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Abstract. In optometry and more generally in vision reseatbh measure of visual acuity (VA) is the
most extended way to evaluate and obtain psychiagaiyaformation about the quality of the visionAV

is a measure of the eye’s resolution and it istedlao the Contrast Sensitivity Function (CSF); tisa
obtained using a grating with different spatiagftencies and different contrasts. In this mastesishwe
explored the possibility to relate VA (only theesiaf the stimuli is changed) with the Contrast Sesity
(CS) threshold at a spatial frequency of 18cyckgiee (c/d) (only the contrast is changed) through
spherical defocus. To explore the possible coilitelaf we measured both VA and CS to 20 subjects wit
six different levels of spherical defocus, i.eqnfr 0.00 D (diopters) to 1.25 D (0.25D-step). Theutes
showed significant correlations (rho spearman 58 0n all cases) between VA and CS for each lefel o
defocus. These correlations suggested a potenjabriant application to overcome the current lighite
resolution in virtual reality displays.
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1. Introduction

The minimum angle of resolution (MAR) of an opticgistem can be defined as the minimum
angle between two distinguishable entifiés.the human visual system, the minimum angle of
resolution in minutes of arc is inversely propantibto visual acuity (VA) expressed in a decimal
scale. The VA is a measure of the ability of theuai system to detect, recognize or resolve
spatial detail in a high-contrast tests and a dewel of lighting?
Typically, clinical tests of visual acuity consist determining the size threshold for a recognition
task. The targets to be recognized are call@dtypesand they comprise letters (or numbers)
designed so the width of the strokes and gapsradifth of the height of the optotype character.
It is important to have in mind in this study tixten and optotype is shown in a computer display
it is recommended to use 5 pixels for each stidkereover, it is also worth mentioning that the
World Health Organization (WH®)estimates a good VA expressed in minimum angle of
resolution (MAR) to be “1”. Notice that a good VA in most cases well correlated with a sharp
retinal image. Thus, by adding positive lenses thigelation changes, i.e., defocus produces
blurred vision, which is translated into poor visaeuity.
Contrast sensitivity (CS) is the inverse of corttitiseshold and is related to the ability of
detecting differences in brightness between adjaassas.,® Its measurement determines the
lowest contrast level that can be detected fovargior spatial frequency. The contrast can be
calculated using the Michelson (1).

(Lmax - Lmin)

Cui = 1
Michelson (Lmax +Lmin) ( )
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When contrast sensitivity is obtained for a ran§epatial frequencies it is possible to fit all
contrast sensitivity thresholds into a functionmnedy, contrast sensitivity function (CSF).

The CSF provides more valuable information thamalisacuity, which only considers high
contrast. It is widely demonstrated that some disga@o not decrease visual acuity but have an
impact on contrast sensitivity at lower spatialjfrencies. An example of it is the well-known
visual condition of cataracfs.

It is worth recalling the relationship between stios size and spatial frequencies. Low spatial
frequencies can be well represented with broadkldan white bands whereas a high spatial
frequency grating has thin black and white bandsthis sense, when viewing distance and
perspective are held constant, higher spatial &#egies correspond to smaller objects. Thus, the
size of an optotype (e.g., Snellen character ‘BEthw visual acuity of 1 (decimal scale) subtend
to 5, and in terms of spatial frequencies it isigglent to 30 c/cf.

In this case, adding positive lenses the imagerebdewill be blurry because a loss of high
frequencies is producédAn schematic representation of the CSF and VA in figure 1.
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Figure 1. A) Snellen E optotype. h is the sizenefdptotype and d is the observation distance oplatype
subtends t@ which comprises 5 times (MAR). Notice that the inverse of 2 timesdefines the spatial
frequency of the optotype. B) The orange linesesent how it might change the CSF when defocus is
added. When greater amounts of defocus are inteatinto the visual system of a subject, less capaci
will have the subject to perceive a stimulus witveay little contrast.

