
Quantitative and functional influence of
surround luminance on the letter contrast
sensitivity function

Juan A. Aparicio1, Isabel Arranz1, Beatriz M. Matesanz1, Juan G.
Vizmanos1, Lidia Padierna1, Vı́ctor R. González1, Santiago Mar1,
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Abstract

Aim: To determine the influence of surround luminance on the letter contrast sensitivity function.

Method: The binocular contrast sensitivities of 31 young and ocularly healthy individuals were

measured with letters of sizes calculated to obtain the targeted fundamental frequencies of 3, 10, 20,

and 30 c deg)1, respectively; with surround luminances from 1 to 1000 cd m)2, always with a test

chart background luminance of 200 cd m)2.

Results: The letter contrast sensitivity increased with surround luminance up to 100 cd m)2 and

decreased when surround luminance increased from 100 to 1000 cd m)2. These increments are

larger for higher fundamental spatial frequencies, while decrements are similar for all frequencies. To

analyse pupil size influence, results were compared with theoretical predictions obtained by

combining different ocular MTFs with a typical neural function, where pupil size decrease leads to

letter contrast sensitivity increments and veiling luminance causes the observed decrements. Other

possible optical or neural factors that influence these values have also been considered.

Conclusions: Letter contrast sensitivity function depends on surround luminance and this influence

should be considered in future standardized directives.
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Introduction

The contrast threshold is the lowest amount of contrast
required to detect, discriminate or identify a target.
Contrast sensitivity (CS) is the reciprocal of the contrast
threshold (Higgins et al., 1996; Strasburger and Rents-
chler, 1996). Contrast sensitivity complements visual
acuity in the evaluation and assessment of visual

capabilities. It has also been recognized as a potentially
useful tool in early detection of visual system diseases
(Regan and Neima, 1983). However, the lack of
comprehensive standards, especially those concerning
the environmental lighting conditions under which the
tests should be performed, means that the CS or letter
CS measurements are of limited clinical value, due to the
difficulty in comparing and interpreting results (Long
and Penn, 1987; Scialfa et al., 1988; Rabin, 1994; Bach
et al., 2008). This is particularly critical if the results are
to be used for screening or for monitoring the develop-
ment of pathology.

Many studies have examined the influence of test and
surround luminance on visual acuity measurements
(Lythgoe, 1932; Shlaer, 1937; Patel, 1966; Sheedy et al.,
1984). This has allowed the development of standardized
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directives or recommendations concerning visual acuity
optotypes and their presentation (National Academy of
Science, National Research Council (NAS-NRC).
Committee on Vision, 1983; International Organization
for Standardization (ISO) (1996); American National
Standards Institute (ANSI, 2004). The situation is not so
clear with CS measurements. It is certainly well known
that contrast sensitivity measured with optotypes or
sinewave gratings decreases with decreasing stimulus
luminance (Blackwell, 1946; de Valois et al., 1974;
Kelly, 1977; Banks et al., 1987; Sucs and Uvijls, 1992;
Puell et al., 2004), but there is limited information about
the quantitative and functional influence of surround
luminance on the letter contrast sensitivity function.
With respect to the influence of luminance, three

studies should be considered. Coletta and Sharma
(1995) measured CS with laser interference fringes
imaged directly onto the retina as a function of the
luminance of incoherent light added to the retinal field.
These results are difficult to apply in the clinical
environment since the influence of the optical properties
of the eye is minimized when using this kind of
experimental arrangement. Cox et al. (1999) measured
letter contrast sensitivity with Pelli–Robson letter charts
and the contrast sensitivity function (CSF) with sine-
wave gratings displayed on a monitor under different
surround luminance conditions. The authors observed a
strange discrepancy in that there was a different
influence of surround luminance on the contrast sensi-
tivity dependent on whether this was measured with
letter charts or sinewave grating tests. Both types of tests
were applied to a small number of participants in a
surround luminance condition which showed a certain
lack of spatial homogeneity according to the photo-
graphs included in the paper. Furthermore, letter chart
tests of only two fundamental spatial frequencies, both
lower than 4 c deg)1, were employed so that not much
information was provided concerning the influence of
surround luminance on the of the CSF overall. Khanani
et al. (2004) measured contrast thresholds for Sloan
letters under different conditions of luminance. Com-
pared with the previous work, these authors incorpo-
rated up to 30 participants who had to detect Sloan
letters of three fundamental spatial frequencies (8, 12
and 20 c deg)1). However, they considered only two
illuminating conditions so that the functional influence
of surround luminance was not provided.
In clinical practice there are concerns about which test

should be employed to measure CS. Letter contrast
sensitivity involves a task of low-contrast letter recog-
nition, whereas contrast sensitivity usually involves the
detection of a stimulus (grating or Gabor patch); or
discrimination of a low number of stimulus alternatives.
There are not only differences in frequency content
between the two types of tests, but also in the neural

