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Abstract
Purpose—To compare the object spatial frequencies that underlie contrast sensitivity for the
tumbling E and Landolt C across a range of optotype sizes and under conditions biased toward the
magnocellular (MC) and parvocellular (PC) pathways.

Methods—Contrast thresholds of two visually normal observers were measured using tumbling E
optotypes that were either low-pass filtered or high-pass filtered with a two-dimensional Gaussian
filter. Optotypes were presented using steady-pedestal and pulsed-pedestal paradigms to target the
MC and PC pathways, respectively. Object frequencies essential for orientation judgments of the
tumbling E were derived from plots of log contrast threshold vs. log filter cutoff frequency, and
results were compared to those obtained previously for the Landolt C under identical testing
conditions.

Results—The object frequency used to judge the orientation of the tumbling E increased
systematically with increasing target angular subtense, and the effect of target size differed depending
on whether performance was mediated by the inferred MC or PC pathway. The overall pattern of
results was similar for the tumbling E and Landolt C, but there was generally less dependence of
object frequency on target angular subtense for the tumbling E.

Conclusions—The tumbling E and Landolt C are not equivalent in terms of the object frequencies
that mediate orientation judgments. However, both optotypes show scale-dependent changes in
object frequency, particularly under test conditions that favor the PC pathway. The scale dependence
of these broadband optotypes can pose a challenge in interpreting test results using these targets. A
potential solution is to use spatially filtered optotypes with limited, known object frequency content.
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In the clinical setting, visual performance has traditionally been evaluated using letter
optotypes. Letters have the advantage of being familiar to patients, but the individual letters
are not necessarily all equally identifiable,1,2 which can potentially lead to variability in test
results. An alternative optotype is the Landolt C, which has been adopted as the standard for
visual acuity testing3,4 and has also been used to evaluate contrast sensitivity.5–7 However, a
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potential drawback to the use of the Landolt C is that its curved features can make it difficult
to produce on video displays without aliasing and distortion, especially at small optotype sizes.

A potentially useful alternative to the Landolt C is the tumbling E, which can be produced more
readily on video displays owing to its linear features. In addition, the repeating bar pattern of
the tumbling E renders it intermediate between letters and grating stimuli.8 As is the case for
the Landolt C, orientation judgments of the tumbling E are easily incorporated into a forced-
choice paradigm and the optotype is useful for patients unfamiliar with the Latin alphabet. The
tumbling E has been used primarily in the clinical assessment of visual acuity9,10 and it has
not been used to measure contrast sensitivity per se, although it has been used to evaluate low-
contrast visual acuity in studies of the effect of optical aberrations on visual performance.11,
12 Given its grating-like characteristics and its suitability for video displays, the tumbling E
may have an advantage over the Landolt C as a clinically useful optotype for evaluating contrast
sensitivity, but this remains to be determined.

An important consideration in using the tumbling E and Landolt C optotypes is that, like letter
optotypes in general, their Fourier spectra contain a broad range of object spatial frequencies,
designated in cycles per letter (cpl).13 Moreover, as noted by Bondarko and Danilova,14 there
is a substantial difference between the Fourier spectra of the tumbling E and Landolt C. For
the Landolt C, the peak difference in the amplitude spectra for orthogonal orientations of the
optotype occurs near 1.3 cpl. For the tumbling E, on the other hand, the peak difference occurs
at 2.5 cpl, which corresponds to the stroke frequency of the bars of the E. The spectral difference
between the tumbling E and Landolt C led Bondarko and Danilova14 to suggest that visual
acuity might differ for the two optotypes. However, empirical studies have found little
difference in visual acuity for the tumbling E and Landolt C in visually normal observers.15–
17 This indicates the differing Fourier spectra of the two optotypes do not have a major influence
on visual acuity measurements. It is presently unclear as to how the differing object frequency
components of the two optotypes might affect contrast sensitivity. The primary purpose of this
study was to investigate this issue.

