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To date, there are no generally accepted optotypes for monitoring visual acuity. All common opto-
types are not completely suitable for some reasons. The tasks requiring visual monitoring — in-
vestigation of visual development, early diagnostics, assessment of treatment — impose heavy
demands on the test stimuli. They must be: (1) suitable for patients of any age; (2) convenient for
repeatable examinations; and (3) accurate enough for revealing the smallest physiologically sig-
nificant changes of visual acuity. From theoretical consideration, one could conclude that the op-
totypes for monitoring visual acuity should be designed for measuring visual resolution but not
recognition, unlike most popular optotypes. The best optotypes for visual resolution are grating-
like stimuli whose recognition could only be based on the high frequency part of the Fourier spec-
trum around the characteristic frequency (not on the low-frequency components). On the basis of
theoretical analysis we elaborated modified 3-bar optotypes, which minimise the possibility of us-
ing low-frequency cues for stimulus recognition. In this paper we present the results of theoretical
and experimental comparison of these optotypes with the two widely used ones: tumbling-E and
standard 3-bar targets. According to the data obtained, our modified optotypes seem to be better
than other investigated ones for monitoring visual acuity.

Key words: visual acuity, resolution, recognition, tumbling-E, 3-bar target, low-frequency cues.

INTRODUCTION

Assessment of visual acuity is an obligatory procedure in
any examination of the subject’s visual capabilities. How-
ever, up to date, there is no consensus among optometrists
and visual scientists regarding the best test stimuli, measur-
ing procedures and conditions of measurements. In one and
the same individual, the result of visual acuity assessment
depends on many physical, physiological and cognitive fac-
tors. Due to the absence of a standard, universally adopted,
convenient and not time-consuming technique, visual acuity
is rarely measured accurately if it is not crucial for the
study. Regular optometric screening studies are mainly
aimed at revealing negative deviations from conventional
norms. Visual scientists carrying out various experiments
not related to investigation of the mechanisms of visual acu-
ity, usually perform only rough examination to become con-
vinced that their subjects have conventionally normal vi-
sion. The opticians often obviate the need for measuring vi-
sual acuity at all, since the main objective they pursue is to
prescribe the best optical correction for the patient and it is
evident that this objective can be achieved without accurate
visual acuity assessment. One can simply ask the patient to
try various eye-glasses while looking at a proper set of im-
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ages differing in size. In particular, if a patient needs eye-
glasses mainly for reading, the optimal test stimuli would
evidently be some fragments of the printed text with letters
of various sizes. For preschool children, the optimal stimuli
can be simplified images of familiar objects or animals.

Herman Snellen was the first to design special images for
the purpose of visual acuity measurements and named them
“optotypes” (Snellen, 1862). Intuitively, a proper choice of
the optotypes seemed to be very important for the accuracy
and reliability of measurements, but many optotypes used in
the past and nowadays were created without g serious analy-
sis of their properties and the information they can provide
about the subject’s visual system.

The majority of popular complex test stimuli — letters, pic-
tures, Lea symbols, etc. require many parameters for de-
scription. Moreover, researchers are often unaware of which
visual task is solved by the subjects in their investigation:
detection, resolution, discrimination, or recognition? This
presents serious difficulties in correlating the results of
measurements with the stimulus parameters and in choosing
an adequate quantitative measure of visual acuity. In this
paper we consider the problem of choosing the most practi-
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cable optotypes for monitoring visual acuity, taking into ac-
count both theoretical demands and the constraints deter-
mined by physiological, psychological and technical
factors.

To characterise differences between different optotypes, the
following questions need to be addressed:

* Which parameters of the test stimuli determine visual de-
tection, resolution, discrimination, recognition, etc.?

* How does the final decision emerge from the results of
analysing various stimulus parameters in visual path-
ways?

¢ Is the decision rule the same or different in different sub-
jects?

It is rather difficult to answer these queries due to very com-
plex organisation of image processing in the human visual
system. In the first approximation, one can distinguish the
following principal steps in any procedure of measuring vis-
ual acuity.

Before the measurements, a proper instruction is given to
the subject: all the test stimuli selected for examination are
presented and an examiner makes the subject aware about
the required responses. The subject’s visual system uses the
information gained to find or create the conforming neural
images (templates) in the memory.

At the next step, one of the test stimuli (chosen at random
from the set used) is presented to the subject and the pro-
jected retinal image undergoes transformations at the first
level of information processing. The outputs of this level
can be considered as the primary signals that undergo pro-
cessing at the elementary first level modules and transmit-
ting to the second level modules selective to certain combi-
nations of the primary signals. In its turn, at the second
level, the outputs of the first level undergo processing and
transmitting to the third level modules, and so on. In addi-
tion, there is need to consider feedbacks between different
levels and between modules within the levels. As a result, a
given stimulus can be represented in the visual system as a
dynamic pattern of selectively activated pathways in the
heterarchically organised neural net with feedforward and
feedback connections.

