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The paper presents a brief overview and analysis of various approaches to assessment of visual acuity (VA).
It aims to explicate the reasons of disparity of opinions among experts on the methods of assessing VA by re-
flecting on advantages and shortcomings of individual methods and the corresponding VA notations. In the
course of time, the number of methods and procedures of VA assessing was increasing; they became more di-
verse and complex. In parallel, the number of professionals who assessed VA for different purposes was also
increasing. Such state of affairs has resulted in certain difference between the views on the interpretation of
outcomes of VA measurement and to introducing different VA notations. Currently, however, reaching a con-
sensus among experts is becoming crucial since numerous research projects require cooperation of profes-
sionals from different areas and, also, involve international collaboration. In search of the common ground
for the consensus and the unified terminology and notation, it is reasonable to appraise the crux of the VA
assessment problem and, as well, rationales for a great variety of current viewpoints on solving the problem in
practice. An overview of contemporary approaches to assessment of VA points out that there exists the sole
primary measure of VA that can be obtained by a direct measurement and expressed by the base unit of spatial
metrics — the minimum angle of resolution (MAR, «,,) — defined as the minimum angle at which two points
are just perceived as separate. There exists one more measure, in place of MAR, — the critical spatial frequen-
cy (F,) — which can be gauged directly when one employs gratings of varying spatial frequency to estimate the
maximum (critical) spatial frequency above which periods of a grating can no longer be distinguished. It is
reasonable to consider all other VA measures as secondary, or derived, since these are calculated as functions
of a,,,. Introduction of various secondary measures, such as Snellen fraction, decimal units, logMAR, visual
efficiency (VE), visual acuity rating (VAR), and others, was stipulated by the demand of developing alterna-
tive notations of VA, which are more convenient and comprehensible, than a,,, for practitioners who assess
VA in applied areas for various purposes, such as screening, diagnostics, monitoring, rehabilitation, disability
determination, population statistical evaluations, designing of new VA tests etc. We conclude that, in view of
substantial differences of the purposes, requirements and criteria among experts in various areas, the quest
for a unique measure of VA, which would be optimal in all contexts, is probably unresolvable, as is establishing
of the ultimate, “gold standard”, practical method of VA assessment.
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INTRODUCTION: ISSUES IN ASSESSMENT cern, in the constellation handle, a double star: if one

OF VISUAL ACUITY

In a broader sense, visual acuity (VA) is considered
as the ability to detect and recognize small objects, and
to discern their elements. A colloquial term implying a
good VA is clear vision. It is hardly possible to ascertain
when the necessity of VA assessment was realized and
became practicable for the first time. It is known
though that in ancient Persia more than a thousand
years ago, there existed ‘the Test’, or ‘the Riddle’, that
was used to gauge warriors’ eyesight based on viewing
the constellation of Ursa Major (the Great Bear) on a
clear night (Bohigian, 2008). ‘The Test’ was to dis-

was able to see with the naked eye Alcor, faint com-
panion of Mizar, one has passed the Test. Adopted by
nomadic Arabs, ‘the Arabic Test’ was used in antiqui-
ty: in the Roman army it was necessary to pass this test
to become an archer.

For centuries past, methods and procedures devel-
oped for gauging vision greatly increased in number
and complexity in response to considerable variega-
tion of human activities that required satisfactory VA,
whereby its assessment became obligatory. It was a
long way from testing the visual ability of an ancient
warrior to discern the double stars in the night sky to
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the modern routine VA assessment by means of special
test stimuli either presented as charts or generated on
displays of computerized setups. In the last six de-
cades, we observe a significant increase in the number
of researchers, experts and practitioners, who assess
VA for different purposes and are accustomed to dif-
ferent methods as well as to differing VA notations.
The diversity of aims and purposes — and, according-
ly, the methods used — resulted in considerable loss of
consensus among the researchers performing VA as-
sessment and analysis. Currently, however, such a
consensus became crucial since many projects involve
collaboration of professionals from various national
institutions and, as well, international cooperation.

The claims of precise VA measurement and stan-
dardization of VA assessment appear in literature reg-
ularly since 1950s (e.g., Ogle, 1953; Sloan, 1980;
Lovie-Kitchin, 1988; Elliott, Sheridan, 1988; Siderov,
Tiu, 1999; Lovie-Kitchin, Brown, 2000; Beck et al.,
2003; Rosser et al., 2003; Koskin, 2009; Rozhkova,
Malych, 2017; Rozhkova, 2018). Unexpectedly, the
task of coordinating different approaches to VA assess-
ment appeared to be not a simple one and, perhaps,
not fully resolvable. To find the common ground for
the consensus and unification of the terminology, it
seems reasonable to begin with an analysis of the crux
of the VA assessment task and the rationale behind a
great variety of the existing views on its implementa-
tion in practice.

Regular procedures of VA assessment in an optom-
etrist’s office, by viewing charts with letters of different
size, are familiar to everyone. However, a universal
and generally accepted method for quantitative assess-
ment of VA has not been found so far. Moreover, prog-
ress in academic and clinical research makes it more
and more unlikely that such generic method can be ar-
rived at.

Despite considerable efforts, abundant theoretical
and practical problems remain unresolved with regard
to the best way of performing VA measurements.
Along with an obvious complexity of some optical,
physiological and psychological problems related to
the vision function, one of the most likely reasons of
this unfortunate situation is a significant variety of the
objectives of professionals working in different areas.
The issues of the VA assessment method and mea-
sures, which we consider below, can be categorized
based on the answers to the following key questions:

— Who requires “a good vision”?

— What for does VA need to be assessed?

— What is a proper representation, or notation, of
the VA assessment outcome?

— How will the VA data be used in practice?

WHO? In everyday life, a “clear vision” is crucial
for any human regulatory function, such as self-care,
orientation in space, successful communication, effi-
cient education, professional performance, competi-
tive sports, etc. It is apparent that proper information
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about one’s visual ability is required both for the per-
sons themselves and for people interacting with them
— parents, teachers, doctors, professionals, or design-
ers of visually perceived products (books, movies, TV-
broadcasts, social media), etc. Notably, from a func-
tional viewpoint, different types of visual behavior im-
ply different visual tasks, which vary in the required
accuracy and speed. The visual tasks include detection
and recognition of individuals and objects, determin-
ing their location and properties (size, shape, direction
of movement), forecasting incidents and accidents
(falls, collisions, fatal errors in recognizing dangerous
objects), reading and writing, etc. It is apparent that a
“good vision” could have different meaning in differ-
ent instances, and a quantitative presentation of VA
may require a variety of tests.

WHAT FOR? The answer to this question depends
on the “users” of the outcomes of VA assessment —
their purposes, the targeted populations and individu-
als. For infants and children, monitoring of VA is re-
quired to ensure appropriate conditions for normal
maturation of their visual system and appropriate vi-
sion care in kindergartens and schools, and later in
colleges and universities. Outcomes of population-
based surveys serve, among others, for providing opti-
mal lighting conditions at work and in studying places.
In individuals, monitoring of VA is required for detect-
ing a visual impairment, its appropriate diagnosis and
effective vision correction, for certification of vision
loss, or ascertaining the requirements of safe perfor-
mance in vision-demanding activities (e.g., driving).

WHAT IS A PROPER REPRESENTATION, OR
NOTATION, OF VA? We assume that professionals
have to comprehend clearly the VA notation preferred
by them and that the VA notation they use meets well
their professional objectives.

HOW WILL THE VA DATA BE USED IN PRAC-
TICE? The information on VA measures is used for
abundant purposes, to name just a few. Management
of any institution or company has to take VA measures
into account for designing optimal lighting workplace
conditions to prevent visual discomfort, visual strain,
or asthenopia. In production of textbooks, the letter
font type and size are supposed to be aligned with the
VA population data of potential readers of various ag-
es. At schools, teachers are expected to consider indi-
vidual students’ VA for their optimal placing in a class-
room. Specialist committees that certify visual impair-
ment determine the degree of claimant’s disability and
eligibility for the corresponding social benefits. Na-
tional offices of statistics analyze changes in popula-
tion VA caused by various ecological and/or socioeco-
nomic factors. In each case, the employed tool and
condition of its administration determine the VA no-
tation. However, to be optimal, the choice of the VA
notation is to be guided by the aims and objectives of
the professionals.
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The aim of the present overview is to reflect on the
principles and procedures underlying VA assessment
within a general framework of information processing
in the human visual system. Various factors are con-
sidered that affect outcomes of the VA measurement,
as well as certain preferences in the choice of the tools
for its measurement stipulated by everyday needs and
the tasks on the agenda of various professional com-
munities.

