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Abstract

Background The Freiburg Visual Acuity and Contrast Test
(FrACT) has been further developed; it is now available for
Macintosh and Windows free of charge at http://www.
michaelbach.de/fract.html. The present study sought to
reduce the test-retest variability of visual acuity on short
runs (18 trials) by post-hoc re-analysis.

Methods The FrACT employs advanced computer graphics
to present Landolt Cs over the full range of visual acuity.
The sequence of optotypes presented follows an adaptive
staircase procedure, the Best-PEST algorithm. The Best-
PEST threshold obtained after 18 trials was compared to the
result of a post-hoc re-analysis of the acquired data, where
both threshold and slope of the psychometric function were
estimated via a maximum-likelihood fit.

Results Testing time was 1.7 min per run on average. Test-
retest reproducibility was £2 lines (or £0.2 logMAR) for a
95% confidence band (using 18 optotype presentations per
test run). Post-hoc psychometric fitting reproduced the
Best-PEST result within 1%, although the individual slopes
varied widely; test-retest reproducibility was not improved.
Conclusions The FrACT offers advantages over traditional
chart testing with respect to objectivity and reliability. The
similarity between the results of the Best-PEST vs. post-hoc
analysis, fitting both slope and threshold, suggest that there
is no disadvantage to the constant slope assumed by Best
PEST. Furthermore, since variability was not reduced by
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post-hoc analysis, for high reliability more trials should be
employed than the 18 trials per run used here.
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Introduction

It is surprising that the signal detection theory [9] and
computer assistance have not been widely exploited for the
measurement of visual acuity (VA), although these methods
provide a considerable reduction of confounding influences.
In contrast, clinical perimetry has extensively utilized these
methods. In an attempt to fill this gap, the Freiburg Visual
Acuity and Contrast Test (FrACT) was developed [1]. The
use of computer graphics and interactive computer assistance
for the measurement of VA appeared quite straightforward.
However, unexpected hurdles appeared, including (1) suffi-
cient resolution of display devices, (2) good automatic
bracketing of the threshold, (3) problems of automatically
dealing with the vagaries of patient responses, and (4)
unrealistic expectations of the stability of acuity measures,
even if obtained quasi-objectively. Since then, FrACT has
been used in a number of studies, while being continuously
further developed based on the feedback of numerous vision
researchers, optometrists and ophthalmologists. Other
approaches emulated the ETDRS charts [18] or were variants
of the FrACT approach [16]. ETDRS and FrACT results
were recently compared in this laboratory and found to agree
closely [19]. The present article will describe the current
version of the FrACT and a test of the viability of the
constant slope assumption of the Best-PEST threshold
estimation paradigm. It was hoped that post-hoc processing
could reduce the test-retest variability, so that briefer test
runs could be employed.
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Fig. 1 Landolt C. The unit u,
measured in minutes of arc,
defines the decimal visual acuity
(VA): For a VA of 1.0 (=20/20),
u would span 1 min of visual
angle

Methods
Versions

FrACT is currently available in two different versions: (1)
the old version, which runs only on Macintosh computers,
but also offers contrast testing, and (2) the universal
version, the latter being programmed such that executables
for two major computer platforms are produced (Macintosh
and Windows) and having a web-browser plug-in that also
runs on Linux. The two versions are identical with respect
to the optotype geometry, calibration and threshold estima-
tion algorithm; they differ in the programming environment
and optional capabilities. The present report concentrates
on acuity assessment with the second, more recent,
platform-agnostic version.

Equipment

Nearly any kind of computer manufactured in the last
5 years can be employed. The computational requirements

Fig. 2 The psychometric func-
tion governing acuity measure-
ments, here shown for a subject
with decimal VA=0.61. When
the optotypes are large (lef?),
they will be recognized correct-
ly. With decreasing optotype
size, the probability to report the
gap direction correctly will de-
crease, eventually down to the

100%

are very low relative to current computer capabilities. The
graphics should be able to resolve at least 256 gray levels,
or millions of colors (3 *8-bit color depth). The resolution
of the visual display unit (VDU) is the most likely
bottleneck (see “Limitations” in Discussion). Both CRT-
or LCD-type VDUs are possible. EN ISO 8596 [6] details a
luminance of the Landolt C between 80 and 320 cd/m? at a
contrast of 85%. This is easily reached with consumer-
grade equipment. The present results were obtained with a
177 CRT monitor at a distance of 4 m, a luminance of
105 cd/m? at a contrast of 95% and a background
illuminance of 60 lux, measured at the subject’s eye.