It is evident that, in the case of complex test images, a com-
plete analysis of image processing requires consideration of
many neural pathways and voluminous calculations. Taking
into account specific features of various optotypes, it is
clear that each of them can excite its own specific combina-
tion of pathways, and, therefore, in a general case, it is not
legitimate to consider the results obtained with different
optotypes as representing one and the same visual capabil-
ity. This point was realised by the thoughtful researchers
long ago, and it was Pirenne who offered what might be the
best formulation of this idea: “There are in fact as many ‘vi-
sual acuities’ as there are types of test objects” (Pirenne,
1962).
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Thus, the analysis of information processing during visual
acuity measurement should include consideration of many
functional modules at several levels of the human visual
system. For this reason, different specific terms have come
into use to distinguish different kinds of visual acuities
measured by means of different optotypes and procedures.
Popular classification implies the following four categories:
detection, resolution, discrimination, and recognition. How-
ever, this classification cannot be considered as satisfactory.
In view of a potentially infinite number of various complex
test images, the possible combinations of the functioning
modules can hardly be classified into four definite classes.

A lot of neurophysiologic and psychophysical data, as well
as clinical examination of patients with visual brain injuries,
provide evidence that local impairment can have very selec-
tive effect on stimulus recognition. For example, some vi-
sual deficits make it impossible to recognise letters (alexia
literalis) or faces (prosopagnosia). This means that it is not
always sufficient to say what kind of visual acuity the au-
thors were trying to measure: it is important to add more in-
formation about the stimulus parameters, its semantics, and
familiarity to the subject.

However, if visual acuity has to be measured for purposes
like monitoring visual system development, early diagnos-
tics, or controlling visual rehabilitation, it is reasonable to
use certain universal test stimuli that are suitable for repeat-
able accurate examinations over a long period of time and
must provide a possibility to notice small changes in visual
acuity (either negative due to progression of a pathology or
positive due to maturation or rehabilitation). It would be
ideal if identical test stimuli could be used over the whole
span of life including infancy and early childhood. Taking
into account that the higher visual mechanisms gradually
develop during many years and require learning, it is evi-
dent that the universal stimuli for monitoring visual acuity
should be simple enough to be processed by the low-level
visual modules functioning from infancy.

It is obvious that, at threshold, recognition of the test figures
should be determined by their fine structure — the size of
the smallest details (W) — but should not be based on indi-
rect cues like asymmetry, difference in total area, horizon-
tal/vertical proportions and other more rough features. The
inadequacy of some test images in this respect are easily
seen in the charts and slides for children and illiterate sub-
jects (Fig. 1).

In terms of Fourier spectral analysis, the fine structure of
the image is reflected mostly in the parameters of the high
frequency part of its spectrum around the characteristic spa-
tial frequency of the image, F, = 1/2W, while more rough
features reveal themselves in the low frequency parts of the
spectrum. Ideally, recognition of the test stimuli should be
based on one critical parameter — F_. Among the test stim-
uli used for visual acuity assessment, there is only one type
of stimuli that can be characterised by one critical parame-
ter: the extended sine wave grating. Its spatial frequency
can be used as a direct measure of visual resolution.
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Fig. 1. Fragments of pictorial test sets for measuring visual acuity in chil-
dren and illiterate subjects. Many optotypes can be distinguished using

some indirect cues for recognition: asymmetry, difference in total area,
horizontal/vertical proportions and other rougher features.
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Since the extended sine wave gratings have serious disad-
vantages in practical usage, we decided to search for the
more appropriate grating-style test stimuli among the com-
monly used and practicable ones and dwelled on the well-
known 3-bar resolution target (USAF-1951). “The 3-bar tar-
get is a transition stimulus which blends the features of spa-
tially extended sinusoidal gratings (with harmonically pure
spectra) and spatially compact letters (with rich Fourier
spectra)” (Anderson and Thibos, 1999a).

We performed several series of experiments to investigate
visual processing of the standard 3-bar target and the two
other types of simple stimuli similar to it in structure:
slightly modified 3-bar target and the widely used tum-
bling-E optotype. Some results of these experimental inves-
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tigations as well as the results of their theoretical analyses
and modelling have already been published in Russian
(Lebedev et al., 2010; Rozhkova et al., 2012; Lebedev,
2015). Here we describe unpublished or very briefly pub-
lished data (Rozhkova and Lebedev, 2010; Rozhkova, 2013;
Rozhkova et al., 2014), and also include some previous re-
sults for completeness and logic of presentation. Some of
these results appeared to be unexpected and crucial for un-
derstanding the essence of visual acuity measurements.

DETAILED CHARACTERISTICS OF THE OPTOTYPES
INVESTIGATED

The important characteristics of the grating-style optotypes
used in our comparative study are presented in Figures 2-5.
The test stimuli were: standard (SV, SH) and modified
(MV, MH) 3-bar resolution targets with vertical and hori-
zontal bar orientation (Fig. 2, A and B) and tumbing-E im-
ages (Fig. 2, C). In MV and MH the bars were somewhat
longer than in SV and SH. The reason for such modification
of the standard 3-bar optotype is explained below. For all
these optotypes, the characteristic frequencies F, are deter-
mined by the width of the lines W, i.e. F, = 1/(2W). At first
approximation, it seems natural to suppose that different
simple optotypes having the same width of the lines (W)

A Standard 3-bar
SV SH

C Tumbling-E

B Modified 3-bar
1l E m

===

'

Fig. 2. The optotypes investigated in our work: standard (A) and modified
(B) 3-bar targets and tumbling-E (C).