The impetus for this paper was a recent ardent de-
bate that raised critique of certain VA notations. The
dispute’s pinnacle was the Editorial “The good (log-
MAR), the bad (Snellen), and the ugly (BCVA, num-
ber of letters read) of visual acuity measurement” in
Ophthalmic and Physiological Optics by David B. El-
liott (2016), its Editor-in-Chief. Noteworthy, the Edi-
torial compared various currently available charts that
imply different ways of obtaining VA outcomes, i.e.,
focusing on the VA assessment tools, but leaving the
matter of VA notations aside. The debate also revealed
that some critics of certain VA notations committed
the fallacy of confusing the following concepts: units
of measurement; scales of measurement; specification
of the reference levels in the measuring tools; scaling
of the primary measurement outcomes, etc.

By approaching the matter of VA assessment from
these different conceptual vantages, we strive to pres-
ent arguments that for VA assessment, one can hardly
arrive at a “gold standard” of VA measurement or the
“best” VA notation. Moreover, the choice of the most
appropriate VA notation could vary dependent on the
theoretical approach, conditions, and objectives of the
VA assessment, namely:

— screening, monitoring, functional correction,
survey;

— target population (infants, teenagers, school and
university students; adults; healthy observers or indi-
viduals with visual impairment);

— specific setting (clinic, field study, or labora-
tory);

— resources available for academic and clinical
projects, field work, epidemiological studies, or rou-
tine practice (funds; experts, practitioners and sup-
porting workforce; equipment; time constraints);

— social significance of the obtained VA data (for
medical, educational or economic purposes).

An auxiliary aim of the present paper is to provide
a tutorial to those at the beginning of their research on
visual acuity. The definitions and conceptual clarifica-
tions are intended to help embedding the issues of VA
assessment in a broader theoretical context.
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PRACTICAL ISSUES OF VISUAL ACUITY
ASSESSMENT WITHIN A FRAMEWORK
OF INFORMATION PROCESSING
IN THE HUMAN VISUAL SYSTEM

Innumerable studies of vision, that employed vari-
ous neurophysiological, psychophysical and behavior-
al methods, accumulated evidence of the inherent ba-
sis of the functioning of the human visual system,
namely, that it has multiple specific mechanisms un-
derlying performance in different visual tasks. More-
over, in the functioning of the visual system, visual
processing is interrelated with the functioning of the
oculomotor and accommodation systems that opti-
mize viewing conditions.

Generally, comprehensive characteristics of visual
abilities of an individual would require a thorough and
extended investigation by employing many tests that
would result in dozens of critical parameters, indices,
and scores — the multidimentional quantitative foun-
dation of vision diagnostics.

In accordance with a general comprehension of VA
as an ability to detect and recognize small objects, vi-
sion scientists define VA as the measure of accuracy of
the spatial analysis. In practice, for VA assessment a
great variety of test stimuli are employed (also termed
targets, test images, symbols, signs, or optotypes) and
different visual tasks are used, which inevitably give
rise to the problem of converting between the obtained
measures.

The other issue is that different visual stimuli and
designs employed in the VA tests implicate processing
by different modules of the visual system. VA assess-
ment, an unfolding process, depends on many condi-
tions. Impairment of vision and a VA measurement
outcome could be stipulated by many factors affecting
any of the stages of visual processing. The implicated
stages are optical image formation in the eye; transfor-
mation of the optical image into a neural retinal image
on the eye fundus (more precisely, a set of neural im-
ages with selected information about different features
of the retinal optical image); its transmission to the
brain upstream the visual system; subsequent transfor-
mation and processing of the neural images within dif-
ferent brain visual areas; formation of a percept; anal-
ysis and recognition of the viewed object.

Main stages of the visual processing are illustrated
in Figure 1. At the input end, a test stimulus passes
through the eye optics and activates the photoreceptor
layer of the retina, the two initial processing stages that
are common for any manner of assessing VA (except a
specific interference method). At the output end, the
observer’s responses to the test stimuli can be of two
main types — either subjective (a verbal judgment,
pointing, pressing a key etc.; e.g., Bach, 1996, 2007;
Radner, 2017), or objective (ERG (Tehrani et al.,
2015); recordings of eye movements (Wolin, Dillman,
1964; Hyon et al., 2010) or of brain activity (VEPs;
e.g., Zheng et al., 2020), accompanying visual pro-
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Fig. 1. An illustration of the information processing flow in the human visual system during VA assessment.

cessing with no necessarily explicit participant’s ac-
tion).

In relation to VA assessment, it is important to bear
in mind that, between the input and the output, in cas-
es of different test images quite different neural path-
ways are activated that underlie processing of different
image features. Various neurophysiological and psy-
chophysical studies, as well as clinical data of patients
with certain visual brain injuries provide evidence that
a localized impairment can have a very selective effect
on stimulus recognition. For example, a left occipito-
parietal ischemic infarction may cause literal alexia,
i.e., the condition that affects patient’s ability to rec-
ognize individual letters or numerals, while other visu-
al recognition abilities remain unaffected.

The above implies that an outcome of VA measure-
ment using a given set of test stimuli would only charac-
terize the functional state of the pathways activated by
these stimuli. In other words, the obtained results indi-
cating, say, “normal” VA could testify only to normal
functioning of a certain subnetwork of all visual path-
ways that subserves the certain type of test stimuli. In
a general case, the structures forming this specific sub-
network could either belong to one functional unit —
module — or include several modules. As indicated
above, the eye optics and the photoreceptors in the
retina are structures that are common for processing
all types of the visual stimuli. This implies that impair-
ment of the eye optics and/or a retinal pathology could
affect VA measures regardless of the type of the test
stimuli. One important exception is a specific case of
grating stimuli created on the retina by means of the
coherent interference technique bypassing the eye op-
tics and, thus, enabling assessment of the so-called

“retinal VA”. By comparing the outcomes of usual VA
assessment by means of naturally projected stimuli
with the values of retinal VA in patients, one can dis-
entangle impacts of the optical and neuronal (retinal
& post-retinal) impairments. To localize the structure
(or structures) upstream in the visual system that
cause VA loss is impossible without reaching for vari-
ous other diagnostic methods of examination.

PARADIGMS AND PROCEDURES
FOR THE VISUAL ACUITY ASSESSMENT

Accuracy required for VA assessment varies signifi-
cantly depending on both the visual task and the as-
sessment aim. The granularity of accuracy of VA as-
sessment can be captured in terms of the measurement
scales varying in power and precision: ordinal, interval
or ratio (Stevens, 1946).

For everyday purposes, it is often sufficient to qual-
ify VA using a coarse categorization in common terms:
low (poor, weak), normal (good, fine), and excellent
(supernormal, perfect). Such categorization is based
on the individual’s visual abilities compared to other
people from a representative population. The impli-
cated visual abilities comprise the individual’s speed of
visual search, dexterity (e.g., reaching and grasping,
shooting, driving), and navigation accuracy, as well as
presence/absence of asthenopia symptoms (visual dis-
comfort, visual stress, visual fatigue etc.). This type of
VA notation, i.e., low—good—excellent, implies rank-
ing the vision quality on an ordinal scale. It is apparent
that such values are rather vague, fuzzy and subjective:
for gauging the quality of vision, an assessor is guided
by his/her (tacit) reference points and an (implicit)
“yardstick”.
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Table 1. Characteristics of the typical examination paradigms for VA assessment

Examples of the test Visual task Instruction for the observer Parameter to be measured
stimuli
Single-point targets Detection To detect and indicate or to grasp | Threshold diameter
Crumbs the smallest target on a uniform | Threshold line width (angular
Single thin lines background size)
Two-point targets Resolution To distinguish one-point and Threshold angular distance
Teller gratings two-point targets. To indicate between the points or critical
Gabor patches position of a periodic structure spatial frequency
Tumbling E Recognition To identify and name the pre- Angular size of the critical
Lea symbols sented optotype from a given set | parameter
Letters
Vernier stimuli Detection of a shift To detect the shift and to deter- | Threshold angular size of the
of the two well seen mine its direction (left-right) shift
stimulus halves
(Hyperacuity)

In clinical practice, however, precision of VA as-
sessment is crucial for functional correction and mon-
itoring of vision development, or for stimulation of the
visual function during recovery from an injury: the
higher the precision of the measurement, the earlier
the anticipated VA changes (positive or negative) can
be detected, which ensures sooner and more percepti-
ble effects of a timely, patient-tailored treatment
(therapeutic intervention). Clinical cases require ac-
curate measuring of VA by means of standardized test
procedures and presenting the results in a quantitative
Jform (in conventional units cognized by professionals).

Quantitative clinical methods of VA assessment are
based on estimating either the smallest angular size of
the test stimuli detected/recognized by the testee, or
the smallest test image components that can be re-
solved, i.e., can be seen as distinct. Different examina-
tion paradigms imply solving different visual tasks (Ta-
ble 1). Some examples of the test stimuli are shown in
Figure 2.