Previous studies have indicated that there is not a straightforward relationship between object
spatial frequency and contrast sensitivity. Originally, it was presumed that a constant band of
object spatial frequencies is employed regardless of the visual angle of the optotype.18 If this
were the case, then retinal spatial frequency in cycles per degree (cpd)13 would scale with
optotype size. However, studies have shown that, for letters in general, the identification of
small letters is based on low object frequencies, but the identification of large letters is based
on high object frequencies.19–22 Thus, letter identification is not scale invariant. That is, a
given change in letter angular subtense does not necessarily entail a proportional change in the
retinal spatial frequency of the components that mediate performance. This was also recently
found to be the case for orientation judgments for the Landolt C,23 but it remains to be
determined whether it is true for the grating-like tumbling E.

A further complication is that the exact relationship between object spatial frequency and
contrast sensitivity appears to depend on whether the magnocellular (MC) or parvocellular
(PC) contrast-processing stream mediates performance. It is possible to bias contrast sensitivity
toward either the MC or PC pathway by using steady-pedestal and pulsed-pedestal paradigms,
respectively.24 Psychophysical data acquired using these two paradigms have the contrast
response properties and temporal integration characteristics associated with the MC and PC
pathways described electrophysiologically.25,26 A recent study showed that, for the Landolt
C, the dependence of object frequency on target size is greater for testing conditions that favor
the PC pathway,23 but it is not clear whether this is also the case for the tumbling E, given that
its amplitude spectrum has a prominent component at 2.5 cpl.14
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Based on these considerations, the aim of the present study was to determine the specific object
frequencies that underlie contrast sensitivity for the tumbling E across a range of optotype sizes
and under conditions biased toward the MC and PC pathways. The approach was identical to
that used to investigate the spatial frequency determinants of orientation judgments for the
Landolt C,23 which, in turn, was based on that of Anderson and Thibos.27 Specifically, contrast
thresholds were measured for tumbling E optotypes that were either low-pass filtered or high-
pass filtered using a set of two-dimensional Gaussian filters with a range of cutoff object
frequencies. The underlying assumption is that the removal of object frequencies that are
irrelevant to orientation judgments should have no effect on contrast threshold, whereas the
removal of essential object frequencies will result in a threshold elevation. Contrast thresholds
were measured under the steady-pedestal and pulsed-pedestal paradigms to bias performance
toward the MC and PC pathways, respectively.24 The object frequencies that mediated contrast
thresholds for the tumbling E derived from this analysis were compared to those obtained
previously for the Landolt C.23

METHODS
Observers

The same two experienced psychophysical observers as in the previous study of the Landolt
C23 served as subjects (the authors, ages 28 [S1] and 63 [S2] years). Both have normal best-
corrected visual acuity and contrast sensitivity. S1 has normal color vision and S2 has mild
deuteranomaly. The experiments were approved by an institutional review board at the
University of Illinois at Chicago and the study adhered to the tenets of the Declaration of
Helsinki.

Stimuli and Testing System
The test stimulus was an upper case E constructed according to the principles of the Sloan font.
3 The stroke width was 1/5 of the overall optotype size and the three bars were of equal length.
The E was of positive contrast (luminance higher than the surround) and it was spatially filtered
with either a high-pass or a low-pass two-dimensional Gaussian filter using eleven cutoff object
frequencies that ranged from 0.6 to 10 cpl. Fig. 1 presents examples of low-pass-filtered (Fig.
1A) and high-pass-filtered (Fig. 1B) tumbling Es as well as an unfiltered E (Fig. 1C). Four
different sizes of tumbling E were used, equivalent to 0.9, 1.2, 1.5, and 1.8 log MAR (minimum
angle of resolution, equal to 1/5 the optotype size in arcmin, where smaller values of log MAR
correspond to smaller letters). It was not possible to make meaningful measurements using Es
smaller than 0.9 log MAR because contrast thresholds for these smaller optotypes were so
elevated under the pulsed-pedestal paradigm that they exceeded the range of available contrasts
when the optotypes were filtered.