E 3

Fig. 3. Difference Fourier power spectra cal-
culated for widely used optotypes: standard
3-bar targets (A) and tumbling-E (B, C). The
frequency scales are normalised in relation
to the characteristic spatial frequency Fe.
The upper rows show the pairs taken for cal-
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culation; the intermediate rows show their
luminance differences (grey background cor-
responds to zero value).

329

Unauthenticated
Download Date | 11/15/17 12:09 PM



should be recognised equally easy (or hard). This means
that, supposedly, examination of one and the same subject
using these three types of the test stimuli should give one
and the same threshold size value, i.e. the same value of vi-
sual acuity. Experimental investigations revealed that this
was not the case: the results obtained with different opto-
types appeared to be different. Moreover, inter-individual
differences indicated principally different ways of informa-
tion processing in different subjects.

The following analysis based on the difference Fourier
spectra might explain the cause of the discrepancy between
anticipated and really obtained results.

The subject’s task was to determine the orientation of the
stimulus presented. To see which of the spectral compo-
nents can contribute to the stimulus recognition, the differ-
ence spectra for each pair of the stimuli in the set can be
calculated. Taking into account the specific features and
symmetry of our simple optotypes, for such an analysis it
was sufficient to calculate one difference spectrum for each
pair of the 3-bar optotypes (standard and modified) and two
difference spectra for the tumbling-E.

Figure 3, A—C shows two-dimensional difference power
Fourier spectra for the standard 3-bar and tumbling-E pairs
of images. Similar patterns are found in earlier papers of au-
thors dealing with the same stimuli (Anderson and Thibos,
1999a; 1999b). These patterns contain many clusters of rel-
atively powerful frequency components. The four brightest
blobs in the difference spectrum calculated for the vertical
and horizontal standard 3-bar stimuli (Fig. 3, A), as well as
for the vertically and horizontally oriented tumbling-E stim-
uli (Fig. 3, B), are located on the horizontal and vertical
axes at the positions (£1) corresponding to the characteristic
frequency Fc. In the case of the left-right tumbling-E pair
(Fig. 3, C), such composition of the four bright blobs is not
expressed: in the central area within +1 corresponding to F_,
the spectral power is distributed more evenly and the largest
values are concentrated around the centre. These difference
spectra indicate that, in each pair of the stimuli, recognition
can be based both on the high-frequency and low-frequency
(HF and LF) information and that, in the case of the
left-right (and, by analogy, up-down) tumbling-E pair, the
LF components can provide an essential contribution to the
process of recognition. Regarding HF spectral components
with frequencies significantly higher than F_, they can be
ignored at threshold: their peaks are situated at 3 F_ and far-
ther, and therefore, they cannot be perceived because of the
optical limitations of the human visual system since, near
threshold, F, reaches the upper limit of the optical transfer
function (Campbell and Green, 1965).

In order to eliminate or reduce possibility of using LF infor-
mation for the stimulus recognition, we modified the stan-
dard 3-bar stimuli, slightly elongating the bars (by 15-20%)
in accordance with the results of our preliminary theoretical
analysis and experiments. It was found that such a modifi-
cation can provide elimination of LF components in the dif-
ference Fourier spectrum (Rozhkova et al., 2012). For better
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Fig. 4.

(I) Difference amplitude Fourier spectra calculated for the standard 3-bar
stimuli (column A) and for the modified 3-bar (with the bars elongated by
16%) stimuli (column B). Red circular lines encompass the peaks of posi-
tive and negative values of the difference around the characteristic spatial
frequency Fc. The white square frame indicates the area where LF compo-
nents are almost absent.

(II) The initial amplitude Fourier spectra of SH (column A) and MH (col-
umn B).

(IIT) The initial amplitude Fourier spectra of SV (column A) and MV (col-
umn B).

illustration, in Figure 4, we show the amplitude but not the
power difference Fourier spectra of the standard and modi-
fied 3-bar stimuli and have clipped the pictures excluding
ineffective higher components in order to use a larger scale.
In this figure, a neutral green colour means zero amplitude
of the spectral components, while yellow-orange and blue
blobs correspond to the well expressed sine wave compo-
nents with the opposite phases.

Figure 4 contains not only the difference Fourier spectra for
SH-SV and MH-MV but also the initial Fourier spectra of
SH, SV, MH, MV. The difference Fourier spectra for
SH-SV (Fig. 4, A, I) and MH-MV (Fig. 4, B, I) can be dis-
tinguished rather easily by comparing their central areas: in
the case of the modified stimuli, LF components are almost
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absent whereas, in the case of the standard stimuli, LF com-
position of the four blobs is similar to the main composition
at F_, but has the opposite colours in the blobs of corre-
sponding locations.

The effect of the described modification on the stimulus vis-
ibility at threshold is illustrated in Figure 5, which presents
the results of modelling (Lebedev, 2015). This figure shows
the blurred images calculated by means of inverse Fourier
transform for the LF components of the standard and modi-
fied 3-bar stimuli. It is clearly seen that SV and SH produce
images elongated across the bars and, therefore, they can be
easily distinguished whereas MV and MH produce square
images that are indistinguishable.