The purpose of this study is to explore the retesiop between VA and CS at a certain spatial
frequency (i.e., 18 c/d that is equivalenttd = 0.6) through different levels of defocus (from
0.00 D to +1.25 D in 0.25 D-step). VA and CS shdaltlas more defocus is introduced. It may
be possible to have a direct relationship betweegrtain VA (maximum contrast) and a certain
contrast at lower spatial frequencies. This retesiop can have an impact on technologies such
as virtual reality. They have suffered a massichnelogical development in the last years getting
a great number of applications in the industry. ideer, there is an important limitation in all of
them, the optical resolution of the system. It edliknown the existence of a trade-off between
the field of view and the resolution of a virtuahtity display. Typically, the larger the FOV, the
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worse the resolution given a fixed pixel size. ¥isscientists are concerned with the impossibility
to represent MAR’s of 1’ in current virtual realitgchnologies and at the same time having a
reasonable field of view of at least 30°. Thuss idifficult to test VA in such technologies. In
order to overcome this limitation, it is of greatdarest to investigate the linkage between VA and
other visual parameters such as CS.

2. Methods

Subjects

The study followed the tenets of the DeclaratiorHelisinki, and all subjects gave informed

written consent. The subjects were recruited froendtaff of Davalor Research Centre (UPC,
Terrassa), staff of CD6 (Centre for Sensors, Imsémis and Systems development, UPC,
Terrassa) and friends. Criteria for inclusion weest corrected visual acuity of 0.10 logMAR or
better and no history of any ocular condition, saygand/or pharmacological treatment. Only one
eye of each subject was included in the analysiscamrected with spherical and cylindrical

components of over-refractions within £0.25 D. Téheras not a minimum age requirement.

Experimental setup and examination protocol

First, an optometric examination was performed. Jiligective refraction was measured with the
endpoint criteria of maximum plus power consistwith best vision. The eye with best visual
acuity was chosen for the measurements.

After that, participants were moved to the measer@nroom. A complete session in the
experiment lasted around 45 minutes for patieritth® measures were done in the same lab and
under constant room lighting conditions (photopanditions). To minimize the effects of
accommodation (the capability of the eye to focearrargets) all subjects were asked to sit at 6
meters distance from the screen (Philips LED 2333100, Netherlands) in which the stimuli
were displayed. The screen size was 58.4 cm, sbrégitness was set to 250 cd/amd gamma
correction to 2.2.

To determine both the contrast sensitivity and alighresholds for different defocus levels a
psychophysical procedure called QUEST was perfornn@abcularly (i.e., one eye was occluded
with an eye patch). Defocus was optically inducediag spherical plus lenses in a trial frame,
the defocus levels comprised from 0.00 Dioptresit®5 D (0.25 D-step). In total each subject
had to do 12 times the psychophysical proceduoé VA and other 6 for CS.

The psychophysical procedure QUEST was basedwa-alternative forced-choice task (2AFC)
and the stimulus consisted in all cases on a Sn&#fethat could point either to the left or right
direction. Each QUEST test consisted in 64 triadsersubjects had to indicate on a keyboard the
direction of the ‘E’ letter. Each trial was shown2® on the screen. The psychophysical
experiment was performed in Matlab R2014 usingsaauized version of the QUEST function
from the Psychtoolbox.

Psychophysical procedure

The fastest psychophysical method was developed/dgon and Pefli30 years ago. It is the
Bayesian adaptive psychophysical method QUEST .€laer two important concepts to mention
about this psychophysical procedure.