mechanisms involved (Strasburger et al., 1991, 1994;
Strasburger and Rentschler, 1996). In favour of letter
identification, it is recognized that this task is more
familiar for observers and does not require special
teaching or training. However, commercial charts for
letter contrast sensitivity measurements have important
drawbacks. The Pelli–Robson letter chart allows mea-
surement of CS for only one fundamental spatial
frequency unless it is employed at different distances
from observer. Sixteen contrasts which differ by 0.15 log
units are evaluated. Low-contrast letter acuity test
charts can measure contrast sensitivity for medium-high
and high spatial frequencies but only five contrasts are
available. We can conclude that typical CS letter charts
either cannot provide global information on the spatial
frequency domain or may miss small changes in contrast
sensitivity. Existing computer-based methods for mea-
suring contrast sensitivity are reliable, precise, and
simple-to-use, although they need regular calibration
(Bach, 1996; Strasburger, 1997; Colombo et al., 2009).
These tests have not been considered in this study
because we were interested in clinical practice where
tests based on printed charts are more common. In the
case of letter contrast sensitivity in particular, printed
charts provide a simple and effective means to investi-
gate the influence of surround luminance on CS.

For this study, a specific letter contrast sensitivity test
based on printed test charts was designed in order to
overcome most of the drawbacks identified. All letters
appearing in each chart had the same size, each contrast
was represented by three grouped letters and the
difference between consecutive contrasts was 0.04 log
units in average (increments in 10% between consecutive
groups). This yields a significant improvement in the
ability to detect small changes in the letter CS. Four
estimated fundamental spatial frequencies were consid-
ered (3, 10, 20 and 30 c deg)1). Measurements have been
performed for a very broad range of surround lumi-
nances (1, 10, 100 and 1000 cd m)2) and for a back-
ground luminance of the test chart of 200 cd m)2, with
special attention paid to the homogeneity of the
illumination.

Methods

Subjects

The principles of the Declaration of Helsinki were
followed. Thirty-one individuals served as observers, 20
female and 11 male, with ages ranging from 19 to
24 years (mean 22.0 and standard deviation 1.6 years).
They were all students at the Science Faculty of the
University of Valladolid and gave informed consent
prior to any observation or measurement. After answer-
ing a questionnaire, all candidates were examined with
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ophthalmoscope and biomicroscope. Subjects with a
history of amblyopia, eye disease, squint, marked
anisometropia, defect or lack of transparency in their
ocular media, or any other abnormal observation during
the optometric examination were excluded. Those who
took drugs or any kind of medication prior to refraction
or measurements were also excluded.

All selected candidates were refracted for long
distance vision in a room with good lighting conditions.
The aim during all refractions was to obtain the
maximum visual acuity (Jansonius and Kooijman,
1997; Atchison et al., 1998; Strang et al., 1999; Woods
et al., 2000; Radhakrishnan et al., 2004). Candidates
who were users of contact lenses were asked not to use
them for at least 2 days prior to the experiment. Finally,
all candidates with binocular visual acuity lower than
Snellen 20/20 (logMAR 0.0) with their best optical
corrections were also excluded. The best correction was
provided in spectacle form in all cases, including
habitual users of contact lenses. Overall, the binocular
visual acuity of our subjects ranged from Snellen 20/16
to 20/10 (logMAR )0.08 to )0.32) although 90% of
these values ranged from Snellen 20/12 to 20/10
(logMAR )0.18 to )0.32). If we consider that only
15% of the initial volunteers were rejected, we can
conclude that the selected participants in this study, and
the results obtained, are representative of a young
population.

Experimental arrangement

A scheme of the experimental set-up is shown in
Figure 1. The experiment was carried out in a
6 · 3 · 3 m (length · width · height) room with white
painted walls, isolated from outside light. A white matte
cork wall was built and a specifically designed square
box (0.7 · 0.7 · 0.7 m) was placed behind it. This was
matte white painted inside. The inner part of the box is

visible through a 0.3 m diameter circular hole in the
cork wall. This hole acted as a window for the observer.
A constant and homogeneous intensity of light inside
the test box was provided by four stabilized incandes-
cent lamps.

The cork wall was illuminated with eight 500 W
lamps, connected to a variable transformer. This
arrangement allowed the cork wall to behave as a
surround which provided an adjustable luminance from
darkness to 1000 cd m)2. Luminances outside the cork
wall were lower than 10% of surround luminance. After
reviewing different recommendations found in the
literature (International Organization for Standardiza-
tion (ISO), 1996; American National Standards Insti-
tute, (ANSI), 2004), a value of 200 cd m)2 was selected
for the background luminance of the test chart because
this is the mean value recommended in these directives.
All luminances were measured with a Spectra Pritchard
model 1980A luminance meter. Variations in luminance
across the test were lower than 2% and the inhomog-
eneities in the surround luminance spatial distribution
were lower than 15%. Reflections or glare sources from
tests/targets or surround were avoided.