It should be particularly noted that the whole LF-images of
SH and SV have orientations opposite to the orientations of
the bars, i.e. blurred image elongation is orthogonal to the
stimulus bars. Because of this feature, LF-information can
be interpreted erroneously as indicating the opposite stimu-
lus orientation: the response to SV would be SH and vice
versa. However, there is also a possibility to use this
LF-information properly taking into account the indicated
orthogonality and thereby increasing probability of right re-
sponses to SV and SH. In the case of MV and MH,
LF-information does not contain such cues of the stimulus
orientation and, therefore, does not contribute to the stimu-
lus recognition.

EXPERIMENTAL SERIES I: PSYCHOMETRIC FUNC-
TIONS FOR THE OPTOTYPES INVESTIGATED

From the above consideration, it follows that one can antici-
pate significant inter-individual variability of psychometric
functions in the case of the standard 3-bar stimuli (S3B),
since the LF-components of their Fourier spectra can be
used for stimulus recognition and, probably, used differ-
ently by different subjects. In the case of the modified 3-bar
stimuli (M3B), one might anticipate lesser variability of the
psychometric functions, since the LF-components of their
Fourier spectra cannot be used for stimulus recognition. Re-
garding the tumbling-E, there might be an intermediate de-
gree of variability, taking into account rich patterns of
LF-components in their difference Fourier spectra and, at
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Modified 3-bar

MH

Fig. 5. Schematic illustration of contri-
bution of LF-components to the per-
ceived blurred images at resolution
threshold. The images were calculated
by means of inverse Fourier transform.
Note the difference in the image orien-
tations in the case of SV and SH (elon-
gation across bars) and the absence of a
similar difference in the case of MV
and MH. The results of modelling
(Lebedev, 2015).

the same time, the absence of clear evidence of their possi-
ble misuse. It seems likely, that, in most cases, the
LF-information contained in tumbling-E can be used prop-
erly for stimulus recognition, thereby increasing probability
of right responses and leading to some overestimation of the
visual acuity in comparison with the M3B, which provides
more correct values. Unfortunately, the direct comparison
of the psychometric functions for the 3-bar and tumbling-E
stimuli is problematic because of the difference in chance
levels of the stimulus recognition: 50% for the 3-bar and
25% for the tumbling-E stimuli. However, this circum-
stance is not essential for the analysis of inter-individual
differences.

METHODS

The psychometric functions for the S3B and M3B stimuli
and tumbling-E were obtained by means of conventional
procedures using orientation discrimination task. The aims
and objectives of the tasks to be performed were fully ex-
plained to participants and consent was obtained. All proce-
dures conformed to the tenets of the Declaration of Hel-
sinki.

Subjects. The subjects were 15 adult volunteers aged 18-61
years; six of them were students (18-25 years). The subjects
with refractive anomalies used proper glasses.

Stimuli. Original test charts containing S3B, M3B, and
tumbling-E were created. Black images were printed on
white paper using a professional printer HP LaserJet 1200
with 1200 dpi resolution. To avoid crowding effects, the
distances between any adjacent optotypes were made not
less than twice the size of the optotype. The level of the
chart illumination was 1000 Ix; the level of the ambient
light in the room corresponded to 60-70 Ix.

Procedure. The test charts with tumbling-E, S3B and M3B
stimuli were presented in a quasi-random sequence at dis-
tance of 4 m. The subject viewed the chart binocularly. In
each subject, 40-100 responses were collected for each
point of the psychometric functions in the task of discrimi-
nation of the stimulus orientation. Several experimental ses-
sions (2—4) were performed with each subject.
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RESULTS

Paired comparisons of the psychometric functions for the
optotypes investigated are presented in Figures 6 and 7.
These data illustrate principal inter-subject variability: the
psychometric curves for the S3B and M3B and the tum-
bling-E had different interposition in different subjects. Fig-
ure 6 shows the psychometric functions obtained in nine
subjects for the S3B and tumbling-E. Each graph includes a
pair of the psychometric functions belonging to one subject;
the three columns present triplets of graphs belonging to the
subjects with principally different interposition of the
curves for the two optotypes. In the left column, the curves
obtained for tumbling-E run lower than the curves for S3B
type; in the central column, the interposition of the curves is
inverted; in the right column, the pairs of the curves run to-
gether.

In the case of tumbling E, after reaching the chance level of
25%, the subjects usually refused to continue examination
with the smaller stimuli saying that they could not see any
difference between the stimuli presented. However, in the
case of S3B stimuli, some subjects continued to respond
readily after crossing the theoretical chance level (50%) and

showed 70-90% of wrong responses. Such different behav-
iour of different subjects can be interpreted as follows: the
subjects of the right column only relied on HF-information
contained in both optotypes and did not use LF-information,
while the subjects of the left and central columns certainly
used it differently. Proper usage of the LF-information con-
tained in the S3B stimuli increased the probability of right
responses (the left column), whereas misuse of this informa-
tion increased the probability of wrong responses and some-
times, led to clear prevalence of the “opposite” responses
resulting in paradoxical shape of the psychometric curves
(central column). The most interesting cases of paradoxical
psychometric curves obtained for the S3B optotype demon-
strated that, at threshold, certain subjects can systematically
give responses opposite to the right ones but not random.