In this paper, we mainly consider clinical VA mea-
sures, conventionally termed resolution VA and recog-
nition VA; detection acuity and Vernier acuity have
lesser fields of application. We would also like to un-
derscore that most paradigms of the VA assessment
imply not just one visual task but a task composition
(cf. Heinrich, Bach, 2013, on distinguishing the reso-
lution and recognition in tests with modified Landolt
C optotypes).

The notion of resolution is broadly used in physics
and engineering. Originally, in physics, the term reso-
lution was coined to characterize the quality of an op-
tical device — its ability to produce clear image of the
finest structural elements of the test pattern. Quantita-
tive assessment of the quality of an optical device is ac-
complished by estimating its resolution threshold. The
standard method for this is to estimate the minimum
angular distance, a,,, between two light test points,
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which allows detecting (either visually or by a light-
sensitive instrument) the two luminance maxima and
a luminance minimum, corresponding to the test
points that are sufficiently well separated in the image
produced by the device in question.

Lord Rayleigh (1879) proposed the criterion for
calculating the resolution threshold based on the anal-
ysis of the light distribution in the two-point images
created by an optical device. It is well known that, due
to diffraction, the optical image of each light point
consists of the central light spot and a series of dark
and light annuli. The pattern of diffraction depends on
the aperture size and the wavelength of light (with
shorter wavelengths being diffracted at a greater angle
than longer ones). According to Rayleigh, the resolu-
tion threshold P corresponds to the distance between
the two near test points that is equal to the radius of the

= n .

E I_u ITI E Tumbling E
O O C O radwinc
0 D O 0 Lea symbols

‘ * Vernier stimuli

Fig. 2. Various types of the test stimuli for assessment of vi-
sual acuity and hyperacuity.
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a 7]
Two points stimuli Grating stimuli

Fig. 3. Schematic illustration of the projection of two-
point test stimuli (a) and a test grating (b) onto a hexagonal
array of photosensors varying in sensitivity. Light distribu-
tion in the optical images is represented by red; differences
in light sensitivity of photosensors are represented in a
grayscale (where lighter hexagons indicate higher sensi-
tivity).

central spot. This radius B (in angular minutes) is given
by the equation = 1.22A/D (where A is wavelength, D
is the aperture size). For such a distance, in case of two
light sources with incoherent radiation, it was found
that, in the midpoint between the two maxima, the
light level is equal to 3/4 of the maximum. The appli-
cation of the Rayleigh criterion to the human eye
seems problematic for several reasons: e.g., calculation
of the effective aperture from the pupil diameter; the
required correction for optical properties of the eye
media, etc. However, for realistic sizes of the pupil one
can assume certain coarse approximations of the reso-
lution threshold o, as quite likely.

Another way of assessing the quality of optical de-
vices is to estimate the highest frequency of the spatial
grating that can be reproduced by the device in ques-
tion, or the critical spatial frequency, F,. Apparently, in
real conditions it is much easier to measure F, than ¢,
This is illustrated schematically in Figure 3 inspired by
representation of a regular hexagonal lattice of photo-
receptors in the foveal region of the human retina by
Curcio et al. (1990). Figure 3 shows images of two-
point tests (@) and a test grating (b) projected onto a
regular mosaic of photosensors. Variation of light sen-
sitivity of individual photosensors is represented by
cell lightness (on grayscale). In any real case, sensitiv-
ity of each photosensor varies due to internal noise, as
well as a result of exposure to preceding stimuli. In
turn, the variability of the photosensor sensitivity stip-
ulates that visibility of the light test significantly de-
pends on the position of its projection onto the photo-
sensor array. The effect of the photosensor variability
is stronger for single light points than for gratings since
visibility (detectability) of the latter gain an advantage
from summation of responses from multiple photo-
Sensors.

It is worth noting that in physics, rather than the
resolution threshold, the broadly accepted measure of
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the quality of an optical device is resolving power, the
value reciprocal to resolution threshold, 1/a,. The
term was introduced to reconcile the physics terms
with an intuitive idea of a better quality, whereby a bet-
ter (higher) optical quality implies a higher resolving
power, but a lower (smaller) resolution threshold. Un-
fortunately, the term resolution is often used without
this clarification, which leads to confusion. In many
publications, the term “high resolution” implies, in
fact, high resolving power. For instance, the term reso-
lution is used as the synonym of resolving power in
computer science. It reflects the potential of either
generating fine-grained images on a given display
screen that consist of discrete elements (pixels), or
printing fine pictures by a printer that produces images
from tiny dye dots. It seems reasonable that a display
resolution is characterized by the pixel density, the
number of pixels per inch (ppi) in a line. Similarly, a
printer resolution is expressed in dots per inch (dpi),
i.e., the number of dots that can be printed in a 1-inch
long line segment.

In ophthalmology and vision science, both nota-
tions, resolution threshold (o) and its reciprocal val-
ue 1/0.,,, are used. However, in these disciplines the
term resolving power has not been brought into broad
use, and the measure 1/o, is termed visual acuity
(VA). When using the term visual resolution, research-
ers quite often imply resolution threshold, unlike re-
solving power that is used in optics and computer sci-
ence.

PRIMARY MEASURE OF VISUAL ACUITY
AND HISTORICALLY FIRST VISUAL ACUITY
NOTATION

Over time, the following procedures proved to be
most feasible for the assessment of VA:

(1) determining the minimum size of the test stim-
uli that can be recognized at the chosen viewing dis-
tance;

(2) determining the maximum viewing distance at
which certain test stimuli can be recognized.

In both cases, the outcome implies the identical
spatial metrics and is expressed in the same measure —
as the minimum angular size of the smallest elements
comprising the test images that is sufficient for satis-
factory recognition of the elements. In vision science,
this angle is termed the minimum angle of resolution,
MAR.

It so happened that the term MAR became used by
ophthalmologists not only as the acronym but also as
a mathematical quantity in algebraic formulae. For
most algebraists, such denotation is a violation of the
conventional rule to use one letter for one quantity,
which sometimes causes misunderstanding and
lengthening of formulae. (However, it is rather point-
less to raise an objection against use of the MAR de-
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notation, since currently software developers often use
even much longer acronyms in their software codes.)

When periodic gratings are employed as the test
stimuli, another critical value — the highest discern-
able spatial frequency (critical frequency, F,) — is de-
termined instead of the MAR. It is apparent that, ide-
ally, F, can be calculated from o, at the threshold,
one period of the just resolvable grating has to span
2a.,,, i.e., one dark and one light bar; hence, visual an-
gle of 1° (60") corresponds to 60'/2¢., periods, or F, =
30/a,, cpd (cycles per degree).

In the history of development of VA metrics, pro-
fessionals initially pursued the physics approaches by
treating the human visual system as an optical device
(Colenbrander, 2008). Also vision scientists of the
18th and 19th centuries applied approaches, notions
and notations that had been developed in physics for
optics research.

Frans Cornelis Donders, Dutch physiologist, was
the first to introduce the notion of VA in 1861 and to
develop the standard procedure and the measurement
unit for VA assessment (Pfeiffer, 1936). Donders as-
sumed that calculation of an observer’s VA should be
accomplished in the same way as calculation of resolv-
ing power of an optical device, i.e., as the reciprocal of
resolution threshold. Adapting this approach to hu-
man vision, Donders introduced the notion of a
“standard eye” which, at threshold, can recognize let-
ters as small as 5' height (without errors or with suffi-
ciently high probability of a correct response). VA of
the standard eye was proposed to be taken as the mea-
surement baseline.

Donders’ protocol of VA assessment implied com-
parison of the testee’s threshold letter size with the
threshold letter size of 5' accepted for the standard eye.
Thus, in the course of the measurement, the examiner
determined linear magnification (M) of the test letters
(in relation to the 5' size) required for the observer to
provide the standard level of letter recognition. The
VA value, v, was calculated as the inverse of the mag-
nification value: v = 1/M.

Thus, Donders introduced the first correct quanti-
tative VA notation and the first unit for the VA mea-
surement that is compatible with the modern concepts
in metrology: “Unit of measurement — real scalar
quantity, defined and adopted by convention, with
which any other quantity of the same kind can be com-
pared to express the ratio of the two quantities as a
number.” (International Vocabulary of Metrology.
2008. Basic and General Concepts and Associated
terms, p. 6).