Nomenclature and optotypes

Visual acuity will be abbreviated with VA and defined
operationally; the decimal notation will be used throughout
[FrACT results are also optionally displayed as Snellen
ratio or logMAR = —log(VA)]. The operational definition of
VA is as follows: VA=1/d; where d= the threshold gap size
(minutes of arc). The definition of threshold will be given
in the next section. The term gap refers to the gap of the
Landolt C (Fig. 1). Landolt C optotypes are presented on
the computer screen. The relation of the outer and inner
diameter to the gap size is shown in Fig. 1. The
independent variable is the gap size. Resolution is im-
proved by using anti-aliasing [2, 8], allowing sub-pixel
rendering of the Landolt C, and for non-integer gap sizes
(e.g., 1.25 pixels). The gap can be presented in one of eight

. Inflection point

guessing rate, which equals
12.5% for eight possible gap
directions. In between, the de-
tection rate is well described by
a logistic function. The acuity is
defined at the inflection point,
the middle between 100% cor-
rect and the guessing rate. For
subjects with differing acuity,
this psychometric function shifts

Probability of correct report

" =56.25%

\
\

Guessing rate = 12.5% \

horizontally; the dashed curve
example corresponds to

VA=0.3 0% T
0.1
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or in one of four positions; in the present study, eight
different orientations were used.

Threshold definition

Like all sensory thresholds, the detection rate versus
optotype size is described by a psychometric function
(Fig. 2) [11]. Given this continuous relation, threshold
definition is not obvious. The optimal choice from a signal-
detection point of view is the point of steepest slope, which
is also the point of inflection. With the use of eight
alternatives, this point lies in the middle between the
guessing rate of 12.5% and 100%, i.e., at 56.25%. At this
point, any deviation on the detection scale (ordinate)
transforms into the smallest possible deviation on the
acuity scale (abscissa). This definition is widely used and
also underlies the EN ISO 8596 standard [6]. One could
also define this region as the most uncomfortable one for
the patient: here, they are most uncertain whether or not
they can recognize the target.

Threshold estimation

It is suggested by signal detection theory [9], and has been
shown experimentally (e.g., [17]), that when comparing the
psychometric acuity function in subjects with a wide range
of acuity, the position of the inflection point shifts, but
slope stays rather constant, when plotted on a log(VA)
scale. Neglecting lapses, only one parameter needs to be
estimated, namely the threshold. A number of algorithms
have been developed for such a situation (review: [20] or
the special edition of Perception [15]). For FrACT, the
Best-PEST algorithm was selected [12], which needs no
prior information and assumes a constant fixed slope of the
psychometric function. In its purest form, this algorithm
always presents optotype sizes at the currently most likely
threshold, because that maximizes information gain. This
most likely position is calculated by a maximum likelihood
procedure that looks for the position of the psychometric
function that would reproduce all previous trial results with
the highest likelihood.

Practically, a number of modifications are useful. The
initial optotype size depends on the highest and lowest
possible acuity (the full range); thus, it would be strongly
influenced by screen size, pixel size and observation
distance. To avoid such influences, the first four trials
present optotypes corresponding to an acuity of 0.1, 0.2, 0.4
and 0.8 (following EN ISO 8596 [6]) as long as they are all
correctly discriminated. From then on, the Best PEST takes
over. As a boundary condition, the optotype never becomes
smaller than 5 pixels in diameter (corresponding to a gap
size of 1 pixel), as—even with anti-aliasing—the effective
contrast would vanish below this limit. Any non-integer

value of the gap size >1 pixel is possible though, with the
help of anti-aliasing. The Landolt C orientation is calculat-
ed randomly for each trial.

An important parameter is the number of trials [13]. In
the interest of rapid measurement and avoidance of subject
fatigue, it should be as low as possible; for best precision,
however, it should be as high as possible. For clinical
studies, 30 trials yield a test-retest comparable to the
ETDRS procedure [19]. In the present study, only 18 trials
were presented. This increases variability, making room for
improvement. Post-hoc re-analysis (see below) sought to
reduce the variability, though without success.

Procedure
The procedure with FrACT is subject to the same boundary

conditions as any acuity test: well-defined surround lumi-
nance, no screen illumination that would reduce contrast, a
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Fig. 3 Two representative runs of FrACT in two subjects. The
ordinate represents the Landolt-C gap size; the abscissa covers the
sequence of 18 trials. Trials with correct responses are indicated by X,
incorrect ones by &. The low-acuity outliers at trial 12 and 18
represent the bonus trials. In the top subject, the initial 0.1-0.8 acuity
sequence was recognized correctly, but the presentation at nearly
3.0 VA was not correctly identified; the algorithm subsequently homed
in on VA=1.28. In the bottom subject, the Landolt C corresponding to
0.4 acuity was not correctly identified with a subsequent step-down in
acuity, with: v, acuity value of the optotype; Pchance» gUESSING
probability =0.125
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Fig. 4 Comparison of acuity results obtained by Best-PEST and post-
hoc fitting of a psychometric function with slope and threshold as free
parameters

calibrated setup, defined observer distance, appropriate
correction and adequate training of examiner and subject.
To obtain data for the present study, FrACT was run in
74 eyes of 37 subjects (age range, 19-71 years, mean
38 years) without known eye disease, using eight different
optotype orientations. Most performed the test for the first
time. Their correction was not necessarily the best, which is
not a problem here, since test-retest variability was the
target variable. The subjects operated a remote response
box, with keys labeled by Landolt Cs with appropriate
orientations. The test was explained, one binocular run
performed to familiarize the subject with the procedure