A pupillometer was designed to measure the pupil
size. Light coming from eight infrared LEDs (peak of
intensity at 820 nm) illuminated the observer�s pupil and
an image of it was registered by a CCD camera equipped
with an infrared (IR) filter which blocked the visible
light. The camera was connected to a computer where
the pupil images were saved and analysed in order to
measure pupil diameters. Pupil size measurements were
calibrated with the help of a ruler placed as close as
possible to the entrance pupil plane. Uncertainty of this
parameter has been estimated from the standard devi-
ation of the measured pupil sizes for each individual.
The greatest ratio between standard deviation and mean
pupil diameter is <2%.

A test chart with letters was designed as justified
above: it allows measurements of four significantly
different spatial frequencies with a greater resolution for
detecting subtle changes than most commercial contrast
sensitivity tests. In order to avoid memorizing effects
during measurements, four versions of each test were
designed. In each version, letters corresponding to the
same contrast and size were different. Each chart
contained square letters of a size s (61.0, 18.2, 9.1 and
6.1 mm) calculated to obtain the targeted fundamental
frequencies of 3, 10, 20, and 30 c deg)1, respectively,
when viewed at a distance of 5.2 m. The sizes were
calculated by assuming the criterion of 2.0 cycles per
letter for optimal letter recognition (Legge et al., 1985).
This value is intermediate between the 2.5 cycles per
letter proposed by Pelli et al. (1988) and the 1.5
proposed later by Akutsu et al. (2000). Each test
consisted of a single sheet of paper containing eightFigure 1. Experimental arrangement.
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rows of two triplets each, except the test corresponding
to the largest letters (3 c deg)1), which consisted of three
sheets of paper, each one containing two lines with one
triplet each. Inter-letter separation was at least one letter
with the exception of the 3 c deg)1 charts in which this
was slightly lower. All letters were selected from the 10
Sloan letters: D,H,N,V,R,Z,S,K,O and C (Sloan, 1951).
A specific Sloan computer font was created by the
authors. An example of the test chart used for measur-
ing letter CS at 30 c deg)1 is shown in Figure 2.
The letters test charts were produced using the five

different print qualities of a Hewlett–Packard HP9800
deskjet printer: quick draft, draft, normal, optimum and
maximum dpi. The different grey shades were printed as
patches 59 · 19 mm on a DIN A4 quality office paper
for contrast measurement. They were photometrically
calibrated using the luminance meter 6¢ test spot at 2 m
from the paper. This spot is large enough to obtain
stable measurements and small enough to avoid the
reduction of contrast due to light coming from the
surround of the shaded patch. The Weber contrasts
obtained ranged from 90% to 0.25% (log C ranged from
)0.045 to )2.60) with steps which depended on the
contrast. Contrasts of consecutive triplets decreased in a
logarithmic scale by steps of 0.04 log units on average.

Procedure

Observers were 4.5 m away from the cork wall, that is to
say, 5.2 m from the test chart. From this distance, chart
and surround subtended 3.8 and 33.8 degrees, respec-
tively, both vertically and horizontally. All measure-
ments were binocular to obtain maximum visual
performance (Rabin, 1995). Previous trials performed
on individuals with high and low visual acuities allowed
us to determine, for each estimated fundamental spatial
frequency, the range of contrasts which should be
employed in the corresponding test. For each observer,
16 CS measurements were made, which correspond to
all combinations of the four letter sizes and the four
surround luminances Ls. This set of measurements was
performed once for each observer, and the order of
measurements was randomised for each subject.

Subjects were asked to read from the top of the chart
and encouraged to guess the letters even when they were
not clear (Pelli et al., 1988). Letter CS was recorded as
the inverse of the contrast of the last group of letters in
which two out of three letters were identified correctly.
There was no time limit. Prior to each trial a 10 min
period was given to allow the observers to adapt to the
illumination conditions. This is considered as a sufficient
time to elicit maximum pupil dilation for each specific
lighting condition (Brown et al., 2004). The whole set of
measurements for each observer lasted for 3 h approx-
imately. For these long sessions of measurements, a chin
rest was considered too uncomfortable. Instead, the
observers were encouraged to concentrate on the tests
and to move as little as possible. No attempt was made
to alter natural pupil size.

For 10 observers, pupil size measurements were
performed under the four illumination conditions con-
sidered here. The 18.2 mm (10 c deg)1) letter size was
used as a fixation target. With the experimental condi-
tions previously described, possible miosis effects due to
accommodation (Iwasaki and Tawara, 2002) can be
considered negligible. Adaptation times were also of
10 min for each condition. The order of measurements
was again randomly chosen. For each illumination
condition, five pupil images of each eye were recorded
and the average diameter d calculated.