Donders based the proposed way of VA estimation
on the premise that, for normal human vision, the res-
olution threshold is equal to 1 arcmin, i.e., for the
standard eye o, = 1'. Considering that the Donders
test letters were drawn within a 5 X 5 matrix, and the
stroke width was 1/5 of the letter size, the threshold
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size of the letters for the standard eye can be assumed
as 5' x 5" = 50, X 504 If an individual observer’s
threshold letters appeared to be, say, M « 5' high, it is
apparent that the corresponding value of MAR, «o;,
was M times larger than o, i.e., o; = Ma.,. Therefore,
the magnification M will be equal to o;/o., and, for the
VA value, v, one can use the following expressions:

v=1/M=o0,/0; =1/a;

The expression v = 1'/o; for VA was introduced by
Monoyer (1875) and coined decimal notation. In the
present paper we denote it as V. If the examination
outcome is a; = o, = 1', the testee’s VA is character-
ized as V;= 1.0, i.e., equal to that of the standard eye.

What are potential ranges of the MAR and corre-
sponding VA values in humans? Apparently, these
ranges are limited by the minimum and maximum siz-
es of the test stimuli that can be projected onto the ret-
ina and perceived as discernible visual images. The
maximum test size is ultimately limited by the size of
the visual field, while the minimum size is limited by
the optics of the eye (diffraction, optical aberrations,
intraocular scattering, etc.; for reviews, see Westheimer,
1970; 2001; 2010; Artal, 2014), by properties of the ret-
ina (the size and packing density of the photorecep-
tors; structure of the retinal neural networks), and by
processing of retinal signals upstream the visual sys-
tem.

To estimate a theoretical lower limit of VA, consider
the central area of the binocular visual field, whereto
the largest test image can be presented (Figure 4). Its
extents in various directions is somewhat varying, and
spans about 100° in angular terms. However, a test im-
age should occupy no more than one third of this area,
i.e., about 33°, leaving a blank space around. A critical
size of 1/5 of that test extent would be about 400',
which corresponds to MAR =400"and V,=1'/400', or
about 0.0025.

To find out an upper limit of the VA, one needs to
consider the following factors (Westheimer, 2010):

— the transfer function of the eye’s optics (optical
transfer function, OTF:), which determines the quali-
ty of the image projected onto the retina and its highest
spatial frequency;

— discrete structure of the retina limiting the accu-
racy of image sampling by the size and density of the
retinal photoreceptors in the light sensory layer;

— neural processing of the retinal image upstream
the visual system, up to the perceptual level.

With regard to the OTF of the typical human eye,
the highest spatial frequency that can be reproduced
unambiguously, F,, is about 60 cpd, i.e., is 1 cycle per
1 arcmin (Campbell, Green, 1965). Thus, the mini-
mum resolution threshold should be no less than 0.5'
(half a period of the spatial grating), and decimal V,
accordingly, not higher than 2.0, if it is solely the OTF
that stipulates the maximum VA. However, certain in-
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Fig. 4. Combined visual fields of the left and right eyes with
the projected optotype (tumbling E) of the maximum size
that can be presented binocularly for VA assessment.

built factors of the visual system exert their inherent
influences on the OTF-based VA, namely: the size of
the retinal photoreceptors and their packing density
put upper limits on VA values, whereas neural process-
ing at higher levels of the visual system and eye move-
ments can improve the OTF-based VA (Duncan,
Boynton, 2003).

In popular ophthalmology literature, one can find
a rather simplified approach to visual resolution as-
sessment, or the so-called “receptor theory” that im-
plicates the limitation of the photoreceptor size in the
fovea of the human eye, “grains” or “pixels”. The “re-
ceptor theory” proposed by Helmholtz (1867; English
translation: 1924, v. 2, p. 33) and treated as quite plau-
sible up to the middle of the past century (e.g., Hecht,
Mintz, 1939; Polyak, 1941, p. 430) is based on a seem-
ingly reasonable assumption that if two test points
project on two adjacent cones, they cannot be distin-
guished from a larger single object projecting on those
adjacent cones. For discerning the two points, at least
one unstimulated or a less stimulated cone is required
in-between. This simplified model of resolution
threshold is often used as an illustration despite a vast
amount of knowledge on visual optics, morphology
and physiology providing evidence of the model flaws

The real picture behind the visual processing is very
complicated. Firstly, under natural viewing conditions
it is impossible to stimulate two single photoreceptors
in the configuration comprising two activated photo-
sensors and one silent in-between: even in the case of
an infinitely small test point (a Dirac pulse), the opti-
cal point image (the point spread function) is smeared
over tens of photoreceptors due to diffraction and eye
optics aberrations. Moreover, the stimulation pattern
is permanently drifting over the retina because of the
eye micromovements. A reliable stimulation of single
photoreceptors became possible only in artificial con-
ditions with the development of adaptive optics that
compensates for the eye’s aberrations and counteracts
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eye micromovements (Roorda, Williams, 1999; Roor-
da et al., 2002; Porter et al., 2006; Artal, 2014).

Secondly, neural processing at the post-receptoral
stages of the visual pathway was shown to provide sig-
nificantly better resolution and higher VA exceeding
the value of 1' indicated for the standard eye by
Donders on the basis of using letters as the test stimuli
(Artal et al., 2004). In this case the so-called Vernier
acuity, or hyperacuity, is implicated, i.e., the well-
known fact that it is possible to detect the misalign-
ment of just few arcsec between two thin lines or fine
segments if they are sufficiently long (Westheimer,
2010). It is apparent that such considerable upsurge of
visual analysis of fine stimulus details is achieved due
to the aggregate higher-level processing of visual in-
puts from many photoreceptors activated by stimuli
extending beyond a single point (Westheimer, 1975;
2010).

With regard to the constraints posed by the discrete
structure of the retina, the highest spatial frequency
that can be successfully coded and reproduced in the
visual pathway is limited by Shannon’s sampling the-
orem (Jerri, 1977). In the human fovea, the photore-
ceptor mosaic can be considered as resembling a regu-
lar hexagonal lattice (Curcio et al., 1990; Putnam et al.,
2005). For such spatial geometrical organization, the
highest spatial frequency that can be resolved unam-
biguously is given by the Nyquist frequency based on
two-dimensional sampling theory (Snyder, Miller,
1977; Miller, Bernard, 1983):

Fy = nP/(180v3r),

where Fy is the spatial frequency in cpd, P is the pos-
terior nodal distance (16.7 mm for a standard human
eye), and r is the photoreceptor spacing. Taking into
account the data of Polyak (1941) and Curcio et al.
(1990), for the minimum size of the foveal receptors
(about 1.5 w) the calculation results in Fy of about
100 cpd, that is larger than the theoretical OTF limit
(60 cpd).

In (Rozhkova, Matveev, 2007, p. 145), the data are
presented providing evidence that the VA values of 3.0
and somewhat higher (in decimal units), correspond-
ing to Fy = 90 cpd, were really encountered, although
seldom, especially in 11—14-year-old children. In this
investigation, the VA was assessed using tumbling E.

VISUAL ACUITY NOTATIONS SUGGESTED
FOR VARIOUS PURPOSES

By designing the first letter chart for VA assessment
(in 1862), Herman Snellen, Donders’ successor, pro-
posed the VA notation that, in essence, was equivalent
to the Donders notation but, in addition, included in-
formation on the viewing distance D, at which VA was
measured (Pfeiffer, 1936; Colenbrander, 2008; Cole,
2014). Based on the threshold letter height 4, that was
estimated for the individual testee and the viewing dis-
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tance D,, Snellen suggested to express VA as the ratio
of the viewing distance, D,, to the conventional view-
ing distance, D;, at which the testee can see the thresh-
old letters of height 4; as well as the standard letter of
height 4, is seen by the standard eye at the viewing dis-
tance D,: V, = D,/D,. (Figure 5). One can easily see
that D, and D, are the distances, where the threshold
letters A, and h; for the standard and the testee’s eye,
respectively, are of equal angular size. Based on deno-
tations in Figure 5, where tano.,,, = h,/D,= h,/D; and
tano,,; = h/D,, one obtains V, = h/h; = D,/D;, =
o/, (since a,,, and o,,; are small and tano =a).

Historically, the numerator and denominator of
the Snellen fraction are expressed either in feet or me-
ters for far vision, and occasionally, for near vision, ei-
ther in inches or centimeters. Thus, for normal vision
of the standard eye (MAR = 1'), the fractions 20/20
and 6/6 are different expressions corresponding to one
and the same viewing distance expressed either in feet
or meters (20 ft = 6 m); the fraction 14/14 corresponds
to normal near vision at the viewing distance expressed
in inches (14 inch = 35 cm).

When the Snellen fraction is converted to decimal
form, one obtains the value identical to the VA in the
Donders (decimal) notation, since both can be ex-
pressed as ,,/0.,,; (see Figure 5). Thus, the Snellen VA
notation is quantitatively equivalent to the Donders
notation (and to the Monoyer decimal notation which
is equivalent to it), but is more informative, since it al-
so contains the indication of the viewing distance.