On the one hand, the Bayesian methoddfbigybased on the Bayes rule which states that it is
possible to calculate the posterior conditionalbphility of an event (Ak) given the event B
(p(AKIB)), if it is known the prior probabilitiesfa set of n events (p(Ai), i=1:n) and the
conditional probability of an event B given a peutar prior probability (p(BJAi)). In other words,
the Bayesian methodology needs to specify some kniowledge on the parameters of a given
model and to update knowledge of the unknown paemmeonditioning the probability of this
model to the observed ddta-rom a formal and mathematic viel#the Bayes' theorem, can be
expressed in the following way
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The QUEST method applies this theory to data ctkm the experiment on each trial to update
the posterior probability estimates of a specificgmeter in order to converge into a value, i.e.,
the threshold we are looking for.
On the other hand, all psychophysical methods Ifitttee data obtained into a monotonic
probability function. This function is called psymhetric function and there are different
mathematical models to represent that. Concrethly,QUEST procedure uses the Gumbel-
Weibull distribution ¥ (x)), which expresses probability as a function oftlegshold intensity
in decibels (i.e., the probability function hasgdrithmic form). It has the following form

() = (1-8) - (1 —y - &) exp [ -1060) =70 | @

The parameter specifies the chance level, since the experimithi®study is a two-alternative
force choice task this value corresponds to 0.B.vituen specifies the slope of the psychometric
function, typically, it is set to 3.5 for this kiraf experiments. The parameters the lapse rate
(set it this study to 0.01), which sets the highpsformance level at less than 100%, in other
words, it is the probability of failing a trial dgige the stimulus is well recognized. Finaltyis
associated with the proportion correct for theaekbthreshold performance level, it can be found
empirically and in other similar studies it was &et1.15 dB. The only parameter to estimate is
the valuerT, the log threshold for a probability of correct respes of 75%. The estimation of T
is updated each trial and the value of the nemtugtis to present in each trial is the mode of the
QUEST function (5). The QUEST function is the logsterior distribution of threshold after
trial n, based on the Bayesian update rule.

n

Qu(T) = Infu(T) + ) frlnt¥r (v) + (1= rln[1 = Pr )]} ©
i=1

If the subject fails,r; = 0, otherwiser; = 1. Therefore, if the subject failginW;(x;) =0
meanwhile if the subjects succéss- r;)In[1 — W (x;)] = 0. In practice, when subject did the
test of VA, if the patient's answer was right tle¢tér changed to a smaller size, whereas if the
patient’s failed it changed to a larger size. Santy, in the test CS, when the subject was right,
the stimulus decreased its contrast making it nidfecult to be seen. If the subject failed, the
contrast was increased to a maximum of 95% contrast

VA demand per pixels
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Figure 2. The relationship between n° of pixels HedVA decimal have got a perfect shape of padénti
(R? = 1). For instance, if the stimulus uses only one pike¢ VA demand will be of 6.59 (certainly
unobtainable), a stimulus of six pixels have gbtfademand of 1.10 or a stimulus of 30 pixels haveay
demand of 0.22.
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Relationship between the stimulus and the pixels.

Each pixel had a size of 0.265 mrthus, considering that a letter should have agnion equal

to 5 times the stroke width and setting the viewdigiance of the display to 6 m it is possible to
exactly know the VA that can be shown in the scréefigure 2 it can be seen the relationship
between the number of pixels and the VA for ouregixpental conditions.

Statistical analysis

Data was preprocessed with Matlab R2014 (Mathwbr&s USA). The significance was set at
0.05 and the statistical analysis was performeaiguSPSS v22 (IBM Corp., USA). Normality of
each variable was checked with the Shapiro-Wilkdesl correlations between CSF and VA for
each pair of defocus are performed.

3. Results

Twenty subjects participated in this study with eam age + standard deviation of 20 + 31.12
years (22 to 67 years) with mean corrected logMAsRal acuity of -1.49 + 2.24 (+0.75 to -5.25).
The data obtained followed a non-normal distribut@cording to the Shapiro-Wifktest, thus,
the best descriptors of central tendency and digpeare the median and the interquartile range.
In table 1 is shown the central tendency of theadatd the values inside brackets reflect
dispersion. In order to perform direct comparisetween VA and CS, in figure 3 it is represented
the box plots obtained from the normalized datavshio table 1.