All stimuli were generated using a Macintosh G4 computer and were displayed on a 22″ NEC
monitor (FE2111SB) with a screen resolution of 1280 × 1024 and a 100-Hz refresh rate, driven
by an ATI Radeon video card (9000 Pro) with 10-bit DAC resolution. The monitor, which was
the only source of illumination in the room, was viewed monocularly from 1.9 meters through
a phoropter with the observer’s best refractive correction. Experiments were written in Matlab
using the Psychophysics Toolbox extensions.28

Steady-pedestal and pulsed-pedestal paradigms,24 illustrated in Fig. 2, were used to bias
performance toward the MC and PC pathways. For both paradigms, the test stimulus was
presented in the center of a luminance pedestal that subtended 10.4° horizontally and 8.5°
vertically. The luminance pedestal was presented in the center of an adapting field that
subtended 11.0° horizontally and 8.8° vertically. Four diagonal black lines that extended from
the edges of the pedestal to a region just outside of the tumbling E were presented continuously
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to aid fixation. The pedestal luminance was 30 cd/m2, and it was added to an adapting field of
30 cd/m2, so that the luminance of the pedestal plus adapting field was 60 cd/m2.

For the steady-pedestal paradigm (Fig. 2, top), the luminance pedestal was presented
continuously in the center of the adapting field. During the test period, the target was presented
briefly in the center of the pedestal. This paradigm is thought to favor the MC pathway, at least
for large target sizes, because the test target is presented only briefly. For the pulsed-pedestal
paradigm (Fig. 2, bottom), the pedestal and test target were presented briefly and
simultaneously. This paradigm is thought to favor the PC pathway, because the abrupt onset
of the luminance pedestal drives the MC pathway toward saturation.

The test stimulus duration was 30 ms (3 video frames), which was chosen to be within the
temporal integration time of the inferred MC and PC pathways.29 The temporal characteristics
of the display were confirmed using an oscilloscope and photocell. The luminance values used
to generate the stimuli were determined by a linearized look-up table, based on calibrations
made with a Minolta LS-110 photometer. The contrast (C) of the unfiltered tumbling E was
defined as Weber contrast:

(1)

where LT is the luminance of the tumbling E and LP is the luminance of the pedestal plus
adapting field. Because the contrast of complex images is difficult to define,30 a relative
definition of contrast was used to characterize the filtered tumbling E, as in previous studies.
20,21,23 That is, when the contrast of the original unfiltered tumbling E was 1.0, the filtered
image was assigned a relative contrast of 1.0 without rescaling.

Procedure
A 30-s period of adaptation to the adapting field alone (pulsed-pedestal paradigm) or to the
adapting field plus pedestal (steady-pedestal paradigm) preceded each session, and a brief
warning tone signaled the start of each stimulus presentation. On each trial, the bars of the
tumbling E faced randomly either toward the right or upward, yielding a two-alternative forced-
choice procedure. These two alternatives were used rather than a four-alternative procedure
because right-left and up-down judgments of the tumbling E involve a phase discrimination
(although this is likely to be an important factor only in non-foveal measurements8). The
observer’s task was to determine the orientation of the tumbling E. No feedback was given.
Contrast thresholds for orientation judgments were obtained using the QUEST procedure,31
with the number of trials set to 40 for each condition.

Within a given testing session, all cutoff object frequencies for both the high-pass-filtered and
low-pass-filtered targets were presented at a fixed target size under either the steady-pedestal
or the pulsed-pedestal paradigm. The paradigms, sizes, and cutoff object frequencies were
presented in a pseudo-random order, and each condition was tested three times in separate
sessions. The three estimates of threshold for each condition were then averaged for each
observer. Because the results for the two observers were highly similar (as in the previous study
of the Landolt C23), the data were averaged, and the plotted points in the figures represent the
means for the two observers.

RESULTS
Effect of Gaussian Filtering on Contrast Thresholds

Fig. 3 illustrates the effect of low-pass and high-pass Gaussian filtering on log contrast
thresholds for the tumbling E (Figs. 3A, 3B) and Landolt C (Figs. 3C, 3D), each with a log
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MAR value of 1.5, which corresponds to the letter size used in the Pelli-Robson contrast
sensitivity chart. Data were acquired using either the steady-pedestal paradigm (Figs. 3A, 3C)
or the pulsed-pedestal paradigm (Figs. 3B, 3D). The leftmost data point for the high-pass
conditions (filled symbols) and the rightmost data point for the low-pass conditions (open
symbols) represent the threshold values for targets that were minimally filtered. The other data
points represent the effect of successively changing the cutoff object frequency of the filter to
remove either the low object frequencies (high-pass filtering) or the high object frequencies
(low-pass filtering). It is apparent from Fig. 3 that, as the filter cutoff frequency was varied,
there was no effect on contrast threshold until a critical object frequency was reached. Then,
the further removal of object frequencies resulted in a systematic elevation of the log contrast
threshold.