Similar data were obtained when the S3B and M3B
optotypes were compared. Figure 7 shows the individual
data of three subjects with typical interpositions of the
psychometric curves analogous to Figure 6. Here, one can
also notice manifestations of proper use of LF information
(I), misuse of this information (II), and ignoring it (III) in
the case of S3B stimuli.
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Fig. 6. Psychometric functions obtained in nine subjects for tumbling-E and S3B stimuli. The three vertical columns correspond to the three types of subjects

with different interpositions of the curves for the two optotypes.
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Thus, our experimental data on the psychometric curves for
the three investigated optotypes indicated a possibility of an
essential and individually varying influence of the LF-com-
ponents on the psychometric curves and, therefore, on vi-
sual acuity measurements. This possibility was further in-
vestigated in the following two series of experiments.

EXPERIMENTAL SERIES I1I: THE DATA ON THE EF-
FECT OF LEARNING

A special series of experiments was devoted to study the in-
fluence of LF components of the optotypes on changes of
visual acuity scores with repetition due to learning effects.
It was supposed that such effects could manifest themselves
as specific changes in the shapes of psychometric functions
in repeated sessions.

METHODS

Subjects. The subjects were five naive young adults (21-23
yrs.) having no experience in psychometric experiments and
one experienced subject (51 yrs.).

Stimuli. The charts used for obtaining psychometric func-
tion were the same as in the experimental series I.

Procedure. The psychometric functions for the S3B and
M3B stimuli were obtained repeatedly with short time inter-
vals (1-3 days). In this series of experiments, the data for
psychometric functions were collected in conditions of pre-
senting stimuli of the test chart through a rectangular win-
dow, line by line, starting from the smallest size.

The purpose of such an order was to eliminate a possibility
to compare the orientation of the bars and the whole image
shapes in well seen large optotypes on the same chart.

All procedures conformed to the tenets of the Declaration of
Helsinki.

RESULTS

In Figure 8, the most demonstrative graphs are presented
showing the effect of learning on recognition of the S3B
and M3B stimuli in two naive subjects.
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The upper row contains three pairs of psychometric func-
tions obtained in one and the same subject (MG) at the first,
second and third successive experimental sessions. Taking
into account the analysis presented above, it can be con-
cluded that, initially, during the first session, this subject
misused LF-information contained in S3B and, during the
second session, the situation did not change: in both cases,
the psychometric curves for S3B ran below the curves for
M3B and crossed the chance level. There was even an in-
crease in the efficiency of misusage: in the second session,
the S3B curve was steeper than in the first one. However, at
the third session, the subject suddenly understood that his
interpretation of the threshold blurred image orientation was
wrong and began to interpret it properly. Naturally, this led
to an abrupt change of responses and inversion of the curve
interposition indicating transition to proper usage of the
LF-information due to some “insight” as a result of learn-
ing. Similar data (not presented in Figure 8) were also ob-
tained in another naive subject EF.

The lower row shows another typical case: from the very
beginning, the subject AB was capable of using properly the
LF-information contained in the S3B stimuli and this capa-
bility significantly improved with learning.

As for M3B, in the results of these three subjects, there was
no evidence of dramatic changes and the data obtained did
not allow to judge if there were any learning effects.

In the data of the rest two naive subjects and in the data of
the experienced subject there was no manifestation of learn-
ing, but the reasons appeared to be different. The experi-
enced subject BA belongs to the type I of Figure 7 and dem-
onstrated proper usage of the LF information, equally
effective from the beginning to the end of the experimental
series, while the two naive subjects EK and NZ belong to
the type III of Figure 7 and had not used LF information.

It is obvious that subjects are not always aware of the inti-
mate details of visual processing in the course of image rec-
ognition. Changes in the way and the extent of using
LF-information can occur unconsciously. Further, it is rea-
sonable to think that, in a certain range of near-threshold
stimulus sizes, visual image processing is inevitably uncon-
scious and uncontrollable. Thus, the structural features of
S3B and a possibility to compare the data obtained for the

333

Unauthenticated
Download Date | 11/15/17 12:09 PM



MG-1 MG-2
100 100
80 80
% Ol S Chance fevel o &1 " [ ... Chance lovel
40 40
20 20
0 0
0.3 05 07 0.3 05 07
Bar Width (minarc) Bar Width (minarc)
AB-1 AB-2
100 100 /\/—.-—
80 80
g e N —— Change fevel
40 40 '
20 20
0&3 0.5 07 00_3 0.5 0.7
Bar Width (minarc) Bar Width (minarc)

S3B and M3B optotypes provided a chance to clarify the in-
fluence of the LF-information on the results of threshold
measurements.

EXPERIMENTAL SERIES IlI: TEST-RETEST DATA FOR
THE THREE OPTOTYPES INVESTIGATED

One of the best ways to compare the qualities of the
optotypes is to assess test-retest reliability of the results pro-
vided by each optotype. Here, we present test-retest data ob-
tained in healthy adults and in children with ophthalmo-
pathology to demonstrate concordance of general
conclusions regarding the optotypes investigated. In brief,
our test-retest experiments showed significantly better
reproducibility of measurements with M3B targets in com-
parison to two other optotypes: S3B and tumbling-E.