Knowing the viewing distance is essential, since, in
general, VA depends on it (and not only in cases of re-
fractive anomalies: cf. Heron et al., 1995; Rozhkova
et al., 2004, 2005). However, in practice, the examiner
regularly performes long series of measurements at a
fixed, standard viewing distance (e.g., in examination
of schoolchildren or in population surveys). It is there-
fore often reasonable to indicate the viewing distance
only once for the whole assessment series and, in a
dataset, to use corresponding decimal values of the
Snellen fractions (or their denominators) in further
statistical analysis.

For more than 150 years the Snellen notation of VA
was prevalent, especially in Anglo-Saxon countries,
and until recently remained broadly used for vision ex-
amination by clinicians who conducted routine mea-
surements at standard far and near distances. Howev-
er, instigated by significant progress in vision science
and medical technology, in the 20™ century there
emerged the need to introduce other VA notations.

An extensive development, since 1960s, of the con-
cept of spatial frequency and Fourier analysis in visual
psychophysics, neurophysiology, as well as theoretical
analysis of experimental findings on pattern recogni-
tion resulted in an increased use of the critical spatial
frequency, F,, of test gratings as the measure of VA
(Campbell, Green, 1965; Campbell, Robson, 1968;
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Fig. 5. The Snellen notation of VA. The top graph rep-
resents a below-standard visual acuity and the bottom
graph an above-standard visual acuity. The distances D
and D; are the reference and the testee’s threshold distanc-
es, respectively, providing equal angular sizes of 1' for A, at
Dy and hj.at D;.

Teller, 1979, 1997; Anderson, Thibos, 1999; a.0.). Ac-
tually, gratings had already been used for VA measure-
ments more than a century ago: for instance, at the
end of the 19" century, Wertheim (1894) designed
small gratings (grids) from thin wire and estimated the
largest distance at which the grating structure could be
resolved. In effect, by this means Wertheim was mea-
suring F,.

The advancements of many recent investigations
made the use of F, as the VA measure more compelling
than other VA measures and notations. One can out-
line at least following advantages of employing F.,.

— It is appealing that the F, measure links the as-
sessment of VA and contrast sensitivity function
(CSF), since F, corresponds to the highest spatial fre-
quency discerned at the highest contrast level. Ideally,
F. can be estimated in the assessment of the full range
of CSF, however, many researchers are interested only
in the range of optimal spatial frequencies, thus limit-
ing their measurements of CSF by the spatial frequen-
cies which are essentially lower than F,.

— In cross-sectional studies, F, can be estimated in
observers over the entire lifespan, from the neonatal
age onwards (Teller, 1979; 1997; Vital-Durand et al.,
1996; Woodhouse et al., 2007; Sturm et al., 2011), thus
enabling investigation of age dynamics of VA in differ-
ent populations. As the uniform and most unambigu-
ous measure, F, also provides an opportunity to mon-
itor VA in individuals in longitudinal studies.

— The values of F,, ranging from low to high, cor-
respond to an intuitive interpretation of low and high
vision quality.
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— Graphic representation of the F, scale for VA as
the frequency-modulated pattern gives the most ade-
quate and direct representation of resolving power that
increases with the increasing VA.

— Using the F, scale for measuring VA provides an
opportunity of a direct comparison of the human eye
and optical devices with regard to their resolving
power.

Significant advances in knowledge of the visual
system functioning, on the one hand, and in technol-
ogy, on the other hand, instigated attempts to facilitate
association of VA scores with visual performance and
life quality. The new forms of VA measures were also
developed with the intention to make them more suit-
able for statistical analysis of VA data, and for compar-
ison of different methods and procedures of VA assess-
ment. For different purposes, various notations were
proposed, discussed and modified, such as logMAR,
Visual Efficiency (VE), Visual Acuity Score (VAS),
Visual Acuity Rating (VAR), letter-by-letter scores of
the Early Treatment of Diabetic Retinopathy Study
Group (ETDRS) and others (Snell, Sterling, 1925;
Ogle, 1953; Bailey, Lovie, 1976; Ferris et al., 1982;
Holladay, 1997; Carkeet, 2001; Bourne et al., 2003;
Kaido et al., 2007; Plainis et al., 2007; Gregory et al.,
2010).

Each of these notations was developed in response
to a certain need of VA assessment and was supposed
to meet the requirements of a certain group of profes-
sionals, to achieve ease and efficiency of using VA data
in the specific form. Each notation has its advantages,
shortcoming, and is tailored to a specific area of appli-
cation, being beneficial for some but not always for
other purposes. Due to various purposes of assessing
VA, one would anticipate that different VA notations
will be used in parallel, depending on specific aims
and objectives of individual investigations. Unexpect-
edly though, there arose an unwarranted competition
between different notations, which culminated in the
alleged “gold standard” among the tools for VA assess-
ment and the claim of the corresponding “best nota-
tion” (Elliott, 2016). To elucidate foundations of VA
assessment, it is reasonable to scrutinize different VA
notations from various viewpoints.

The VE notation, visual efficiency, was introduced
by Snell and Sterling in 1925. These researchers pro-
ceeded from the assumption that each increase of
MAR by 1' would reduce the efficiency of the visual
system functioning (in a broad sense) to 84% of the
initial level. In literature, there are two different for-
mulae approximating such relationship (Snell, Ster-
ling, 1925; Westheimer, 1979):

VE = (0 2MAR-D/9
VE = 100x exp(~0.179MAR —1'])

where MAR is expressed in arcmin and VE in percent.

The logMAR notation was introduced by Bailey and
Lovie (1976), Australian optometrists. The notation
reflected the logMAR principles, implemented in the
Bailey-Lovie VA letter chart. Each chart line has five

equi-legible! letters; from line to line, there is a geo-
metric progression in letter size (constant ratio of size,
1.26 corresponding to 0.1 steps in logarithmic scale);
the intervals between the letters and lines are propor-
tional to the letter sizes, to hold constant contour in-
teraction and letter-by-letter scoring, thus, ensuring a
similar difficulty of the visual task. As Cole (2014, p. 1)
graphically put it, the chart of Bailey and Lovie “took
the ophthalmic world by storm. Their principles for
the design of a visual acuity chart covered all the bases
so that letter size is the only significant variable in
measuring visual acuity”. Thus, the core idea behind
the logMAR notation is to use the logarithmic func-
tion of MAR instead of the directly estimated MAR
value. Remarkably, already in 1868 Green (1868; also,
Green, 1905) developed a letter chart with a logarith-
mic scale; also the multiplier of the size progression
was the same, as in the Bailey-Lovie chart, 1.26, if one
advances from the smallest letters (Green indicated,
although the value 0.79 = 1/1.26, since he proceeds
from the largest letters at the top of his chart.) Unfor-
tunately, at that time, the idea of logarithmic scaling
was not yet appreciated.

The logMAR notation has been keenly promoted
since its inception, to become widely used in the com-
ing decades and dominating in both academic re-
search and clinical practice. The main attractive fea-
ture of logMAR is that it transforms geometric pro-
gression of MAR values to arithmetic progression.
LogMAR chart became very popular for VA assess-
ment as it could provide equal accuracy in the whole
range of measures. (However, it is an advantage of the
chart design but not the logMAR notation.)

The ETDRS letter scores are based on the number
of letters read correctly in the charts with logMAR de-
sign. They were proposed as the result of the experi-
ence obtained in the process of working with such
charts to make the scores more easily collected, com-
pared and interpreted. By designing the chart, the
ETDRS Group adopted all of the principles of the
Bailey-Lovie chart, although with some modifications
(Ferris et al., 1982). The ETDRS chart has firmly en-
sconced the logMAR principles. By now, various VA
charts have been developed on the same principles,
i.e., with a proportional design and the multiplier of
1.26 for letter sizes at the reference levels, which led to
coining the term “logMAR design”.