In order to derive a quantitative estimate of the object frequency range important for orientation
judgments, the data in each plot of Fig. 3 were fit piecewise with two linear functions using a
least-squares criterion: one region was constrained to have a slope of 0, and the slope of the
second region was unconstrained. The high-pass and low-pass functions in each plot were fit
separately. The cutoff object frequency at which the functions crossed (indicated by the vertical
dashed lines) was taken as the index of the center of the object frequency region required for
orientation judgments. This point represents equal elevations of the log contrast threshold
compared to the threshold values obtained with minimally filtered optotypes. The data of Fig.
3 indicate that the range of useful object frequencies (difference between the knee-points of
the functions) was approximately 0.5 log units (1.67 octaves) for both optotypes and both
paradigms. This value agrees well with the value of 1.6 ±0.7 reported previously for a number
of different test targets but obtained with a different technique.22

For both optotypes, log contrast thresholds were higher overall for the pulsed-pedestal
paradigm than for the steady-pedestal paradigm, as is typical for these two paradigms.24

Furthermore, the non-horizontal lines that were fit to the data for the steady-pedestal paradigm
(Figs. 3A, 3C) had a steeper slope than those fit to the data for the pulsed-pedestal paradigm
(Figs. 3B, 3D). It is likely that this slope difference is related to the slopes of the CSFs of the
inferred MC and PC pathways, which differ over the spatial frequency range examined here.
For example, the relatively steeper slope of the CSF for the inferred MC pathway at
intermediate spatial frequencies24 means that a small change in spatial frequency due to
filtering would entail a relatively large change in contrast threshold. This would account for
the steeper slopes of the non-horizontal portions of the functions fit to the data of the steady-
pedestal paradigm.

Log contrast thresholds were slightly higher overall for the Landolt C than for the tumbling E.
Nevertheless, for the steady-pedestal paradigm, the center object frequency was similar for
both optotypes (approximately 2.4 cpl for the tumbling E vs. 2.2 cpl for the Landolt C). For
the pulsed-pedestal paradigm, however, the center object frequency differed for the two
optotypes (approximately 3.0 cpl for the tumbling E vs. 3.9 cpl for the Landolt C). The fact
that center object frequencies were higher for the pulsed-pedestal than for the steady-pedestal
paradigm indicates that edge information is more important for orientation judgments made
under the pulsed-pedestal paradigm.

Center Object Frequency as a Function of Optotype Size
The analysis illustrated in Fig. 3 was then applied to the data obtained at each of the optotype
sizes, except that the data of each observer were fit separately to obtain an estimate of the center
object frequency for that observer at that size. The results for the two observers were then
averaged, and the mean results are shown in Fig. 4. This figure plots the mean log center object
frequency for the two observers as a function of the log of the reciprocal of MAR for the
tumbling E (Fig. 4A) and Landolt C (Fig. 4B) for both the steady-pedestal (circles) and pulsed-
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pedestal (triangles) paradigms. The reciprocal of MAR was used so that the results for small
letters would be plotted to the right along the x-axis, which is the conventional orientation of
a CSF. The horizontal dashed line in Fig. 4 is a reference line that is based on the assumption
that orientation judgments are based on a constant object frequency of 2.5 cpl (corresponding
to the stroke width), regardless of target size.

Each data set was separately fit with the log form of the equation:

(2)

where Fo indicates the center object frequency, Fomin represents the asymptotic object
frequency at small optotype sizes, and MARcrit is the value of MAR at which Fo is twice
Fomin. On log-log coordinates, the function described by Eq. 2 transitions between a slope of
−1 for large optotypes (which represents a constant retinal frequency) to a slope of 0 for small
optotypes (which represents a constant object frequency), and Fomin and MARcrit control the
vertical and horizontal positions of the function, respectively. The parameters derived from the
fits of Eq. 2 to the data are given in linear units in Table 1.