Results

Mean values of letter contrast sensitivity for each letter
size s and each surround luminance Ls are shown in
Figure 3. As can be seen in this figure, the detected
differences in letter CS for the different surround
luminances are very small. It is also observed that, for
Lt = 200 cd m)2, letter contrast sensitivity increases as
surround luminance Ls increases from 1 to 100 cd m)2,
showing a decrease as Ls goes from 100 to 1000 cd m)2.

Figure 2. An example of the CS test for letters of 6.1 mm size

(estimated fundamental spatial frequency of 30 c deg)1) designed

and employed in this experiment.
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This behaviour seems to be reproduced for the whole
range of letter sizes in this study, although from Figure 3
alone, it is difficult to decide whether the influence is
quantitatively similar for different s-values.

From a statistical point of view, the 16 measurements
performed on each observer can not be considered as
independent events. Each observer has a different visual
acuity and observers with a higher visual acuity are
known to exhibit letter contrast sensitivity which is
higher than that of observers with a lower visual acuity.
Furthermore, letter CS has a well known dependency on
letter size. In this sense, a part of the variability observed
in measured data is due to the inherent visual features of
each individual while another part comes from the
random factors involved in any experiment. In order to
consider these effects and simultaneously to analyse
both the influence of surround luminance Ls and letter
size s on the measured contrast sensitivity, a mixed-
effects linear model was fitted to the experimental
log(CS) data. In this model s, Ls and the interaction
sMLs are considered as fixed effects while the effect ind
(ind means individual) and the interaction sMind are
considered random effects. Both random effects are
statistically significant. This has been verified by means
of the deviance analysis. The components of the
variance linked to both random effects (rind = 0.106
and rsMind = 0.069) explain most of the observed
variability on log(CS) data due to the fact that the
differences between individuals take very similar values
for all s and Ls-values. The residual variability is
rres = 0.076. The interaction fixed effect sMLs is also
statistically significant (p = 0.026). In order to assess

the reliability of the model used, a bootstrap procedure
has also been performed and a similar p-value has been
obtained. We can conclude therefore that, from a
statistical point of view, the influence of surround
luminance is different for different letter sizes (or
estimated fundamental spatial frequencies according to
the approximate conversion proposed above).

By considering a relatively low luminance condition
of 1 cd m)2 as a reference, the differences between the
obtained average log(CS) values and the average log
value at Ls = 1 cd m)2 have been calculated for each
letter size and surround luminance. These differences
Dlog(CS) have been plotted as functions of log(Ls) in
Figure 4 for the four letter sizes considered. These plots
therefore represent the global effect of an increasing
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Figure 4. Changes in the log(CS) values induced by an increasing

surround luminance by taking as reference the dark surround

condition at four letter sizes (31 subjects). From top to bottom,

these letter sizes correspond to the four fundamental spatial

frequencies of 3, 10, 20 and 30 c deg)1 according to the approxi-

mate conversion proposed in the experimental arrangement section.

Figure 3. Influence of log surround luminance Ls (in cd m)2) and log

letter size s (in mm) on log letter contrast sensitivity (CS).
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surround luminance on the letter contrast sensitivity
which was measured in the dark surround condition.
Under the conditions of the statistical model used, these
Dlog(CS) values show a standard error around 0.0192.
The calculated 95% Bonferroni corrected confidence
intervals (n = 12) for Dlog(CS) are therefore ±0.0506.
These confidence intervals have been indicated in
Figure 4 by the corresponding vertical bars. Standard
error calculations as well as confidence intervals for the
Dlog(CS) values by bootstrap procedures yield very
similar results.
As it is shown in Figure 4, all Dlog(CS) values are

positive and for s = 9.1 mm (20 c deg)1) and
s = 6.1 mm (30 c deg)1) these values for
Ls = 100 cd m)2 and Ls = 1000 cd m)2 are statisti-
cally significant. For s = 61 mm (3 c deg)1) and
s = 18.2 mm (10 c deg)1) a similar trend is observed.
However only the value for Ls = 100 cd m)2 is
significantly positive in these two cases. It is also
observed in Figure 4 that the highest Dlog(CS) value is
reached, for all s-values, at the surround luminance of
Ls = 100 cd m)2. All these observations have been
confirmed by bootstrap procedures. These procedures
have also been employed to analyse the decrease
observed in log(CS)-values when surround luminance
increases from 100 to 1000 cd m)2. This analysis has
confirmed that the differences between these two values
of log(CS) are statistically significant for 10, 20 and
30 c deg)1 (s = 18.2, 9.1 and 6.1 mm, respectively).
The most significant optical parameter which changes

when varying the surround luminance is the pupil size.
Measured average pupil diameters d are shown in
Table 1 as well as the resulting foveal retinal illumi-
nances E for the different surround luminances Ls.
E-values in photopic trolands (Td) were simply calcu-
lated from the expression E = pd2Lt/4, Lt being the test
luminance. Foveal retinal illuminance decreases with
squared pupil diameter, which decreases significantly as
the surround luminance increases in this experiment.

