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Next-generation vision testing: the quick CSF

Abstract: The Contrast Sensitivity Function relates the spa-
tial frequency and contrast of a spatial pattern to its visi-
bility and thus provides a fundamental description of vi-
sual function. However, the current clinical standard of
care typically restricts assessment to visual acuity, i.e. the
smallest stimulus size that can be resolved at full contrast;
alternatively, tests of contrast sensitivity are typically re-
stricted to assessment of the lowest visible contrast for a
fixed letter size. This restriction to one-dimensional sub-
spaces of a two-dimensional space was necessary when
stimuli were printed on paper charts and simple scor-
ing rules were applied manually. More recently, however,
computerized testing and electronic screens have enabled
more flexible stimulus displays and more complex test
algorithms. For example, the quick CSF method uses a
Bayesian adaptive procedure and an information maxi-
mization criterion to select only informative stimuli; test-
ing times to precisely estimate the whole contrast sensitiv-
ity function are reduced to 2-5 minutes. Here, we describe
the implementation of the quick CSF method in a med-
ical device. We make several usability enhancements to
make it suitable for use in clinical settings. A first usability
study shows excellent results, with a mean System Usabil-
ity Scale score of 86.5.

Keywords: vision; contrast sensitivity function; adaptive
methods

DOI: 10.1515/CDBME-2015-0034

1 Introduction

The current gold standard for the assessment of visual
function goes back to 1862, when Herman Snellen devel-
oped a standard letter chart that has remained in use with
only small modifications ever since. By showing progres-
sively smaller letters at full contrast, the Snellen chart
assesses visual acuity, i.e. the visual system’s resolving
power. However, the visual system’s ability to detect a pat-
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tern depends not only on the size of the pattern, but also
on its contrast; the Contrast Sensitivity Function (CSF)
[4], which relates spatial frequency (size) to threshold
contrast, therefore is a more comprehensive descriptor of
visual function. Importantly, neurologic and ophthalmic
pathologies may affect contrast sensitivity before they af-
fect acuity [8, 13].

Despite its recognized clinical utility, routine assess-
ment of contrast sensitivity in clinical trials and regular
care is hampered by practical limitations. Compared to
one-dimensional acuity, the two-dimensional CSF neces-
sitates testing at many combinations of spatial frequency
and contrast, for which paper charts lack resolution and
flexibility. Simple scoring heuristics such as “stop at the
last line with three out of five correct letter identifications”
can be evaluated manually, but also lack computational
efficiency to precisely capture the probabilistic nature of
psychometric responses. By randomizing the sequence of
tested optotypes, computerized vision testing alleviates
some of the shortcomings of paper charts, but test scoring
is typically implemented following the same simple rules
as in non-computerized testing.

The quick CSF method [9] was originally developed
for behavioural testing in psychophysical laboratories and
uses a Bayesian adaptive procedure and an information
maximization rule to test only informative combinations of
spatial frequency and contrast, based on the full trial his-
tory. In this paper, we describe the implementation of the
quick CSF method in a medical device that may be used to
rapidly and precisely estimate visual function in clinical
settings.

2 The quick CSF method

The quick CSF method exploits the observation that the
human CSF can be accurately described using only four
parameters [10, 12]: peak frequency and gain, bandwidth,
and a low-frequency truncation parameter. After each trial
of a test, the probability distribution p(©) over a set of
possible CSFs described by four-parameter tuples @ (in
our implementation, about 12 million CSFs) can be com-
puted, given the full trial history. Before each trial, the ex-
pected information gain is calculated for all possible stim-
uli (here, 19 spatial frequencies at 128 contrast levels each;
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2432 stimuli overall) over a sampled subset of 0, and only
informative stimuli are chosen for presentation. By avoid-
ing uninformative regions of the search space, the quick
CSF method in [9] already estimated the whole CSF in 50-
100 trials. For these results, the authors in [9] used sine-
wave gratings of two possible orientations as stimuli. Grat-
ings are very frequency-selective and correspond well to
neuronal receptive fields in primary visual cortex [6], but
the small number of alternatives leads to a high guessing
rate (50%) and thus lower statistical efficiency. Therefore,
we implemented the use of ten Sloan letters, bandpass-
filtered with a raised cosine window with peak frequency
4 cycles per letter, as proposed in [5]; as a consequence,
the number of trials can be further reduced to 25 for rapid
testing times, or 50 for very high precision.

2.1 Usability enhancements

We implemented two additional usability enhancements
of the quick CSF. First, in classical forced-choice tasks, ob-
servers are asked to guess a response even if they do not
perceive the stimulus. While even highly experienced psy-
chophysical observers still can have strong biases when
guessing [7], this is particularly difficult for inexperienced
observers such as patients; we therefore added an “I don’t
know” to the set of responses. Second, the lack of a (visi-
ble) stimulus on the screen can be confusing to observers;
therefore, three letters are always presented simultane-
ously in a horizontal line, with the middle and left letters
displayed at two and four times the contrast of the right
letter, respectively. Because the contrast of the right let-
ter is chosen by the quick CSF method and is usually near
threshold contrast, it is very likely that at least one of the
letters is easily recognizable by the observer, which helps
observers to determine the location and size of the test let-
ters.