There was an overall similarity between the functions for the tumbling E (Fig. 4A) and the
Landolt C (Fig. 4B). For large optotype sizes (leftmost data points in each plot), the center
object frequency was markedly higher under the pulsed-pedestal paradigm (triangles) than
under the steady-pedestal paradigm (circles). As the optotype size decreased, the center object
frequencies became more similar under the two paradigms for both optotypes. However, the
functions were flatter overall for the tumbling E than for the Landolt C, as reflected in the larger
values of MARcrit for the tumbling E (Table 1). Furthermore, the difference between the
functions for the steady-pedestal and pulsed-pedestal paradigms was smaller for the tumbling
E than for the Landolt C. In addition, the values of Fomin for both paradigms were slightly
larger for the tumbling E than for the Landolt C (Table 1). This indicates that orientation
judgments at the acuity limit would be based on a slightly higher object frequency for the
tumbling E.

The relationship between center object frequency and retinal spatial frequency for the two
optotypes is shown in Fig. 5. This figure replots the data and best-fit curves of Fig. 4 in terms
of retinal frequency Fr in cpd, based on the relationship:

(3)

Fig. 5 also provides a more direct comparison of the results for the tumbling E and Landolt C.

The top x-axes in Fig. 5 indicate the nominal retinal frequencies corresponding to the log MAR
values. This correspondence is based on the convention that 0 log MAR (20/20 Snellen
equivalent) is equivalent to a retinal frequency of 30 cpd.18 This relationship is based in turn
on the assumption that Fo equals 2.5 cpl, equivalent to the stroke width. The diagonal dashed
line in Fig. 5 represents a one-to-one relationship between the nominal retinal frequency and
the derived center retinal frequency. If orientation judgments for the tumbling E and Landolt
C are, in fact, governed by an object frequency range centered on 2.5 cpl for all optotype sizes,
then the nominal retinal frequency would be proportional to log MAR and the data would fall
along the dashed line.

Under the steady-pedestal paradigm (Fig. 5A), which targets the MC pathway, the results were
similar for both the tumbling E and the Landolt C. However, the data for the tumbling E tended
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to be closer overall to the dashed line than were the results for the Landolt C. For the smaller
targets, the functions approached a slope of 1 for both optotypes, indicating that log retinal
frequency was nearly proportional to log MAR. Thus, a nearly constant object frequency was
employed for orientation judgments for both targets at the smaller optotype sizes under the
steady-pedestal paradigm. However, the data points for the smaller log MAR values fell below
the dashed line, which indicates that the observers used object frequencies below 2.5 cpl for
orientation judgments for both the Landolt C and tumbling E at the smaller optotype sizes.

For the pulsed-pedestal paradigm (Fig. 5B), which emphasizes the PC pathway, there was a
greater divergence of the derived retinal frequencies from the nominal retinal frequencies than
was the case for the steady-pedestal paradigm. For the largest optotypes, the derived retinal
frequency was considerably higher than the nominal retinal frequency, although the difference
was less for the tumbling E than for the Landolt C. For the smaller optotypes, however, the
derived retinal frequency was lower than the nominal retinal frequency for both optotypes, as
was also the case for the steady-pedestal paradigm.

DISCUSSION
The purpose of this study was to define the object frequencies that underlie contrast sensitivity
for the tumbling E in comparison to previous results for the Landolt C.23 We observed that,
for the tumbling E, as for the Landolt C, the object frequency band that governed contrast
sensitivity varied systematically with the log MAR value of the optotype (Fig. 4). As a result,
retinal frequency did not vary in strict proportion to the angular subtense of the targets (Fig.
5). Therefore, even though the tumbling E has grating-like characteristics, it still shows scale
dependence of object frequencies. This is perhaps not surprising, given previous evidence that
a square-wave grating itself shows scale dependence.22

Our results show further that, for both the tumbling E and Landolt C, the magnitude of the
scale dependence varied with the nature of the contrast-processing pathway that mediated
contrast sensitivity. For both optotypes, contrast sensitivity was based on higher object
frequencies for the pulsed-pedestal paradigm (inferred PC pathway) than for the steady-
pedestal paradigm (inferred MC pathway), particularly at large optotype sizes. The change in
object frequency with target size was generally slightly less for the tumbling E than for the
Landolt C (Fig. 4A vs Fig. 4B). The greatest difference between the two optotypes occurred
for the largest targets presented under the pulsed-pedestal paradigm, where the object
frequency was 0.15 log units (factor of 1.4) higher for the Landolt C than for the tumbling E.

