ. Drug-induced ocular disorders. Drug safety: an international journal of
medical toxicology and drug experience. 2008; 31(2):127–141. [PubMed: 18217789]

Masson MA. Études de photometrie électrique. Annales de Chimie et de Physique. 1845; 14:129–195.

Mei M, Leat SJ. Suprathreshold contrast matching in maculopathy. Investigative Ophthalmology &
Visual Science. 2007; 48(7):3419–3424. doi:10.1167/iovs.06-0731. [PubMed: 17591917]

Owsley C. Contrast sensitivity. Ophthalmology Clinics of North America. 2003; 16(2):171–178.
[PubMed: 12809156]

Owsley C, Sekuler R, Siemsen D. Contrast sensitivity throughout adulthood. Vision Research. 1983;
23(7):689–699. doi:10.1016/0042-6989(83)90210-9. [PubMed: 6613011]

Pelli DG, Farell B. Why use noise? Journal of the Optical Society of America A. 1999; 16:647–653.

Pelli, DG.; Farell, B. Psychophysical methods. In: Bass, M.; DeCusatis, C.; Enoch, J.;
Lakshminarayanan, V.; Li, G.; MacDonald, C.; Mahajan, V.; Stryland, EV., editors. Handbook of
Optics, Third Edition, Volume III: Vision and Vision Optics. McGraw-Hill; New York: 2010. p.
3.1-3.12.

Pelli DG, Robson JG. Are letters better than gratings? Clinical Vision Sciences. 1991; 6(5):409–411.

Pelli DG, Tillman KA. The uncrowded window of object recognition. Nature Neuroscience. 2008;
11(10):1129–1135.

Pelli DG, Burns CW, Farell B, Moore-Page DC. Feature detection and letter identification. Vision
Research. 2006; 46(28):4646–4674. doi:10.1016/j.visres.2006.04.023. [PubMed: 16808957]

Pelli DG, Farell B, Moore DC. The remarkable inefficiency of word recognition. Nature. 2003;
423:752–756. [PubMed: 12802334]

Pelli DG, Rubin GS, Legge GE. Predicting the contrast sensitivity of low-vision observers. Journal of
the Optical Society of America A. 1986; 3(13):P56.

Pelli DG, Robson JG, Wilkins AJ. The design of a new letter chart for measuring contrast sensitivity.
Clinical Vision Science. 1988; 2:187–199.

Peterson WW, Birdsall TG, Fox W. The theory of signal detectability. Transactions of the IRE
Professional Group on Information Theory. 1954; 4(4):171–212. doi:10.1109/TIT.1954.1057460.

Piper H. Über die Abhängigkeit des Reizwertes leuchtender Objekte von ihrer Flächen-bezw.
Winkelgröße. (Fortsetzung der Untersuchungen über Dunkeladaptation des Sehorgans). Zeitschrift
für Psychologie und Physiologie der Sinnesorgane. 1903; 32:98–112.

Regan D, Neima D. Low contrast letter charts as a test of visual function. Ophthalmology (Rochester).
1983; 90:1192–1200.

Regan D, Raymond J, Ginsburg AP, Murray TJ. Contrast sensitivity, visual acuity and the
discrimination of Snellen letters in multiple sclerosis. Brain. 1981; 104:333–50. [PubMed:
7237098]

Pelli and Bex Page 8

Vision Res. Author manuscript; available in PMC 2014 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Robson, JG. Human Contrast Sensitivity and its Clinical Measurement. MIT Press; Boston: 1993.
Contrast sensitivity: One hundred years of clinical measurement.

Rohaly AM, Owsley C. Modeling the contrast-sensitivity functions of older adults. Journal of the
Optical Society of America A. 1993; 10(7):1591–1599.

Rolando M, Iester M, Macrí A, Calabria G. Low spatial-contrast sensitivity in dry eyes. Cornea. 1998;
17(4):376–379. [PubMed: 9676908]

Ruderman D. Origins of scaling in natural images. Vision Research. 1997; 37:3385–3398. [PubMed:
9425551]

Santaella RM, Fraunfelder FW. Ocular adverse effects associated with systemic medications :
recognition and management. Drugs. 2007; 67(1):75–93. [PubMed: 17209665]

Snellen, H. Test types for the determination of the acuteness of vision. P. W. van de Weijer; Utrecht:
1862.

Stamper RL. The effect of glaucoma on central visual function. Transactions of the American
Ophthalmological Society. 1984; 82:792–826. [PubMed: 6398938]

Sunness JS, Rubin GS, Applegate CA, Bressler NM, Marsh MJ, Hawkins BS, Haselwood D. Visual
function abnormalities and prognosis in eyes with age-related geographic atrophy of the macula
and good visual acuity. Ophthalmology. 1997; 104(10):1677–1691. [PubMed: 9331210]

Taylor MM, Creelman CD. PEST: efficient estimates on probability functions. The Journal of the
Acoustical Society of America. 1967; 41:782–787.

Treutwein B. Adaptive psychophysical procedures. Vision Research. 1995; 35(17):2503–2522.
[PubMed: 8594817]

Vaegan, Halliday BL. A forced-choice test improves clinical contrast sensitivity testing. The British
Journal of Ophthalmology. 1982; 66(8):477–491. [PubMed: 7104264]

Vul E, Bergsma J, MacLeod DI. Functional adaptive sequential testing. Seeing and Perceiving, 23.
2010; 5(6):483–515.

Watson AB. Visual detection of spatial contrast patterns: Evaluation of five simple models. Optics
Express. 2000; 6(1):12–33. [PubMed: 12238521]

Watson AB, Pelli DG. QUEST: A Bayesian adaptive psychometric method. Perception and
Psychophysics. 1983; 33:113–120. [PubMed: 6844102]

Watson, Andrew B.; Ahumada, AJ. A standard model for foveal detection of spatial contrast. Journal
of Vision. 2005; 5(9) doi:10.1167/5.9.6.

Watt RJ, Andrews P. APE: Adaptive probit estimation of psychometric functions. Current
Psychological Reviews. 1981; 1:204–214.

Wetherill GB, Levitt H. Sequential estimation of points on a psychometric function. British Journal of
Mathematical and Statistical Psychology. 1965; 18:1–10. [PubMed: 14324842]

Wichmann FA, Hill NJ. The psychometric function: I. Fitting, sampling, and goodness of fit.
Perception and Psychophysics. 2001a; 63(8):1293–313. [PubMed: 11800458]

Wichmann FA, Hill NJ. The psychometric function: II. Bootstrap-based confidence intervals and
sampling. Perception and Psychophysics. 2001b; 63(8):1314–29. [PubMed: 11800459]

Zhang L, Pelli D, Robson J. The effects of luminance, distance, and defocus on contrast sensitivity as
measured by the Pelli-Robson chart. Investigative Ophthalmology & Visual Science. 1989; 30
1989. ARVO Abstract.

Pelli and Bex Page 9

Vision Res. Author manuscript; available in PMC 2014 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Highlights

• Contrast sensitivity defines the threshold between the visible and invisible.

• Threshold contrast is 1% for a remarkably wide range of targets and conditions
(Masson, 1845; Fechner, 1860).

• While printed charts are still in use, computer testing allows use of efficient
adaptive methods to accurately estimate threshold for a diverse range of stimuli
and conditions.
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