3 Hardware

The hardware setup of our quick CSF implementation
mainly comprises a small-form factor PC (Intel i5 CPU,
4 GB RAM) and a large-format screen for stimulus display.
At 46” diagonal with a resolution of 1920 by 1080 pixels
and at a viewing distance of 400 cm, the screen allows
the display of stimuli in a spatial frequency range from
1.4 to 36.2 cycles per degree, which includes the whole
set of frequencies mandated by the FDA (1.5 to 18 cpd).
Also according to FDA standards, mean screen luminance
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Figure 1: Picture of a device prototype in demo mode, where partic-
ularly visible (medium spatial frequency, high contrast) stimuli are
shown.

is calibrated to 85 cd/m2. All device functionality includ-
ing power control is accessed through a handheld tablet
device; an NFC reader provides an authentication mecha-
nism through smartcards. External interfacing for data ex-
port is provided by an Ethernet and a USB port.

4 Software

4.1 Main computer

The small-form factor PC runs a regular Linux operating
system. However, the OS is transparent to the user be-
cause all user interaction is performed on the tablet remote
control, and the vision test software permanently runs in
fullscreen mode. The PC-side software is written in C++;
the graphics display further uses OpenGL shaders and im-
plements spatio-temporal dithering to increase bit depth
of the screen.

For convenience, the software automatically calcu-
lates several features of the CSF: threshold sensitivities at
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Figure 2: Screenshot of remote control tablet during a test session.
The trial history (correct answers, triangles; mistakes, crosses; 'no
answer’ responses, slashes) and the current best estimate of the
CSF are shown in the top panel, with spatial frequency on the x-axis
and contrast sensitivity on the y-axis. The current trial is highlighted
in blue.

five individual spatial frequencies mandated by the FDA
[14]; CSF acuity, the intersection of the CSF with the x-axis
(i.e. spatial frequency where contrast threshold is 100%);
and a summary statistic, the area under the log CSF in the
range from 1.5 to 18 cpd [1]. For an example screenshot of
the results display, see Fig. 3.

Raw data, such as the trial history and the full distribu-
tion of posterior parameters fmax, Ymax, 8, 0, are stored in
a database and can be exported via a web-based database
interface or the USB port.

4.2 Tablet remote control

The tablet remote control is based on a customized An-
droid image that always runs the remote control app in the
foreground. During the test, the patient reads out the let-
ters on the screen. The examiner, who is presented with
the ground truth, codes these responses as correct or in-
correct; an “I don’t know” response can also be coded;
see Fig. 2 for a screenshot of the user interface. In order
to reduce spatial uncertainty, each stimulus presentation
is preceded by markers indicating the spatial position and
scale of the upcoming stimulus; the examiner can repeat
this marker presentation using the “Prompt™” button. After
response entry, the examiner can initiate the next trial; if
necessary, previous responses can be undone as well.

Figure 3: Screenshot of remote control tablet, showing test results
after a session. The solid line denotes median sensitivity estimate
for the posterior distribution of possible CSFs, with the shaded
region denoting the 66% confidence interval.

5 Usability evaluation

Protoype systems are currently in use in several clinics in
the United States and Germany. After extended use, we
asked the technicians who operate the device on a regular
basis to anonymously fill out system usability scale (SUS)
questionnaires [3]. SUS comprises ten questions (five pos-
itive, five negative statements) that require a rating on a
scale from 1 (“strongly disagree”) to 5 (“strongly agree”).

Fig. 4 shows the response distributions for each of the
10 SUS questions obtained from nine participants. For vi-
sualization purposes, we converted scores to a range of ’-
-> (score 1 on odd-numbered questions, score 5 on even-
numbered questions) to ’++’ (scores 5 and 1 for odd- and
even-numbered, respectively), so that darker colours in
Fig. 4 are better. Numerically, the mean SUS was 86.5 with
a s.d. of 10. The strongest agreement was found with item
3, “I thought the system was easy to use” (mean 4.78, s.d.
of 44).

6 Discussion

Moore’s law and the increase in available computational
power have made it possible to apply complex algorithms
even during brief inter-trial intervals in behavioural test-
ing. Adaptive testing that rests on the exact computation
of probability distributions in large multi-dimensional
spaces goes beyond manually-scored heuristics and pro-
vides greater precision with reduced testing times. We
here describe how an algorithm that was developed for
psychophysics laboratories has been translated into an
easy-to-use medical device for clinical settings. We imple-
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Figure 4: Results for System Usability Scale questionnaires. For
visualization, (dis-)agreement with positive (negative) questions on
a scale from 1to 5 was converted to a scale from ’--* to *++.

mented usability enhancements for the patient, and in-
tegrated all device interaction in a tablet-based remote
control for the technician’s convenience. A usability study
demonstrated that users rated the device highly, with a
mean score that corresponds to an “excellent” rating in a
large-scale study of SUS scores [2].

A first clinical study has already shown that quick CSF
test results correlate better with patient-reported outcomes
than established far and near visual acuity measures [11].
Further studies are currently ongoing to demonstrate the
quick CSF’s sensitivity to track subtle changes in visual
function due to disease progression or treatment effects.
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