(these results were discarded), then four runs in the
sequence left eye/right/right/left were recorded; for every
alternate subject, the sequence of eyes was inverted. The
data of every run were saved using the “export to
clipboard” option (see manual [3]). To extend the range of
acuities to lower values, some subjects were assessed in a
second session, about 2 weeks later, with glasses degrading
optical quality. The optical quality was not reduced with
plus lenses because it is likely that accommodation will be
unstable under such a condition. The commercially avail-
able Bangerter transparencies proved too unequal across
their surface. Prompted by a personal communication by
Bernhard Rassow, I experimented with plastic transparen-
cies manufactured as office paper binders until one was
found with an even distribution of its ‘milky’ quality and
the right amount of degradation, and mounted cutouts in a
cardboard trial frame. Such a scatter transparency, due to its
high amount of wide-angle scatter, models some media
opacities [10].

Most subjects can perform the test in a self-paced mode,
especially on repeat visits. It is useful to help with
occasional supportive statements indicating that “errors”
are entirely in order, and not to ponder the response too
long. This self-paced mode can allow the examiner to
pursue other tasks in the mean time.

Post-hoc processing

Since inception of this program, computer speed has risen
by several orders of magnitude. Thus, the psychometric
paradigm needs no longer be chosen for speed, which had
been a major design goal for the Best-PEST algorithm [12],
and can be re-evaluated. Best PEST assumes a constant
slope and zero lapse rate.
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Fig. 5 Typical characteristics of the psychometrical function (cf.
Fig. 2) for three different subjects. The z-axis (represented via contour
lines) depicts the likelihood of the fit producing the specific test run
result; the z-ranges covered are: 0-5-1073, 0-3-1073, 0-6-107>,
respectively. The abscissa represents the acuity threshold, and slope
is on the ordinate.The two left graphs are typical for low and high
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acuity cases; the right one depicts a run where the subject gave an
incorrect response to a (very easy) bonus trial, resulting in a low slope.
In none of the 148 cases was there a marked obliqueness of the
likelihood ‘hill’ (the center graph represents an extreme case),
indicating that the threshold estimate does not depend strongly on
the slope
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The run data thus obtained (similar to those depicted in
Fig. 3) were fitted with a psychometric function P using
maximum-likelihood [21, 24] where both the threshold v,
and slope s were free parameters according to the following
Eq. (1):

P(V):pchance+(1 - pchance)/(l—i_(yo/y)s)) (1)

To asses the quality of these post-hoc acuity values, their
test-retest variability was calculated. To quantify test-retest
variability, often the correlation coefficient is calculated.
This, however, depends strongly on the total range, and one
can achieve high values just by including endpoint values.
The mean coefficient of variation (CV) across every test-
retest pair does not suffer from this limitation and was
chosen instead. There is one problem using the CV though:
VA is not normally distributed, but logVA or logMAR are.
But the CV calculation cannot be applied to data crossing
zero, which is the case with both logVA and logMAR.
Since the test-retest values are rather close (around 10%),
and, as mathematicians say, everything is linear to the first
order, the CV was calculated on the VA scale.

Results

In Fig. 3, two representative runs of FrACT in two subjects
are depicted. It can be seen that a run starts with “easy”
optotypes (low acuity) that become smaller until an
incorrect response is encountered (the fifth trial for the
upper example). Consequently, the Best-PEST algorithm
next selects a somewhat larger optotype.

The average time per 18-trial run, including data transfer
to a spreadsheet, was 103+40 s (range, 53-210 s). It took
about 6 min for the acuity of both eyes including a
binocular training run.

Figure 4 demonstrates that the threshold obtained by
fitting the psychometric function with slope as another free
parameter never differed by more than one line (1 dB, or a
factor of 1.26) from the one obtained by Best PEST. On
average, the results differed by 1.1%. The slope ranged
widely from 2.0 to over 100, averaging at 17.0; this is
markedly higher than the slope value of 1.7 currently used.
Figure 5 depicts the maximal likelihood function depending
on slope and threshold (decimal acuity) for three represen-
tative cases. On the left, the slope of the psychometric
function is very steep, while on the right it is very shallow
(in that run, an incorrect response to a large optotype, a
bonus trial, was entered). The threshold depends very little
on slope as can be seen from the missing obliqueness of the
likelihood vs. slope and threshold function. A brief
explanation of the likelihood function may be in order:
Likelihood is the hypothetical probability that an event that