METHODS

Subjects. The testing was performed differently in two
groups of subjects. The first group consisted of 17 adult
volunteers (18-75 yrs., median — 38), and the second
group consisted of 65 children (7-18 yrs., median — 13)
with ophthalmopathology. The subjects used proper glasses
if needed.

The purpose and the tasks to be performed were fully ex-
plained to participants and consent was obtained. All proce-
dures conformed to the tenets of the Declaration of Hel-
sinki.

Procedures. (1) In the group of adults, visual acuity was as-
sessed in monocular viewing conditions by means of inter-
active software (elaborated by A. Terekhin) providing pre-
sentation of various optotypes (S3B, M3B and tumbling-E)
and recording subject responses. The stimuli were generated
on the display with pixel size 0.18 mm. The display lumi-
nance was 100 cd/m>. The viewing distance was 6 m.
Twelve sessions were performed with each adult subject:
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twice (test and retest) for each eye and each stimulus type
(tumbling-E, S3B and M3B). The interval between test and
retest sessions was variable (depending on subject fatigue),
but enough for recovery.

(2) In the group of children with ophthalmopathology, vi-
sual acuity was assessed by means of our original printed
test-charts containing the lines either with M3B or with
tumbling-E stimuli. The test charts and conditions of mea-
surements were the same as in the experimental series [. We
excluded S3B from this clinical work to avoid subject fa-
tigue. The steps in size were about 10% (approximately
0.5 logMAR). The viewing distance was 4 m. Eight ses-
sions were performed with each subject: twice (test and re-
test) for each eye and for each stimulus type (tumbling-E
and M3B). The interval between test and retest sessions in
children group also was variable (depending on subject fa-
tigue), but enough for recovery.

RESULTS

The average values of visual acuity obtained in the group of
adults are presented in Table 1. Analysing this table and
paying special attention to the right column (SD for differ-
ence retest-test), it can be concluded that M3B provided the
best test-retest reproducibility of the visual acuity measure-
ments. The tumbling-E optotype provided somewhat larger
values of visual acuity than M3B in both sessions — this
can be treated as overestimation of resolution capabilities in

Table 1

TEST-RETEST RESULTS OF MONOCULAR VISUAL ACUITY MEA-
SUREMENTS (DEC. UNITS) IN ADULTS (17 subjects, 34 eyes)

Optotype Mean +SD, | Mean £SD, Mean SD
TEST RETEST difference |for difference

Modified 3-bar  1.11+0.23 1.12+0.25 0.017 0.14

Standard 3-bar  1.08 £0.32  1.10+0.27 0.024 0.24

Tumbling-E 121039 1.19+0.32 -0.021 0.22
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Table 2
TEST-RETEST RESULTS OF MONOCULAR VISUAL ACUITY MEA-

SUREMENTS (DEC. UNITS) IN CHILDREN WITH
OPHTHALMOPATHOLOGY (65 subjects, 130 eyes)
Optotype Mean +SD, | Mean £SD, Mean SD
TEST RETEST difference |for difference
Modified 3-bar  0.66 +0.27  0.66 +0.27 0.00 0.017
Tumbling-E 0.61 £0.26 0.67£0.27 0.06 0.074

the case of tumbling-E due to usage of LF-information. At
the same time, despite a possibility to use LF-information,
the average values for S3B appeared to be almost equal to
those for M3B, supposedly, because the LF-information
contained in S3B was used properly by some subjects and
misused by the others, leading to neutralisation of the posi-
tive and negative deviations in the course of averaging. It is
interesting that, in S3B and tumbling-E optotypes, the total
negative effects of using LF-information on the test-retest
reliability were quantitatively similar (see the right column).

The results of visual acuity measurements in the group of
children with ophthalmopathology presented in Table 2
demonstrate an evident advantage of M3B concerning
test-retest reliability. It is noteworthy that, in contrast to
adults, lower values of visual acuity were obtained with
tumbling-E than with M3B at the first session. This differ-
ence might be due to the difficulties for some children to
name correctly the left and right configurations of tum-
bling-E. At the second session, the visual acuity scores (val-
ues) obtained with tumbling-E appeared to be higher than at
the first one, evidently indicating the effect of learning. This
tendency is also visible on the histograms of retest-test dif-
ferences shown in Figure 9: note that, in the case of tum-
bling-E, the majority of the difference values are positive.

The analysis of the Tables 1, 2 and the histograms leads to
the conclusion that M3B can provide better test-retest
reproducibility than tumbling-E and S3B both in adults and
children.

DISCUSSION

Visual acuity measurements with various optotypes. Our
investigation presents direct evidence of principal inter-
subject differences concerning the way of using low-fre-
quency information contained in the widely used optotypes

TumblingE (130 eyes)
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in addition to the main high-frequency information that,
ideally, should determine the true thresholds measured in
the course of visual acuity assessment. The low-frequency
components of the stimulus Fourier spectra manifest them-
selves in a general shape of the whole image, its symmetry
and proportions, providing some indirect cues for stimulus
recognition, although it is supposed that recognition should
be based on successful perception of fine stimulus details
corresponding to the high-frequency components. Intu-
itively, researchers have understood the importance of elim-
inating indirect cues for test stimulus recognition and, in
fact, the history of search for optimal optotypes reflects the
progress in excluding such indirect cues. Gradually, it was
also realised that different optotypes imply solving different
visual tasks and activation of different nervous circuits in
the visual brain whose structure appeared to be much more
complicated than one could imagine at the onset of visual
science.