Table 1 also contains estimated foveal veiling lumi-
nances Lv for the Ls-values used. The factor (1 + Lv/Lt)
shown in the table represents the value by which the
foveal luminance (both that of the pattern and of the
background) is increased, or the letter contrast de-
creased, due to the veiling luminance. When the lumi-
nance distribution in the observer�s visual field is
composed of concentric luminous rings centered on the
fixation line, as very approximately happens in this
experiment, veiling luminances for young people (20–
30 years) in cd m)2 can be estimated according to the
following expression (Adrian and Topalova, 1991):

Lv ¼ 0:017608
Xn

i¼1
Liðln hiþ1 � ln hiÞ; ð1Þ

where Li is the average luminance in each ring, expressed
in cd m)2, and hi in radians, are the angular limits of
each ring as subtended from the observer. In this model
the central 2 degrees of visual field are assumed not to
contribute to the veiling luminance. As is shown in
Figure 5, the veiling luminance is produced by two rings
(n = 2) in our experiment. The first one corresponds to
the peripheral part of the field subtended by the test. As
seen from the observer, it has an angular size of 0.9 deg
with h1 = 1 deg and h2 = 1.9 deg, where L1 = Lt. The
surround can be approximately considered as a second
ring which subtends an angle of 15 deg as seen from the
observer with h2 = 1.9 deg and h3 = 16.9 deg, where
L2 = Ls. As a conclusion, for Ls < Lt, the veiling
luminance is dominated by the light from the test field;
for Ls > Lt it is dominated by the surround. It is also
important to remark that, even though some authors
(Abrahamsson and Sjöstrand, 1986) proposed to use a

Table 1. Pupil diameter (d) and foveal retinal illuminance (E) for the

different surround luminances (Ls) of the experiment, and foveal

veiling luminances (Lv) as calculated from Adrian and Topalova

(1991). In all cases the background luminance of the chart test (Lt)

was 200 cd m)2

Ls

(cd m)2)

d

(mm)

E

(Td)

Lv

(cd m)2) 1 + Lv /Lt log(1 + Lv /Lt)

1 4.7 3470 2.29 1.011 0.005

10 4.0 2513 2.64 1.013 0.006

100 3.0 1414 6.10 1.030 0.013

1000 2.5 982 40.72 1.204 0.081

The fifth column contains the factor (1 + Lv/Lt) by which retinal

Weber contrast is reduced due to veiling luminance. Sixth column

contains the log value of the factor.

Figure 5. Angular limits of the concentric rings which produce

veiling luminance on the retina due to glare effect. In our experiment

h1 = 1 deg, h2 = 1.9 deg and h3 = 16.9 deg.
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pupil correction factor to quantify the effect of pupil
diameter changes on CS in the presence of glare, other
authors (Whitaker et al., 1994) later demonstrated that
the pupil changes affect the stimulus luminance and the
veiling luminance in the same way, such that the ratio
between them remains constant. In other words,
although the corresponding retinal illuminance due to
veiling luminance is pupil size dependent, the ratios Lv/
Lt, which are the relevant data for the effect of glare,
and their corresponding retinal illuminance ratios,
should be independent of pupil size.

Analysis of pupil size effects

Among the optical factors which influence these results,
pupil size may play a significant role. Pupil size changes
gives rise to a change in the modulation transfer
function (MTF) of the eye. Aberration or residual
ametropias effects are also reinforced or diminished as
pupil size increases or decreases, respectively. All factors
together influence retinal image quality and this is also a
key factor in the letter recognition process.

Since there are no models which predict the influence
of pupil size on threshold contrasts for the identification
of letters, we have tried to understand the role played by
pupil size in our measurements from models developed
for sine wave gratings detection. The issue of the
frequency components in the Fourier spectrum of a
letter directly involved in its recognition is still under
investigation and has been the subject of considerable
study (Majaj et al., 2002 and references therein; Petkov
and Westenberg, 2003). Therefore, the numbers assigned
to the different sizes employed in this work (3, 10, 20,
and 30 c deg)1) may not be the most appropriate
numbers, but certainly give an idea of low, medium
and high spatial frequencies u and allow us to qualita-
tively compare theoretically predicted Dlog(CS) values
with the experimental measurements.