has already occurred will yield a specific outcome. The
concept differs from that of a probability in that a
probability refers to the occurrence of future events, while
a likelihood refers to past events with known outcomes
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Fig. 6 Test-retest variability of FrACT using 18 trials: 74 eyes of 37
naive, visually normal subjects, not necessarily wearing best correc-
tion, were analyzed. (a) Scatter plot. Along the continuous 45° line,
perfect reproducibility would be obtained. The parallel dashed lines
indicate a deviation of £3 lines on retest from the initial test. There
was no improvement of repeatability by post-hoc analysis. (b) The
best-PEST data, depicted as difference test-retest vs. average of test-
retest (Bland-Altman plot [4, 5]); the abscissa covers the same range
as (a). The mean test-retest difference is close to zero, and variability
does not change markedly across the acuity range covered
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[22]. The event here is the occurrence of the entire
sequence of correct-incorrect responses, given the specific
values of acuity threshold and slope value (cf. Fig. 1).

Figure 6 illustrates the test-retest reproducibility. Points
on the continous 45° line would be perfectly reproduced,;
the dashed lines correspond to deviations by a factor of two
(corresponding to three lines on an acuity chart or 3 dB).
For the Best-PEST method, 72 of 74 (97.3%) run pairs
differed by 2 dB or less; the mean CV was 12.9£9.7%.
After post-hoc processing, 73 of 74 (98.6%) run pairs
differed by 2 dB or less; the mean CV was 13.5+9.7%.
Thus, post-processing does not yield significantly different
thresholds (P=0.79, Wilcoxon test), it does not reduce test-
retest variability, and it removes about as many outliers as it
adds. In Fig. 6b, the Best-Pest results are depicted as a
Bland-Altman [4, 5] plot (after taking the logarithm of all
acuities, the difference test-retest vs. average of test-retest).
The mean difference (dotted line) was 0.025 logMAR, and
the dashed lines indicate £2-SD around the mean (2-SD=
0.196 logMAR). This plot shows that: (1) The negative
mean difference hints at a small, though insignificant (P=
0.6) learning effect, and (2) there is no marked skewness for
low acuities, but a tendency towards higher variability. The
post-hoc data have been left out to avoid clutter; the mean
difference was 0.014 logMAR and the 95% confidence
band is spanned by 0.204 logMAR.

Discussion

The old version of FrACT has been successfully validated
in independent laboratories [7, 14, 23]. The new version is
geometrically identical and showed an agreement between
the (new) FrACT and ETDRS charts within 9% down to
very low acuities in the author’s laboratory [19]. This
suggests that the FrACT results are bias-free estimators of
visual acuity over the full range from ~0.01 to =3.0. The
present study assessed the test-retest variability of FrACT
with only 18 trials. The test-retest variability as quantified
by the coefficient of variation (CV) of VA was around 13%,
corresponding to about half a line (1 line = a factor of 1.26).
The corresponding 95% confidence interval spans +0.196
logMAR. This leaves room for improvement.

The post-hoc analysis, namely fitting slope as another
free parameter in addition to the threshold, resulted in
nearly identical acuity estimates and nearly identical
average test-retest values. The maximum likelihood fitting
surface showed that slope and threshold are highly
decoupled; in other words, whichever value of slope is
chosen has very little influence on the acuity outcome. This
suggests that the fixed slope as used in Best PEST is no
disadvantage. Somewhat disappointingly, post-hoc process-
ing did not improve test-retest variability. Either this
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reflects inherent fluctuation of the threshold itself, or the
loss of degrees of freedom to estimate the additional
parameter slope offsets a possible closer approximation of
the psychometric function. Still, post-hoc processing has
been integrated into FrACT as an option.

A number of additional modifications of the post-hoc
analysis were tried out: removal of the bonus trial results,
restricting analysis to the final part, iteratively removing
outliers, and removing erroneous bonus trials. None of
these modifications resulted in a lower test-retest variability.

One problem of FrACT occurs when a subject mistypes
their first response; that is when a very large optotype is
seemingly not recognized correctly. The Best-PEST algo-
rithm then searches too long for the threshold in the low
acuity region and may not converge to full acuity. In such a
case, it is best to abort the run and restart. This was not
necessary in the present study.

The main application fields for FrACT are thus clinical
studies where acuity is an outcome variable. FrACT can be
seen as an automated alternative to ETDRS, extending its
range both at the upper and lower end and being safe from
being learned by heart on repeated testing. In laboratory
environments, FrACT has proven useful for subject
screening and for quantifying acuity after optical or
physiological manipulations. Since the present study was
not successful in reducing the variability of the rather short
18-trial runs, for highly reliable results, the test should
either be repeated and the results averaged, or the number
of trials should be increased to 30 [1, 19].
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