Review of the literature available indicates that, on one
hand, many various optotypes were proposed and used by
ophthalmologists and visual scientists over time (Snellen,
1862; Green, 1868; Landolt, 1889; Sloan, 1959; Bennet,
1965; Baily and Lovie, 1976; Hyvarinen, 1980; Shelepin et
al., 1985; 1987; 1992; Polat and Sagi, 1993; Plainis et al.,
2007; Colenbrander, 2008; Koskin, 2009; etc.) but, on the
other hand, the principal achievements were limited in num-
ber. The overall variety of the optotypes includes letters,
numbers, geometrical figures, pictorial images in silhouette
and contour realizations, periodic black-white and grey-
scale patterns (Fig. 10).

Starting from the Snellen optotype, one can create a not so
long sequence of principally different optotypes trying to
range their quality for measuring visual resolution (Fig. 11):
standardised letters with serifs — standardised non-serif let-
ters — Landolt rings — tumbling-E — 3-bar resolution targets
— sine wave gratings — Gabor patches.

The main tendencies of modifications were: (1) simplifying
the optotype shape, (2) increasing similarity of the optotype
elements in the set, and (3) reducing the number of parame-
ters that distinguish each optotype in the set from the others.

Despite clear evidence of a great diversity of the pathways
that can be activated in the course of processing different
optotypes, there still remains a belief that the terms “resolu-
tion acuity” (“grating acuity”) and ‘“recognition acuity”

Modified 3-bar optotype(130 eyes)

Fig. 9. Histograms showing differences
in “retest-test” for tumbling E and M3B
stimuli obtained for the group of 65 chil-
dren with ophthalmopatology (130 eyes).
Note that, in the case of tumbling-E,
most differences are positive, i.e. visual
acuity values in retest were larger than in
the test, indicating the effect of learning.

335

Unauthenticated
Download Date | 11/15/17 12:09 PM



1862 1959 1987
Snellen (9 letters) Sloan (10 letters) Shelepin et al.

Letters E o D E=H E
ZF RS B

1888 Landolt -C Tumbling E Lea - symbols

Symbols o o a I.u
CO ME
[~
Periodic I I I I @
patterns
—
Gabor patch Cardiff cards
Vanishing UK
me [ E

Fig. 10. Examples of various optotypes used in practice.

zr rs co me = [ I

Fig. 11. Progressively improving optotypes regarding the assessment of vi-
sual resolution.

(“optotype acuity”) can be treated as certain unambiguous
concepts (e.g., Wittich et al., 2006; Stiers et al., 2003;
2004). In a recent study (Heinrich and Bach, 2013) the au-
thors analysed their data on measuring visual acuity with g
set of Landolt-C-style optotypes including test stimuli with
imbalanced and balanced luminance across potential gap lo-
cations. They concluded that “it is recognition acuity, rather
than resolution acuity, which is measured with standard
Landolt-style optoptypes, with the imbalanced luminance
serving as a cue”, and that “luminance-balanced optotypes
may help to obtain a more veridical estimate of resolution
acuity”. That is true but it is not the whole truth. Firstly, it
does not mean that the results obtained with other “recogni-
tion stimuli” (e.g., pictorial images, letters, Lea symbols,
tumbling-E) will be the same as with standard Landolt-C.
Secondly, any Landolt-style optotypes, including the lumi-
nance-balanced ones, are far from being optimal for mea-
suring resolution acuity because of high proportion of
low-frequency components in their Fourier spectra.

In fact, it is even not clear which of the stimulus parameters
should be used as a critical one for quantitative characterisa-
tion and comparison of the Landolt-C stimuli (Bondarko
and Danilova, 1997). There are two natural approaches to
answer this question: the theoretical one, based on calcula-
tions, and the empirical one, based on clinical experiments.

The first approach suggests establishing the equivalence of
the test stimuli (in view of their recognition difficulty) on
the basis of certain characteristic spatial frequency F.. The
convention among the followers of this approach is to
equate the size of the smallest detail W (e.g. the stroke
width in the letter or the gap width in the Landolt-C) to half
a period of a sine wave function with “characteristic fre-
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quency” F_ thus defining F, as 1/(2W). This convention
seems rather reasonable in many cases since the Fourier
spectra of most optotypes reveal a prominent peak of power
at F_. However, this approach ignores the fact that, as a rule,
the optotypes contain a broad spectrum of spatial frequen-
cies above and below F_, which may be important for rec-
ognition. This shortage was justly considered by Anderson
and Thibos in investigation of relationship between acuity
for gratings and tumbling-E letters (Anderson and Thibos,
1999a; 1999b).

The second approach (recommended by ISO, 1994, 2009)
implies the employment of a specific calibration (correla-
tion) procedure aimed at matching the investigated set of
optotypes to the approved standard optotypes — Landolt Cs
— concerning the probabilities of right responses.