As discussed previously,23 the fact that object frequencies were different for the steady-
pedestal and pulsed-pedestal paradigms at large optotype sizes is likely due to the differing
shapes of the CSFs of the inferred MC and PC pathways.24 The inferred MC pathway, which
has a low-pass CSF, has a relatively high sensitivity for the low object frequency components
of large optotypes, which correspond to low retinal frequencies. Thus, for large, briefly
presented optotypes, contrast sensitivity can be based on relatively low object frequencies if
sensitivity is mediated by the inferred MC pathway. However, the inferred PC pathway, which
has a band-pass CSF, has a reduced sensitivity for these low-frequency components. Therefore,
orientation judgments using large optotypes would necessarily be based on higher object
frequencies under the pulsed-pedestal paradigm (inferred PC pathway) than under the steady-
pedestal paradigm (inferred MC pathway), as is observed in Fig. 4.

For optotype sizes that are near the acuity limit, on the other hand, the high object frequency
components of the targets, which correspond to high retinal frequencies, would exceed the
contrast sensitivity limits for both pathways. Consequently, orientation judgments would
necessarily be based on relatively low object frequencies for both paradigms when the targets
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are small. However, object frequencies below approximately 1 cpl contain little information
about target orientation,14 as is apparent from Fig. 1. Therefore, there is a restricted range of
useful object frequencies for targets of small angular subtense, and this limited range is similar
for both the inferred MC and inferred PC pathway. This would account for the fact that the
functions for the steady- and pulsed-pedestal paradigms shown in Fig. 4 tended to converge at
small optotype sizes for both the tumbling E and Landolt C.

The values of Fomin (asymptotic object frequency at small optotype sizes) shown in Table 1
were only slightly higher for the tumbling E than for the Landolt C. This difference equates to
a slightly worse visual acuity (larger value of log MAR by approximately 0.1 log unit) for the
tumbling E. Previous studies have similarly found little if any difference in visual acuity for
the tumbling E vs. Landolt C15–17 despite the marked differences in the amplitude spectra of
these optotypes.14 Of note, the values of Fomin were substantially less than the 2.5 cpl that
might be expected based on the stroke width of the optotypes. This finding is in agreement
with previous studies that specifically investigated the object frequencies that govern visual
acuity for the tumbling E27 and Landolt C.32 The fact that orientation judgments for both the
tumbling E and Landolt C are based on object frequencies lower than 2.5 cpl for target sizes
near the acuity limit indicates that observers do not use the stroke width or gap width to judge
the orientation of these optotypes. Instead, orientation judgments of the tumbling E and Landolt
C at the acuity limit are based on the shape of the light distribution in an effectively low-pass
filtered image.

Our results have important implications for clinical tests of contrast sensitivity. The first issue
is that of viewing duration. The present study employed brief presentation durations in order
to distinguish between the contrast sensitivities of the inferred MC and PC pathways. However,
clinical contrast sensitivity tests, such as the Pelli-Robson chart, typically employ unlimited
viewing, and observers are often encouraged to stare at the optotypes. At long stimulus
durations, however, the sensitivities of the inferred MC and PC pathways are approximately
equal.29 Therefore, there is some uncertainty as to the visual pathway that mediates
performance at long durations. The low stimulus contrast may favor the MC pathway, but the
long viewing duration may favor the PC pathway. It would seem advisable to limit the exposure
duration of the targets, so that there is less ambiguity as to which contrast processing pathway
is mediating performance.