Although more modern models exist (Watson and
Ahumada, 2005) for the CSF, that from Barten (1999;
pp. 27–40) has been selected because of its success in
comparisons across a variety of experimental condi-
tions. This model combines a Mopt(u) (MTF of the eye)
with a neural function which includes neural noise,
photon noise, and lateral inhibition effects, as well as the
influence of retinal illumination, other physical charac-
teristics of the eye and of the test. All these parameters
are known in our experiment, so the model can be easily
applied.

A typical point of discussion in the last years was the
functional nature of the ocular MTF. Three approaches
are considered here. Barten (1999) himself proposes a
Gaussian modulation transfer function resulting from
the combination of different effects like the optics of the
eye, stray light in the ocular media, diffusion in the

retina and the discrete nature of photoreceptors. This
functional dependence, combined with his neural func-
tion, has been proven to be a good predictor of the final
CSF particularly in the high spatial frequency domain.
Otherwise, a double-pass measurement method sug-
gested by Artal and Navarro (1994) proposes a two
parameter exponential function model for the ocular
MTF. This yields very good fits in the low and
intermediate spatial frequency domain. Their model,
although based on measurements performed with
monochromatic light, gives very similar results to others
obtained with polychromatic light (Campbell and Gu-
bisch, 1966). Thirdly, by combining data from psycho-
physical measurements with information from previous
studies, Rovamo et al. (1998) proposed for the ocular
MTF a functional dependence of the type:

MoptðuÞ ¼ exp �ðu=ucÞn½ �; ð2Þ
where uc = (16.6–1.49d), n = exp[(0.84/d)–0.318] and d
is the pupil diameter in mm. We have combined each of
these three different types of suggestedMopt(u) functions
with the neural function proposed by Barten (1999), and
calculated the predicted Dlog(CS) values. In these
calculations, the test and surround luminances, mea-
sured pupil sizes and test dimensions have been consid-
ered. These results, as well as our data shown in
Figure 4, have been separately displayed in Figure 6 as a
function of log(Ls) for the four letter sizes.

The first remarkable point arising from Figure 6 is the
existence of an interesting and reasonably good agree-
ment in the quantitative and functional influence of
surround luminance on Dlog(CS) values between our
measurements performed with contrast sensitivity letter
charts, and theoretical predictions for sine wave grating
detection. Our measurements are, in all cases, placed
between some of the theoretical curves. With the
exception of the predictions performed with a Gaussian
MTF (Barten, 1999) for 3 and 10 c deg)1, all calcula-
tions predict increments in contrast sensitivity when
changing surround luminance from 1 to 100 cd m)2;
that is to say, models seem to show that the enhance-
ment of retinal image quality due to the pupil constric-
tion when surround luminance increases, is dominant
over the loss of foveal retinal illuminance. In order to
quantitatively compare our measurements with those
calculations, for each spatial frequency and type of
MTF considered, the standard deviation r of the
differences between our data and theoretical predictions
have been calculated: these are shown in Table 2 with
the average and standard deviation for each type of
MTF. For low spatial frequencies, the best agreement
between our data and theoretical models is for that in
which a two-parameter exponential function is consid-
ered for the modulation transfer function (Artal and
Navarro, 1994). Otherwise, for the highest spatial
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frequency tested, the best agreement is reached with a
Gaussian MTF (Barten, 1999). This is in agreement with
the analysis performed by Barten (1999) for the high

spatial frequencies, and by Artal and Navarro (1994) for
the low spatial frequencies, respectively. In the interme-
diate spatial frequency domain, the MTF dependence
proposed by Rovamo et al. (1998) gives the smallest
difference with our measurements. When looking at the
average standard deviations, this last MTF functional
dependency offers the best overall agreement with our
data in the tested frequency interval.

Discussion

We have found a small, but measurable, influence of
surround luminance on the shape of the letter contrast
sensitivity function. This is seen to some extent in
Figure 3, but is more clearly shown in Figure 4. This
result is not completely new. Some previous experiments
showed that an illuminated surround yielded contrast
sensitivities higher than those obtained with a dark or an
almost dark surround. Blommaert and Timmers (1987)
performed an experiment with letters from 18 to
42 c deg)1 fundamental spatial frequency, but with only
two observers, and found that an adapting field of
150 cd m)2 generated higher CS values than an adapt-
ing field of 0.9 cd m)2. Cox et al. (1999) found signif-
icantly higher letter CS values for surround luminances
of 900 cd m)2 than for 5.6, 9.0 or 30 cd m)2. Their
experiment was performed with a Pelli–Robson test at a
luminance of 160 cd m)2 and with only four individuals.
These differences appeared at viewing distances of 4 m
(fundamental spatial frequency of 3.49 c deg)1 approx-
imately), but not at 1 m (fundamental spatial frequency
of 0.87 c deg)1). The differences also disappeared when
using an artificial pupil. It is important to note that the
results obtained by these authors for sine-wave gratings
were the opposite. In an experiment performed with the
same type of test and 30 individuals, but with a
fundamental spatial frequency of 10.9 c deg)1 and a
test luminance of 200 cd m)2,,Vizmanos et al. (2004)
found significantly higher CS values with a surround
luminance of 150 cd m)2 than for 0.5 cd m)2. Finally
Khanani et al. (2004) performed measurements of con-
trast sensitivities with Sloan letters displayed on a
monitor whose mean luminance was 95 cd m)2. The
spatial frequencies tested were 8, 12 and 20 c deg)1 and
the ambient lighting conditions employed were both a
typically illuminated room with fluorescent ceiling panel
light, and an almost dark room. They found that the
illuminated surround produced contrast sensitivities
which were higher than those measured under dark
surround conditions. It appears that there is a real need
for standardization of the illumination in ophthalmic
consulting rooms in order to obtain illumination con-
ditions in which contrast sensitivity remains invariant.
The existence of these directives would also help to make
the contrast sensitivity a more helpful tool in clinical
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Figure 6. Comparison of our measured changes in the log(CS)