The VAR notation, the visual acuity rating score,
was proposed as an alternative way of denoting VA in
logarithmic scale, while counteracting one of the main
inconveniences of the logMAR notation — its negative

! Authors of the charts implementing the logMAR principle not
infrequently refer to the employed letters as “equi-legible”;
however, the criteria of equi-legibility vary between studies.
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Table 2. Approximate correspondence of VA values in various VA notations and ranges of VA values reflecting the vision
quality conventionally adopted in ophthalmology, optometry and vision science

. . Donders and Snellen fraction VAR ETDRS,
Vision quality, MAR, . F, VE, =
normative levels | arcmin logMAR Monoyer (m/m) and its cpd % VAS, number of
(decimal value) reduced value % letters read
Excellent-to-normal vision
0.4 —-0.4 2.5 6/2.4=2.5 75
0.5 -0.3 2.0 6/3.0=2.0 60 109.4 115 100
0.63 —-0.2 1.6 6/3.75=1.6 47.5 106.8 110 95
0.79 —0.1 1.25 6/4.8=1.25 37.8 103.6 105 90
Standard eye 1.00 0.0 1.00 6/6.0 =1.00 30 100.0 100 85
1.26 +0.1 0.8 6/7.5=0.8 23.8 | 95.6 95 80
Near-normal vision
1.58 +0.2 0.63 6/9.5=0.63 18.9 89.8 90 75
Driver license 2.00 +0.3 0.50 6/12=10.5 15 83.6 85 70
2.51 +0.4 0.40 6/15=0.4 11.9 76.5 80 65
3.16 +0.5 0.32 6/18.7=0.32 9.5 67.5 75 60
Moderate-to-low vision
3.98 +0.6 0.25 6/24 =10.25 7.5 58.5 70 55
5.01 +0.7 0.20 6/30=0.2 6.0 48.9 65 50
6.31 +0.8 0.16 6/37.5=10.16 4.7 38.8 60 45
7.94 +0.9 0.125 6/48 = 0.125 3.8 28.6 55 40
Severe low vision
Legal blindness ‘ 10.00J ‘ +1.00{ | 0.1000 ‘ 6/60=0.1 ‘ 3.0 | 20.00 ‘ 500 ‘ 35]

values in a significant part of the VA range (Bailey,
Lovie-Kitchin, 2013). Specifically, the logMAR zero
value corresponds to MAR = 1.0’ (standard vision); for
better-than-standard visual acuities (MAR < 1.0"),
logMAR values become negative, which is counterin-
tuitive. As pointedly noted by Colenbrander (2008,
p. 65), logMAR is a measure of vision loss, rather than
a measure of visual acuity, so, an increase in MAR (or
logMAR) means a decrease in vision.

The formula for calculating VAR is a simple trans-
formation of the logMAR scale:

VAR =100 -50log MAR

Basic information useful for comparison of the VA
notions and VA notations discussed herein is present-
ed in Table 2.

Table 2 presents the ranges of VA values, in differ-
ent VA notations, aligned with the categorized quality
of vision in accord with experts’ conventions, as re-
flected in some handbooks (e.g., Somov, 1989; Bond-
arko et al., 1999; Shamshinova, Volkov, 1999; Colen-
brander, 2001, 2008; Lennie, Van Hemel, 2002; Roz-
hkova, Matveev, 2007). Notably, the correspondence
between the values presented in Table 2 can be consid-
ered only tentative. One need to bear in mind that the
conversion of outcomes obtained by different tools,
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methods and under varying testing protocols is prob-
lematic, since for each method of measurement and
each VA notation, the outcome is stipulated by differ-
ent physical parameters of the (threshold) test stimuli.

For example, Wesemann (2003) undertook com-
parison of VA estimates (in decimal notation) ob-
tained by using three tests — the Landolt test, the
Freiburg Visual Acuity & Contrast Test (FrACT), and
the Bailey-Lovie chart. He found that VA values ob-
tained by administering the Landolt test were lower by
0.5 units compared to the FrACT values, but the dif-
ference was within the German DIN tolerance limits;
in comparison, VA values obtained using the Bailey-
Lovie chart were on average 0.9 units lower than the
Landolt test estimates. A consideration of VA scores
based on grating and non-grating optotypes could be
found in Thorn, Schwartz, 1990; Stiers, 2003; 2004;
Strasburger et al., 2018), and a general discussion of
dependence of VA on the employed measuring tools
and assessment protocol one could see in (Cole,
2014).

We mention these findings in passing since the is-
sue of comparability of the values (expressed in identi-
cal units) obtained by individual VA assessment tools
is beyond the scope of the present paper.



190

0 T T T 1 T T T T 0

3 10 20 30 40 50 60 70
F., cpd
Low resolving High resolving
power power

[

High resolution Low resolution
threshold threshold

Fig. 6. Comparative characteristics of different VA measures as functions of the critical spatial frequency F, (F,

ROZHKOVA et al.

6 MAR, arcmin
3.0
-2.5
- 2.0
v - 1.5
1.2 F
10 ok SRECEETETTTRITRURTR o XRCEET R PP PR T PO RERPRRT] = 10
0.8
0.6F |
0.4F 0.5y
0.2+ V= log MAR
0 — 0 S 0
-0.2 3 10 20 30 40‘ 50._“6_0 70
Yo0.4 B R iy 11
cpd
Low resolving High resolving
power power

[

High resolution Low resolution
threshold threshold

= 30/MAR) that

signpost the quality of functional vision: a — VA measures based on resolving power (positively correlate with intuitive under-
standing of VA); b — VA measures based on resolution thresholds (negatively correlate with intuitive understanding of VA).

We consider it more insightful to determine rela-
tional functions between the currently used VA mea-
sures. Crucially, this opens a new avenue in the quest
to find the “grounding truth” measure of VA assess-
ment. In our view, the VA measure is supposed to re-
flect an intuitive understanding that higher VA values
reflect better spatial vision, and that all VA values > 0,
since even the smallest degree of spatial vision is cer-
tainly positive in comparison to blindness. Predicated
by this understanding, the critical spatial frequency,
F,, was used as the benchmark for measuring VA. F, is
inversely proportional to MAR, F, = 30/MAR; so, un-
like MAR values, F, values increase for better visual
acuities. In Figure 6 we present the conventionally
used VA measures as functions of F,, signposting the
quality of observers’ functional vision. In addition, in
the bottom of Figure 6, vertical bars of increasing den-
sity illustrate the increasing frequency of spatial grat-
ings (cpd), the measurement tool that reflects an in-
crease in VA, or the quality of functional vision.

The two parts of figure 6 presents functions for two
principally different types of the VA measures (and
corresponding notations) in their relationship to F..
Specifically, Figure 6a shows ascending functions that
correspond to the three VA measures reflecting resolv-
ing power — decimal (1/MAR), VE, and VAR. Each
function shows an increase of the VA scores with the

increasing quality of vision, as indicated by increas-
ing F,. The decimal measure, V;= 1/MAR, that is di-
rectly proportional to F,, has a linear positive relation-
ship of VA scores with F,. In comparison, the VAR and
VE functions rather resemble a logarithm relationship;
although similar, they slightly differ in slopes at the
lower and upper ends of the F, range. The larger differ-
ences in the slopes of the VAR and VE functions, com-
pared to 1/MAR (alinear function of F,), are correlat-
ed with an overestimation or underestimation of cer-
tain VA changes by practitioners guided by VAR and
VE scores. In particular, with focus on visual impair-
ments, practitioners are inclined to pay a greater atten-
tion to VA improvement within a range of poor vision,
hence, might overestimate this improvement; con-
versely, they pay lesser attention to an improvement
within a range of good or excellent vision, and might
underestimate the improvement.

Figure 6b, in contrast, presents two descending
functions that are based on resolution thresholds and
correspond to the MAR and logMAR measures. We
reiterate that the thresholds are negatively related to
the vision quality: the higher the threshold, the poorer
the vision quality or the greater the vision loss. The
MAR and logMAR scores, apparently, are inverted in
relation to the quality of spatial vision.
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The inverted scores might be as good as the direct
ones; it is essential, however, to take into account their
properties. The shortcomings of the logMAR notation
were discussed by Rozhkova (2017) in her paper in
Russian and are briefly summarized here. These are of
different kinds: some of them are related to metrolog-
ical properties of logMAR as the scale of measure-
ment; the others concern an opaque relationship be-
tween logMAR values around its zero, characteristic
for the majority of the population, and the VA values
in other notations.

— The zero value of logMAR, which corresponds to
the conventional normal vision (the standard eye with
MAR = 1'), precludes using a ratio measurement
scale, required by the principles of metrology, for
comparison of the vision quality across various cases,
since division by zero is impossible.

— Neither can other logMAR scale values be ade-
quately compared via ratios, in particular, because it
would be problematic to interpret negative ratio of
outcomes in cases where pairs of negative and positive
logMAR values are to be related.

— It is also difficult to fathom a meaningful rela-
tionship between logMAR values and VA values ob-
tained using the other notations for observers with
normal and near-normal vision (cf. Table 2). Specifi-
cally, in the decimal notation, VE and VAR, small
changes in functional vision are reflected by common-
sensical small changes of VA values over the whole VA
range; whereas in the logMAR notation, around the
logMAR zero, some of such small changes in func-
tional vision may effect change of the sign of the VA
value, prompting a spurious impression that these
changes in the vision quality are more specific than
those in other range.

— During preschool and school ages, most of chil-
dren with normal and excellent vision quality have
negative VA values on logMAR scale (see the blue
parts of the histograms in the Figure 7a—c). From psy-
chological view, negative VA estimates, being associat-
ed with impairments, might appear deceptively dis-
turbing for parents.