A second issue concerns the lack of a fixed relationship between retinal frequency and the
angular size of the tumbling E and Landolt C optotypes (Fig. 5). This is a particular problem
under conditions targeting the PC pathway (pulsed-pedestal paradigm), where the retinal
frequency used for orientation discrimination tends to be relatively constant even though the
target size is varied (Fig. 5B). This is a lesser issue under conditions favoring the MC pathway
(steady-pedestal paradigm), where there is a smaller disparity between the nominal and actual
retinal frequencies (Fig. 5A). This scale dependence can pose a potential problem in the
interpretation of clinical contrast sensitivity measurements using these optotypes. This may be
a particular consideration in patients with retinal diseases, who may have spatial-frequency-
dependent changes in contrast sensitivity.e.g.,33,34 Retinal pathology may require such patients
to use different object frequencies with potentially different information content compared to
visually normal observers.

As discussed previously,23 a potential solution to the problem of scale dependence is to employ
optotypes that are restricted in their spatial frequency content, either through band-pass filtering
that limits the object frequency content to a specific spectral region, or through high-pass
filtering that effectively prevents observers from using low object frequencies. If such spatially
filtered optotypes are employed, then observers do not have the option of using arbitrary object
frequencies as the basis for orientation judgments. In fact, optotypes that are effectively high-
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pass filtered have been proposed as an improved method for measuring visual acuity.35–37

However, the optimum region of object frequencies to be used in clinical tests of contrast
sensitivity remains to be determined.
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Fig. 1.
Illustrations of a tumbling E that was either low-pass filtered (A) or high-pass filtered (B) with
Gaussian filters using the cutoff object frequencies indicated below each image. Images are
arranged from most filtered (Ieft) to least filtered (right). An unfiltered optotype (C) is shown
for comparison.
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Fig. 2.
Illustration of the steady-pedestal (top) and pulsed-pedestal (bottom) paradigms, shown
approximately to scale. For the steady-pedestal paradigm, a pedestal square of incremental
luminance was presented continuously against an adapting field. The target was presented
briefly during the test interval. For the pulsed-pedestal paradigm, the adapting field was
presented continuously, and target and pedestal square were presented briefly and
simultaneously during the test interval. For both paradigms, four fixation guides (diagonal
lines) that terminated just outside the region of the test target were shown continuously.
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Fig. 3.
Log contrast thresholds for orientation judgments for the tumbling E (A, B) and Landolt C (C,
D) as a function of the log object frequency cutoff of a low-pass (open symbols) or high-pass
(filled symbols) Gaussian filter, using the steady-pedestal paradigm (A, C) or pulsed-pedestal
paradigm (B, D). In this and the following figures, data points represent the means of the two
observers and error bars represent ±1 standard error of the mean (sem), which are omitted when
smaller than the data points. The solid lines represent piecewise linear fits to the data as
described in the text. The dashed vertical lines indicate the point at which the two functions
crossed, which was used as the index of the center object frequency.
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Fig. 4.
Log center object frequency as a function of log reciprocal of MAR for four sizes of tumbling
E (A) or Landolt C (B) with data obtained under either the steady-pedestal (circles) or pulsed-
pedestal (triangles) paradigm. The right y-axis indicates the center object frequency in linear
units on a log scale. Curves represent the least-squares best fits of Eq. 2. The dashed horizontal
line represents an object frequency of 2.5 cpl.
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Fig. 5.
Log center object frequency as a function of log reciprocal of MAR for four sizes of tumbling
E (A) or Landolt C (B) with data obtained under either the steady-pedestal (circles) or pulsed-
pedestal (triangles) paradigm. The data points, curves, and dashed line have been replotted
from Fig. 4 in units of cpd rather than cpl, based on Eq. 3. The top x-axis indicates the nominal
retinal frequency based on the assumption that 0 log MAR equals 30 cpd; the right y-axis
indicates the center retinal frequency in linear units on a log scale. The diagonal dashed line
indicates equality between the nominal and derived retinal frequencies.
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TABLE 1

Summary of Parameters Derived from the Best Fits of Eq. 2 to the data of Fig. 4

Fomin (cpl) MARcrit

Steady-Pedestal Pulsed-Pedestal Steady-Pedestal Pulsed-Pedestal

Tumbling E 1.70 1.57 91.20 30.20

Landolt C 1.37 1.21 52.48 13.80
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