values as a function of log(Ls) with theoretical predictions calculated

by combining different MTFs with a typical neural function. From top

to bottom, results for 3, 10, 20 and 30 c deg)1 are shown in the

figure. Error bars are the same as those shown in Figure 4.

Table 2. Standard deviations (r) of the differences between our

measured Dlog(CS) values and the theoretical predictions for each

fundamental spatial frequency (u) and type of MTF considered (see

Figure 6)

u (c deg)1)

Barten

(1999)

Artal and

Navarro (1994)

Rovamo

et al. (1998)

3 0.099 0.035 0.043

10 0.143 0.144 0.057

20 0.107 0.093 0.055

30 0.049 0.063 0.082

Average r 0.099 0.084 0.059
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assessment and diagnostics by increasing the confidence
among practitioners.

The second interesting point is the different influ-
ence of surround luminance on different letter sizes, at
least in quantitative terms. Figure 4 shows this and
also the statistically significant interaction found
between surround luminance and fundamental spatial
frequency as explained above. This influence is small
for the larger letter sizes (3 and 10 c deg)1) but is
clearly more important for 20 c deg)1 and particularly
for 30 c deg)1 letter sizes. This result was previously
observed by Blommaert and Timmers (1987) and by
Khanani et al. (2004) but they could not provide any
information concerning the functional influence of
surround luminance for each letter size (spatial
frequency), because these two studies were performed
with only two surround lighting conditions: non-
illuminated and illuminated surround. The current
study extends this earlier work, and from Figures 3
and 4 it can be seen that this functional influence is
very similar for the whole range of estimated funda-
mental spatial frequencies considered. For a test
luminance of 200 cd m)2, letter contrast sensitivity
always increases as surround luminance increases from
1 to 100 cd m)2 (0.5–50% of test luminance) and
decreases for surround luminance of 1000 cd m)2. The
y-axes in Figure 4 represent differences in log(CS)
values, so any possible influence of the scoring and
stopping procedure in CS evaluation should be elim-
inated when calculating these differences: it certainly
does not explain these systematic trends (Elliott et al.,
1990, 1991; Arditi, 2005).

Although the pupil size variation may be considered a
good explanation for the measured increments in the
Dlog(CS) values when surround luminance increases
from 1 to 100 cd m)2, it is difficult to consider it as a
valid explanation of the decrease observed in the letter
contrast sensitivity function when surround luminance
increases from 100 to 1000 cd m)2. A look to pupil sizes
and foveal retinal illuminances in Table 1 suggests this.
When pupil size goes from 3.0 to 2.5 mm (far from the
limit where diffraction effects should be considered), all
proposed MTFs increase slightly in the whole frequency
range with the exception of the two-parameter expo-
nential model in the range of 25–30 c deg)1 which
shows a small decrease. This pupil change yields a
foveal retinal illuminance decrement of around 30%.
This small reduction in the retinal illumination should
not explain such important decrease observed in the
Dlog(CS) values for all frequencies. In fact, a Gaussian
MTF model, which provides the best agreement with
our measurements for high spatial frequencies, predicts
an increment in the Dlog(CS) for 30 c deg)1 in this
range of surround luminance. Otherwise, the two-
parameter exponential functions model, which provides

the best agreement with our measurements for low
spatial frequencies, predicts no change in Dlog(CS) for
3 c deg)1. In the intermediate spatial frequencies
domain, the MTF proposed by Rovamo et al. (1998)
combined with the neural function proposed by Barten
(1999) certainly predicts a small decrement but this is
clearly lower than the one measured. Optical aberra-
tions or ocular misalignments effects can not explain
this result, since most of these decrease as pupil size
does. Different influences of surround luminance due to
different colour temperatures, which appear in this
work, might explain part of these discrepancies, but no
previous information exists in the literature concerning
this point. Therefore, it is difficult to quantify its
influence.