— Moreover, on the widespread logMAR charts
(with 0.1 logMAR steps between the lines), the num-
ber of reference levels in the negative scale range are
too few for timely revealing significant changes in a
child’s vision quality.

To illustrate the latter point, let us inspect Figure 7.
The top graphs (Figure 7a—c) present histograms of
VA values in decimal units, based on the data obtained
without optical correction for binocular far vision in
three age groups of primary schoolchildren using spe-
cially elaborated charts with tumbling E optotypes and
the reference level steps of 0.2 decimal units (Rozhko-
va et al., 2001; Rozhkova, Matveev, 2007). The bottom
graph, Figure 7d, shows the logMAR function and, in
the inset, repeated data for the 7-year-old children in
a modified form (with the inverted order of bins to line
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up the direction of the vision quality changes with the
logMAR scale). When the black bar, conventionally
normal vision (decimal VA = 1), is aligned with log-
MAR = 0 (corresponding to MAR = 1"), it is apparent
that, in the logMAR notation, more than 70% of the
tested 7-year-old children have negative VA values
(blue bins). Note also that in this negative logMAR
range, there are only four reference levels (with
0.1 logMAR steps). By comparing the three decimal
VA histograms presented in Figure 7abc, one could see
that the proportion of children with negative logMAR
values (corresponding to blue bins in the graphs) no-
ticeably increases with age. It is problematic to expose
this age dynamics properly using only four indicated
logMAR reference levels presented in most VA charts
based on logMAR notation.

Like many authors comparing various VA nota-
tions, we deliberately did not separate the VA nota-
tions per se from their embodiment in the measuring
tools developed for practical use, although this would
be required for a comprehensive analysis. However,
this task is not viable in a brief overview. It seemed for
us more important to provide researchers with a cau-
tionary advice to abstain from conclusions inferred
from a limited experience and/or uncritically rely on
an authority’s opinion.

Assessing the advantages of certain VA notation for
practical use, the researcher considers and analyzes
the experimental data obtained with the existing tools.
However, ideally, it is necessary to investigate certain
representative sample of tools including various opto-
types, designs and notations. Sensitivity and specifici-
ty of the testing method, and reliability of its outcomes
are dependent on many factors and conditions, in par-
ticular, on the parameters of the employed tool. Cur-
rently, the tools for VA assessment are predominantly
charts. Regarding comparison the VA notations, it is
important to bear in mind, that the design of the VA
chart and the VA notation used for designating numer-
ic outcomes are actually independent. This evident
fact was clear to the author of the first chart with log-
arithmic (proportional) design but with decimal nota-
tion for designation of reference levels (Green, 1868).
Unfortunately, in the XX century there appears and
become spreading a groundless belief that the chart
design implies the use of definite VA notation for out-
comes of measurements.

However, we can indicate at least one opposite ex-
ample — the chart elaborated by Holina using propor-
tional design and decimal notation for the reference
levels (Holina, 1930). Her chart contained 32 lines for
the VA values varied from 0.1 to 2.0 with logarithmic
steps of approximately 0.05 logMAR (the multiplier of
the geometric progression for the optotype size was
close to 10'/?* = 1.1), i.e. corresponding levels were:
0.1; 0.11; 0.12; 0.13; 0.15;... 0.8; 0.9; 1.0; 1.1; 1.2; 1.35;
1.50; 1.65; 1.8 and 2.0
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Fig. 7. An illustration of the relationship between the logMAR function and the decimal VA measures, presented as histograms
of the data obtained for schoolchildren of three age groups (adopted from Rozhkova, 2017, Fig. 3).

Figure 8 shows real sets of the reference levels used
in the described chart of Holina with logMAR steps
and decimal notation. The decimal notation is used in
practically all Russian charts (Golovin, Sivtsev, 1926;
Roslyakov, 2001; Gracheva et al., 2019; Stulova et al.,
2019), onthe one hand, and in the ETDRS charts with
logMAR notation, predominantly employed in the
USA and Europe (Ferris et al., 1982; Plainis et al.,
2007), on the other hand. As is well known, in ETDRS
chart, the intervals between the neighboring reference
levels are equal to 0.1 logMAR that is equivalent to
multiplying the letter size by 1.26 (26%-steps).

Comparing the two presented distributions of the
reference levels, one can conclude that, because of its
greater density, the chart of Holina could provide bet-
ter accuracy of measurement in the whole range of
the VA while the type of VA notation is not important
at all.

It is important to emphasize that, in all cases, one
could vary the sets of the reference levels independent-
ly of the VA notation. It seems puzzling that by now

the set of reference levels used for a certain chart is
considered to be linked to the VA notation character-
izing. A trivial reason of linking the reference levels
and certain notation is probably to simplify numerical
values of outcomes by using “round” values for practi-
cal purposes. From such viewpoint, the easiest and
widespread way (often implicitly used in practice and
noted in some guidelines) is to indicate the reference
line numbers corresponding to testee’s thresholds:
“He sees the 5th line”, or “She sees the 3rd line and
3 letters in the 4th line”. During an examination ses-
sion, it is sufficient to make such recordings which
contain information required for practical purposes,
while leaving the task of data interpretation and analy-
sis for future or to other researchers. Noteworthy, ma-
ny optometrists often employ this scoring of VA by the
line numbers since it is simple and understandable to
every participant of the measuring procedure.

By close of this overview, we cannot but remark
that, with time, the task of optimizing the sets of the
reference levels in printed charts becomes less actual,
since in the near(est) future these will surely be sup-
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planted by computerized procedures for VA assess-
ment, implying the shift to the task of developing op-
timal algorithms for varying stimulus sizes. Such algo-
rithms were already emerging in the second half of the
20th century (Taylor, Creelman, 1967; Watson, Pelli,
1983) and continue to be improving at present. More
than that: global computerization will enable both
standardization and variegation of the VA procedure
stipulating quite another issues and approaches to its
execution — novel paradigms, principles, optotypes,
and protocols.

Another factor that probably will positively change
the practice of VA assessment is the envisaged transi-
tion from sporadic VA screening to its frequent moni-
toring. In the latter case, short intervals between the
measurement sessions would make employment of
such tools as the VA charts problematic, since frequent
presentation of the same chart during the test session
may ensue memorizing of its elements/lines, which
would result in biased outcomes of the retest.

In computer-aided methods, the notion of the ref-
erence test level is actually became unnecessary since
the test stimulus size can be voluntarily modified after
each stimulus presentation. In these cases, the crucial
feature is the display resolution as the limiting factor of
the possible increments/decrements of the optotype
sizes. This is illustrated in Figure 9 that shows feasible
sizes of the stimuli calculated on the basis on the
screen resolution (pixel sizes) for three different dis-
play brands at the viewing distance of 5 m (Terekhin et
al., 2015; Rozhkova, Malykh, 2017). The points on the
graph inside the three gray bars correspond to varying
stimulus size by adding pixel by pixel. It is clearly seen
that such one-pixel steps do not limit essentially the
number of the stimulus size gradations in the range of
the lowest VA but could be critical for the range of the
high VA values.
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To develop proper and convenient computer-aided
methods of the VA measurement, both scientific and
technical components of the elaborated setup become
equally important.

CONCLUDING REMARKS

More than 40 years ago Westheimer (1979, p. 327)
wrote in his paper on the VA measurement and scaling
(italics added by the authors):

“We base the discussion on the premise that it is
possible to arrive at a single value for the visual acuity of
an eye under a given set of conditions. /¢ is a threshold,
o, the minimum angle of resolution (MAR), and is to be
measured in minutes of arc. The method of determining
the threshold is immaterial for this discussion, and so is
the nature of the target. The arguments apply equally to
Snellen letter, checkerboard, and grating targets, and
to evoked potentials, optokinetic, or forced-choice
psychophysical responses. What concerns us here is the
scale in which to place a set of visual acuity measure-
ments expressed in minutes of arc.”

In the present paper we share this approach bar res-
ervation about Westheimer’s stance that the method
of determining the threshold is “immaterial for this
discussion”. In our opinion, the task of interrelating
results of different measuring procedures that deter-
mine the MAR is not yet resolved and, in principle,
cannot be solved in a uniform way. As was pointedly
worded by Pirenne (1962, p. 175) in his frequently cit-
ed quotation, “[tJhere are in fact as many different “vi-
sual acuities” as there are types of test objects”. This
problem was, however, not addressed here and will be
considered in more detail in the second part of our
overview.

The undertaken analysis of different VA measures
and notations shows that the advantages, shortcom-
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from the observation distance of 5 meters. S — Samsung
Galaxy S6; pixel size 0.044 mm; P — iPhone 5; pixel size
0.078 mm; N — Sony VAIO; pixel size 0.18 mm.

ings and applicability of a given notation should be as-
sessed by considering multiple factors: the essence of
the VA notation in question; the methods implicating
its use in the direct form (i.e., without recalculations);
intuitive comprehension of the notation; easiness of its
understanding for both testees and the examiner; the
notation’s applicability for assessing individuals of dif-
ferent age groups; insights from the population-based
surveys, etc.