It should be noted that Landolt C is far from appropriate
for both approaches. The main two objections against
Landolt C can be formulated as follows:

- The structure of the Landolt C, per se, is not easy to corre-
late theoretically with visual acuity: it is not clear what criti-
cal frequency determines optotype recognition in the case of
such stimuli (Bondarko and Danilova, 1997).

- For many optotypes, the results of their matching with
Landolt C will be essentially dependent on the subject’s age
and experience.

Thus, it is apparent that in order to analyse the problem of
visual acuity measurement one should start from less com-
plex optotypes than Landolt C. That is why we did not use
Landolt C in our experiments.

In our previous study (Rozhkova et al., 2012), we found
that even much more simple optotypes — the well-known
standard 3-bar resolution targets — cannot be considered as
the proper stimuli for an accurate visual acuity measure-
ment. Taking into account the data obtained, we proposed to
employ a slightly modified version of the standard 3-bar
stimuli, which seemed to be more suitable for visual acuity
monitoring (Lebedev et al., 2012). In this paper, we briefly
summarised the advantages of modified 3-bar optotypes re-
vealed in our previous and new experiments on comparative
investigation of modified 3-bar optotypes and other opto-
types: (1) the uniformity of individual psychometric func-
tions; (2) better test-retest reliability — reproducibility of
visual acuity measurements; and (3) minimal effect of
learning. The analysis of our own data and the relevant data
available in literature allow us to formulate some general
conclusions regarding the structure of any practicable
optotypes designed for measuring visual acuity of any kind
(detection, resolution, discrimination, recognition, etc.) and
for any purpose (screening, monitoring, expertise).

The preliminary list of essential features required of
good optotypes for assessment of visual acuity

1. Easiness of luminance matching for all optotypes in the
set.
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2. Structural uniformity (similarity of components, elemen-
tary parts): all the stimuli in the set should excite similar
functional modules (detectors) at the periphery of the hu-
man visual system.

3. Gnosiological equivalence (involvement of the same
higher brain centres in discrimination of all symbols in the
set).

4. Equality of information content (to exclude a priori in-
equality in symbol significance and corresponding subject
motivation).

5. High power of the Fourier spectral components around
F_ — characteristic frequency reflecting the fine structure of
the optotype.

6. Identical values of the characteristic frequencies F, for all
symbols in the set.

7. Minimal inter-stimulus differences in the low frequency
domains of their Fourier spectra.

8. Equal probabilities of right responses to the test stimuli
of equal sizes and identical arrays of error probabilities
(probabilities of confusing each given stimulus with each
another one in the set).

9. Steep psychometric function: for an accurate assessment
of the threshold size, the probability of right responses
should rise rapidly with increasing optotype size.

10. Easiness of computer generation, presentation, and
printing (if necessary).

In addition to these general requirements, the tasks that are
based on visual monitoring — following visual develop-
ment, early diagnostics, assessment of treatment efficiency
— impose rather heavy demands on the test stimuli. They
must be: (1) suitable for patients of any age; (2) convenient
for repeatable examinations; and (3) accurate enough for re-
vealing the smallest physiologically significant changes of
visual acuity.

From our investigation it follows that the prospective
optotypes for visual acuity monitoring could be simple grat-
ing-like stimuli specially modified to exclude contribution
of low-frequency Fourier spectrum components to the stim-
ulus recognition.
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OPTIMALA OPTOTIPU STRUKTURA REDZES ASUMA NOVERTESANAI

Sobrid nav visparigi pienemtu optotipu, lai noveértétu redzes asumu. Ne visi izplatitakie optotipi ir vienmeér vienadi labi pielietojami.
Dazadie redzes funkciju novertéSanas uzdevumi — redzes attistibas izvertéSana, agrina diagnostika, arst€Sanas efektivitates novertéSana —
uzliek noteiktas prasibas testa stimuliem. Tiem jabut: (1) piemérotiem dazada vecuma pacientiem; (2) &rti pielietojamiem atkartotiem
izmeklgjumiem; (3) pietickami preciziem, lai noteiktu pat nelielas fiziologiski nozimigas izmainas redzes asuma. Balstoties uz teorétiskiem
pienémumiem, var secinat, ka redzes asuma noverté€Sanas optoptipiem ir jabut izstradatiem ta, lai noteiktu redzes izSkirtsp&ju, nevis
atpaziSanu, kam galvenokart piemeroti ir plasak izmantotie optotipi. Vislabakie optotipi, kas ir piemeéroti redzes izSkirtsp&jas noteikSanai, ir
rezgveida stimuli, kuru atpaziSana var bit balstita tikai uz Furjé spektra augsto frekven¢u dalu (bet ne uz zemo frekvencu komponenteém).
Balstoties uz teorétisko analizi, mes izstradajam modific€tos 3 svitru optotipus, samazinot iesp€ju izmantot zemo frekvencu norades
stimulu atpaziSanai. Saja darba més demonstréjam rezultatus, kas iegiti, veicot teorétisku un eksperimentilu izveidoto optotipu
salidzinasanu ar diviem popularakajiem optotipu veidiem: E-burtu un standarta 3 svitru optotipiem. Balstoties uz iegutajiem rezultatiem,
musu modificétie optotipi, salidzinot ar citiem $aja darba analizétajiem optotipu veidiem, varétu bt labak izmantojami, lai novertétu redzes
asumu.
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