Table 1. Descriptive statistics

Defocus 0.0 D Defocus 0.25 D Defocus 0.50 D Defocus 0.75 D Defocus 1.00 D Defocus 1.25 D
CSF 10.75(13.90) 8.76 (11.02) 5.40 (8.18) 3.15(4.83) 2.51 (4.54) 1.15(1.91)
VA 1.65 (1.10) 1.32 (0.55) 1.10 (0.66) 0.82 (0.77) 0.60 (0.19) 0.51 (0.45)
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Figure 3. Box plot with normalized values for alirpmeters.

Table 2. Spearman correlation between de CSF aswhV/Acuity values for each defocus level.

Defocus 0.00 D Defocus 0.25 Defocus 0.50 D Defocus 0.75 D Defocus 1.00 D Defocus 1.25 D
Speé‘gg"a” s 0.64 0.83 0.63 0.52 0.54 0.50
p-value 0.03 <0.01 0.04 0.10 0.09 0.12
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To be illustrative with the fairly unknown adaptilkayesian psychophysical procedure QUEST,
in figure 4 it is plotted an example of the perfame of the QUEST psychophysical procedure
when obtaining the CS threshold (figure 4A) and#ethreshold (figure 4B) along trials. In
these two examples the method seems to converdevitielo4 trials. Initially the letter size or
letter contrast fluctuates greatly depending onrésponse of the subject. When the orientation
of the stimulus is correctly guessed, size or @stidecreases abruptly. Then, if the subject fails,
the size grows or contrast is accentuated, bulgsser extent. Gradually the algorithm converges,
to the smallest or least contrast value that thgestican see. The larger fluctuations have to take
place in the first trials while the changes in It trials should be very smooth showing all the
answer are converging to the threshold of the patie

Nevertheless, the QUEST procedure did not convasggood as expected in some patients. An
example of it is shown in figure 5. As you can Befigure 5A, contrast seems to gradually
decrease even after 64 trials. Moreover, in figiBdt is not expected whatsoever an abrupt fall
beyond the trial number 50.
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Figure 4. Example of good convergence during QUEBES/ichometric procedure. A) Log(contrast) values
shown at each trial for patient #1 and defocus @PB) Log(humber of pixels) values shown at each
trial for patient #1 and defocus 0.00 D. Noticet tissual Acuity is a function of the number of pige
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Figure 5. Example of bad convergence during QUES)cipometric procedure. A) Log(contrast) values
shown at each trial for patient #15 and defocu® 0.0B) Log(number of pixels) values shown at eiicth
for patient #8 and defocus 0.00 D. Notice that ®ishcuity is a function of the number of pixels.

4. Discussion

In was explored in this study the correlation betw€S (at 18 c/d) and VA at 6 different levels
of spherical defocus.

First, as expected, VA and CS decreased with def@nd more concretely, VA decreased faster
than CS, which is also expected since higher dfatiquencies are more sensitive to defocus,
and VA thresholds of our participants correspondtotypes with greater spatial frequencies
than 18c/d.

Secondly, all correlations between VA and CS tholeshare equal or greater than 0.5. Indeed,
these correlations can be considered good enougidawing a psychophysical experiment with
human subject¥. However, there is a clear difference between ¢kalts obtained with defocus
comprised between 0.00 D and 0.50 D and the resbitsned with defocus comprised between
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0.75 D and 1.25 D. For the lower levels of defoaasyelation is statistically significant (p <
0.05) but the results obtained with a defocus 66D.or higher shows a statistically insignificant
correlation (p>0.05).

These results suggest that potentially, there ntigta direct relationship between CS at a certain
frequency and VA. This is an important finding ®rtcan be used to overcome the maximum
angular resolution of virtual displays without charg the pixel size nor the size of the field of
view, namely, considering a high-contrast gratihgpecific spatial frequency, we might find a
perceptually equivalent grating (in terms of a gration task) with lower contrast and lower
spatial frequency.