We hope that this paper provides convincing argu-
ments in favor of a more wide use of the maximal re-
solvable spatial frequency — the critical frequency, F, — as
a measure of VA. This metric is close to both the opti-
cal standards and ones’ intuitive understanding of VA:
the better VA, the higher F,; in addition, the relation-
ship between F, and VA can be compellingly presented
graphically.

ROZHKOVA et al.

The Donders and Monoyer notations, as well as
the Snellen fraction in its decimal form are all propor-
tional to F,, and, thus, are equally suited for expressing
VA. Visual efficiency, VE, is similar, too, to F,, and the
Donders and Monoyer notations in that it has higher
values for a better VA, i.e., corresponds to one’s intui-
tive concepts. Furthermore, the nonlinear depen-
dence of VE on F,, in the low-vision range, designates
a greater impact of VA increase (or decrease), com-
pared with the case of good and excellent vision.

There are some cautious signs that the logMAR ap-
peal has passed its peak: recently, there appeared a
tendency to return to Snellen and decimal notations of
VA. As remarked by Tsou et al. (2017, p. 1): “...many
ophthalmologists do not understand non-Snellen for-
mats, such as logarithm of the Minimum Angle of
Resolution (logMAR) or Early Treatment Diabetic
Retinopathy Study (ETDRS) letter scores. As a result,
some journals, since at least 2013, have instructed au-
thors to provide approximate Snellen equivalents next
to non-Snellen visual acuity values.”

We conclude with a suggestion of an “inclusive
practice”: may each researcher and practitioner use
the method of VA assessment and the VA notation that
is most appropriate for addressing their research ques-
tion or purpose in a clinical setting, for collecting and
analyzing the data required for these — provided the
researcher and the practitioner profoundly understand
theoretical and methodological bases of the VA mea-
surement and take into account the metric properties
of the chosen notation.
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OLIEHKA OCTPOTbI 3PEHUA.
1. IEPBUYHBIE USMEPEHUA U PA3JINYHbBIE MEPDBI

I'. 1. PoxkoBa“*, M. A. I'paueBa“, I'. B. I1apameii’
¢ Hncmumym npobaem nepedauu ungopmayuu um. A. A. Xapkeeuua PAH, 127051 Mockea, b. Kapemnuuiii nep, 19/1, Poccus
b Department of Psychology, Liverpool Hope University, Hope Park, L16 9JD Liverpool, UK
*E-mail: gir@iitp.ru

B craThe npuBeneH KpaTKuii 0030p 1 aHaIU3 pa3IMYHbBIX IOAXOIO0B K OlLleHKe OCTPOThI 3peHus (O3), ume-
IOIIUIA EJTbIO TIPOSICHUTD TPUIMHBI OTCYTCTBUSI CPEIM CIEIIMATNCTOB OMHO3HAYHOTO MHEHUS TT0 TIOBOIY
CYILIECTBYIOLIMX CITOCOOOB IpeacTaBieHuss O3, uX JOCTOMHCTB U HenocTaTKoB. C TedyeHreM BpeMEeHM KO-
JIMYECTBO METOIOB 1 MPOIIEAYD, MPeITOXKEeHHBIX LI olleHKM O3, HapacTajao, OHU CTAaHOBUJIMCh Pa3HOO0-
pasHee, yBEIMYMBAIACh UX CIOXHOCTh. Takoe pa3HOCTOPOHHEE COBEPIIIEHCTBOBAHUE 1IIJIO MApAIJIETBLHO C
yBeJIMYEHUEM YKCIa MpodeCcCUOHAIOB, KOTopble olleHuBaiu O3 B pa3HBIX HEISIX, YTO MIPUBEIO K ONpee-
JICHHOMY PacXo3KJAeHUIO B3MJISIIOB HA MHTEPITPETALIMIO PE3yIbTATOB UBMEPEHU I U K BBEJEHUIO Pa3HBIX CU-
cTeM ux obo3HayeHMs1. OMHAKO ceifuyac HaJTuIue KOHCEHCYyca MEXIy CIelIMaINCTaMU CTAHOBUTCST KPUTHUY -
HBIM, TIOCKOJIbKY MHOTHE€ MTPOEKThI MPEeIyCMaTPUBAIOT COBMECTHYIO PabOTy MPOodeCcCUOHANTOB U3 Pa3HbIX
YUpEKICHUN 1 TPeOYIOT MEKIyHApOIHOTO COTPYIHNYECTBA. B mmonckax o6Iero oCHOBaHUS IS KOHCEH-
cyca v yHUGbUKAIMKY TEPMUHOJIOTUM JIOTUYHO HAavYaTh C PACCMOTPEHMSI CYyTU OolleHKU O3 U MpUYMH 3HAYU-
TEJILHOTO pa3HOOOpa3rsi COBPEMEHHBIX TOUEK 3peHHUs Ha pellleHrue 3Toi 3amayn Ha rpakTtuke. O630p cy-
IIECTBYIOIIMX MOAXOA0B K olleHKe O3 moKa3bIBaeT, YTO CYIIECTBYET TOJILKO O/1HA IepBrUYHas Mmepa O3, Ko-
TOPYI0O MOXHO TOJIyYUTh HEMOCPEICTBEHHBIM W3MEpEHUEM U BBIPA3UTh B OCHOBHBIX EIWMHMIIAX
MPOCTPAHCTBEHHBIX METPUK — MUHUMAaNIbHBIH yroi paspemeHus (MAR, o,,, — minimum angle of resolu-
tion), ompenensieMblii MUHUMAJbHBIM YTJIOBBIM PAacCTOSTHHEM, HEOOXOIUMBIM, YTOOBI IBE TOYKU BOCTIPH -
HUMAaJIKUCh pa3aenbHo. MmeeTcs elé ogHa Mepa — KpUTHYecKasi IPOCTpaHCTBeHHast yacTora (F,), — KOTo-
DPYIO MOXXHO OLIEHUTh HETTOCPEACTBEHHO, BMecTO MAR, eciii UCTTOTb30BaTh HAOOP TECTOBBIX PEIIETOK pa3-
HOIl MPOCTPAHCTBEHHON YacTOThl M OMNPEACIUTh MaKCUMAaJbHYIO (KPUTHYECKYI0) BOCIPUHUMAEMYIO
YacTOTY, IPH MPEBBIIIIEHUN KOTOPOI TTOJIOCHI PEIIeTKH YXKe He pa3invalorcs. Bce octaabHbIE MEPBI OCTPO-
ThI 3pEHUST PE30HHO CUUTATh BTOPUUYHBIMU, TPOU3BOIHBIMU, TTOCKOJIBKY OHU BBIUMCIISIIOTCS] KaK (DYHKIIUKU
o,,,. BBenenue npoou CHeneHa, necatudnblx ennHull, logMAR, VE (visual efficiency), VAR (visual acuity
rating) u Ipyrux Mep ObLIO CBSI3aHO ¢ MMOTPEOHOCTHIO MMeTh 1s1 O3 ajlbTepHaTUBHBIE MpeaCTaBIeHusI, 00-
Jiee ynOOHbBIE U MIOHSTHBIE, YeM O, 711 CIEUATIMCTOB, UMEIOIUX AeJI0 C oleHKoi O3 Ha MpakTUKe U UC-
MOJIB3YIOIIUX MOJlydyaeMble JaHHbIE JUISl pa3HbIX 1ieeil — CKpUHUHTa, MOHUTOPUHTA, TMarHOCTUKH, pea-
OUTUTAIINU, YCTAHOBJICHHST MHBAJIMIHOCTU, CTATUCTUYECKHX OIIEHOK, pPa3paboTKN HOBBIX TECTOB U 1p. B
CBSI3U C CYIIECTBEHHBIM Pa3iMuueM TpeOOBaHUIl U KPUTEPUEB Y Pa3HbBIX CIELUATNCTOB, MO-BUAUMOMY,
HEBO3MOXHO HaiiTh st O3 TpeacTaBiIeHNe, ONITUMAIbHOE CO BCEX TOYEeK 3pEeHUsI, paBHO KaK M HaWTyd-
LW eAUHBIN TpaKTU4YecKUit MeToa olleHKU O3 — “30/10ThIX” CTAaHAAPTOB U METOHOB HE CYLIECTBYET.

Karoueessie crosa: 3peHne 4yeoBeKa, OCTpOTa 3peHMs, IKanupoBanue, MAR, npoor CHeJleHa, OecaTud-

HBIe ennHULBI, logMAR, VAR
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