Other optical effects, like stray light or glare, might
also be the origin of these decrements. Glare produces a
veiling luminance which increments the luminance at the
retina by a factor which depends on the Ls-values and
which is indicated in the fifth column of Table 1. This
factor is the same by which the perceived contrast is
reduced in relation to the original test contrast. By
applying this argument to the threshold contrasts
perceived, the effect of increasing surround luminance
should be a decrease in the measured log(CS) values. In
this way, when surround luminance increases from 1 to
100 cd m)2 (i.e. when surround luminance Ls is below
test luminance Lt), log(CS) should reduce by log(1.030/
1.011) = 0.008 log units. Obviously, this is undetectable
and non-comparable with the benefit produced by the
pupil miosis (pupil diameter decreases from 4.7 to
3.0 mm). Conversely, when surround luminance goes
above the test luminance (200 cd m)2), i.e. increases
from 100 to 1000 cd m)2, pupil size does not change too
much (3.0 to 2.5 mm) but the threshold contrast
decreases by a factor (1.204/1.030) = 1.169 whose log-
value is 0.068. The average decrement and standard
deviation observed in log(CS) (see Figure 4) for the four
targeted spatial frequencies considered in this experi-
ment are 0.063 and 0.015 log units, respectively. This
good agreement between calculated and observed decre-
ments in threshold contrast makes us suggest that glare
is responsible for the decrease in letter CS for high
surround luminances.

It is well known that an increment in the adaptation
luminance produces an increment in contrast sensitivity
(Van Nes and Bouman, 1967). Since the task involved in
this experiment is foveal, local adaptation plays an
important role in the final results. Changes in surround
luminance produce not only changes in the general
adaptation of the visual system, but also an increment in
the light arriving at the fovea due to veiling luminance.
When Ls goes from 1 to 100 cd m)2, the increment in
foveal luminance due to veiling luminance is lower than
3%, a negligible quantity too small to justify the
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increment observed in contrast sensitivity. This incre-
ment is more reasonably explained by the increment in
the optical quality of the retinal image produced by
pupil constriction. When Ls goes from 100 to
1000 cd m)2, the increment of light arriving at the fovea
due to veiling luminance is >20%. However, our results
show in this case a systematic decrease in letter CS for
all letter sizes considered. Although the increment in the
adaptation luminance may result in some improvement
in contrast sensitivity, it is evident from our results that
the opposite effect of Lv on contrast sensitivity by
reducing contrast in the retinal image more correctly
explains the results found in this work. Glare is again
necessary to explain this effect.
Our results are in apparent contradiction to those

obtained by Cox et al. (1999) with letter charts. These
authors found continuously increasing CS values as
surround luminance increased from 5.6 to 900 cd m)2,
with a test luminance of 160 cd m)2. At the frequency of
3.49 c deg)1, the test and surround subtended approx-
imately 11 and 24 degrees, respectively in their experi-
ment. As is seen in Figure 4, the maximum change
observed in Dlog(CS) at 61 mm letter size (3 c deg)1) in
this experiment is only 0.07 log units (when Ls changes
from 1 to 100 cd m)2), and the visual field subtended by
the surround is around 34 degrees. With these similar
visual fields the effect of changing surround luminance
on pupil size should be, according to Stanley and Davies
(1995), very similar in the two experiments. However,
the expected loss of log CS due to the veiling luminance
in Cox et al.�s experiment when surround luminance
increases from 100 to 900 cd m)2 is around 0.025 log
units (Adrian and Topalova, 1991). Although not
statistically significant, this effect is more or less guessed
in their results when an artificial pupil was employed.
We can conclude that the pupil miosis in their exper-
iment should be dominant over the effects of a possible
disability glare in the range from 100 to 900 cd m)2.
In conclusion, the present study provides information

about the quantitative influence of significant surround
luminance changes on the letter contrast sensitivity
function obtained for a typical test luminance, as well as
of its functional dependence on this variable. The
increasing MTF explains that these changes are mostly
due to the pupil miosis produced when surround
luminance increases, at least while this luminance stays
below the test luminance. For higher surround lumi-
nances, other effects like glare explain adequately the
observed decrease in contrast sensitivity. From a clinical
point of view, it should be noted that this study was
performed with young individuals, that is to say, the
expected letter CS decrement for older people due to a
high surround luminance would be more significant.
These observations reinforce the need for standardiza-
tion of directives for illumination conditions in the

clinical offices. These directives should consider that the
best letter CS function is achieved for surround lumi-
nances below test luminance where pupil miosis pro-
duces the known optical benefit and glare does not
reduce the retinal contrast.
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