Despite these findings show promising correlatidtris,crucial to disclose all sources of error in
our data sets. An important aspect to mention foomresults are the large dispersion shown in
the interquartile ranges (table 1) and also inbitveplots from figure 6. It is likely due to a fairl
small sample size (n=20). Even though the sampteserh for this study is enough for an
exploratory analysis (as it is done in this studiyjas the inconvenient of larger variabilities.
However there are other factors that might accéamthis dispersion as well, among them we
must note that participants were not homogeneotexms of age (i.e., subjects were from 22 to
67 years old) and it is well-known the influenceagk on visual acuity and contrast sensititity.
Thus, age is probably a cofounding factor in ouadets. If sample size had been larger it would
have been convenient to add age as a covariate.

Additionally, contrary to what we expected, we detd some cases in which the QUEST
procedure did not converge well in both the CS ¥Adhreshold determination (two examples
are shown in figure 5A and 5B). This is somehowpssing since it is reported elsewhere that
with 64 trials each QUEST procedure is enough émvergencé

In order to overcome all these limitations in fertistudies, it is required to increase notably the
numbers of subjects, split data analysis in diffeseibgroups of age and increase the number of
trials. All these would likely diminish the dispérs.

Finally, it is also worth mentioning that the pévesl level of illumination is subjective and
different in each case and can depend on othesrfastich as the state of pre-adaptation of the
eye, the observation’s time, the area of the rdatiaais stimulated, luminance contour and color
stimulus.

Indeed, the exposure time may have been a keyaoliihe exposure time of the stimulus was
so short (0.2 seconds) that the subject practitadliged all the time at a white screen on a white
background (the wall behind the monitor was whitdlis exposure time is already used in other
similar psychophysical experiments. However, ifag to think that participants may have
suffered -to some extent- from the so-called pheayanof photobleaching. Both cones and rods
(photoreceptors present in the retina) contain sphmatopigment molecules, which play a
fundamental role in phototransduction (transformlight into an electrical signal). The photo
pigments of the cones are different to those pteiserods. When light reaches the eye in a
continuous fashion it can occur that the concentmadf the photopigments is affected in such a
way that the ability of the photoreceptors to abdight is decreased, until reaching a saturation.
As the intensity of the luminance of the adaptafiefd increases, it decreases the number of
photo pigments capable of absorbing light. Duehts, tseveral subjects could not properly see
the stimulus appearing in the screen.

The exposure time of the stimulus could lead adsa secondary problem. As the stimulus was
presented very fast, the subjects tended also 9ponel very quickly, inducing some false
negatives (more than 1 trial per each QUEST t&siis issue is theoretically taken into account
in the lapse rate parameter of the QUEST procedinmis.parameter is the probability of failing
a trial despite the stimulus is well recognizedthis study we set a lapse rate of 0.01 (i.e., 1%),
which corresponds to less than 1 trial for each QUEest, but considering the above mentioned,
it might have been appropriate to increase thisevéd be more representative of our experiment.
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Other minor changes that we believe it can imptbeeresults can be a sound providing auditory
feedback after each participant's answer, a scofedifferent color between each stimulus
presentation in order to reduce photobleachingcdavibusly to increase the number of subjects
and trials per subjects.

5. Conclusion

Finding the way to link psychophysically, in a rgodion task, the VA and the CS at a certain
spatial frequency will allow to overcome the lifmitVA currently present in most virtual reality
displays in terms of visual perception. In thisdstwe explored this linkage and we showed that
it is potentially plausible to find a perceptualdrece between both psychophysical measures.
Correlation between VA and CS at 18 c/d is god@ldifferent levels of spherical defocus ranging
from 0.00 D to +1.25 D.

Despite our results showed large variabilities Ih data sets, this exploratory study has
characterized and disclosed all the most impoitantces of error and has established a good
starting point for a larger scale further studyhwatmuch larger sample size.
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