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Purpose: This study proposes a novel approach for objective and automated peripheral
contrast sensitivity (CS) testing using reflexive saccades. Here the CS was examined in
various areas the of visual field (VF) using a live analysis of gaze data. For validation of the
new test, we examined CS with an established procedure of identifying the orientation
of a contrast stimulus.

Methods: To perform and validate the saccade-based testing, two separate measure-
ment events were performed. In the first, participants were asked to execute a saccade
toward a newly-appeared stimulus in their VF. After the saccade execution or stimulus
expiry, reporting the target orientation was required in a four-alternatives forced choice
(4AFC). Therefore the first measurement yields two outcomes (objective and subjec-
tive). In the secondmeasurement, only the identification of the stimulus orientationwas
requested,while fixating a centralmark. Stimulus contrastwas controlledby an adaptive
psychometric procedure in both measurements.

Results: The study found strong correlations (all r≥ 0.79) of CS values for all three possi-
ble testing methods (saccade-based responding in saccadic measurements, keyboard-
based responding in saccadic measurements, keyboard-based responding in non-
saccadicmeasurements), showing the feasibility of employment of reflexive saccades in
such testing. Second, this study shows a significant influence of eccentricity and direc-
tion of the stimulus on the CS function.

Conclusions: CS measured with reflexive saccades is comparable to other testing
methods over several areas of the participant’s VF. Hence, we propose it as a novel and
objective testing procedure for CS measurements.

TranslationalRelevance:AssessmentofCSusing reflexive saccadesextends theportfo-
lio of suggested eye movement-based tests, allowing objective examination across the
VF, which might be helpful especially in the early detection of various eye diseases.

Introduction

Objective assessment of visual performance is possi-
ble using several types of eye movements. Previ-
ous research showed a successful implementation of
microsaccades,1 smooth pursuit eye movements,2 or
the optokinetic nystagmus3–5 in contrast sensitiv-
ity (CS) measurements. It has been already stated
that eye movement-based measurements may help to
examine non-communicative participants,2 and make

the measurements more time-efficient when using a
live gaze data analysis.4 Their utilization is consid-
ered an objective approach for visual performance
testing.1–4,6,7 However, by now, thesemethodsmeasure
only the central CS, whereas an eye movement-based
test for peripheral CS has not been developed yet.

Peripheral vision is extensively used in patients
with central visual field loss resulting from macular
diseases.8 Moreover, a reduction in peripheral vision
may be the first indication of serious eye diseases, such
as glaucoma.Next, the optical quality on the peripheral
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retina might contribute to the enigmatic myopia devel-
opment process.9 Last, good peripheral vision is impor-
tant for many daily tasks, such as scene recognition,10
driving11 or performing sports activities.12 In light of
these facts, we aimed to transfer the advantages of
an eye movement-based visual performance test to the
examination of peripheral CS. To reach this goal, we
use live detection (live gaze data analysis) of reflex-
ive saccades (visually-guided eye movements), which
are performed in the direction of a newly appeared
visual stimulus, as an objective eye movement-based
response.13 Searching for the contrast level at which a
reflexive saccade just occurs could be therefore used
as an objective measure of peripheral CS. To effec-
tively change the contrast level of the visual stimulus
while searching for the contrast threshold, an adaptive
psychometric procedure was applied.

As shown by Murray et al.,14 or more recently
by Perperidis et al.,15 reflexive saccades were success-
fully used for perimetry testing (SVOP technique). The
motivation of the current study was to extend the
portfolio of eye movement-based visual field tests to
examinations of peripheral CS. The already established
eye movement-based procedures, along with our newly
proposed one, could serve as a set of tests for objective
assessment of visual performance across the visual field
of a patient.

Reflexive saccades are controlled by different neural
structures than voluntary saccades.16 Moreover, the
latency of the reflexive saccades was found to be lower
(the eye movement was performed faster) compared
to voluntary saccades.13 Similar to optokinetic nystag-
mus,17 the onset time of reflexive saccades is influenced
by the contrast level of a stimulus.18 Therefore we used
the visual stimulus presentation time limit of 500 ms,
which was shown to cover all the onsets across a wide
range of contrast levels.18 Reflexive saccades are often
also referred to as reactive saccades. Throughout the
article we use the term reflexive saccade to keep this
work uniform.13,19,20

Because previous subjective examinations of
peripheral CS showed varying values of CS depending
on the eccentricity and direction (nasal, temporal,
inferior, and superior),21 we aimed to replicate this VF
location-specific contrast sensitivity function (CSF)
for the objective measurements. Location dependent
variations of CS have been explained by variations in
peripheral refraction, higher-order aberrations, and
asymmetrically decreasing sampling of the ganglion
cells toward the periphery.22 To validate our proposed
objective test, we also executed the subjective measure-
ments. In the subjective measurements, participants
were asked to respond to the perceived orientation of
a Gabor patch with a keyboard. This subjective proce-

dure was performed twice: once in the saccade-based
measurements directly after performing a saccade
(or after stimulus expiration), and once in a separate
measurement, while maintaining the fixation in the
center of the screen (non-saccadic measurements). To
keep uniform references to the measurement instances
we performed, we address them as saccade-based
responding in saccadic measurements, keyboard-based
responding in saccadic measurements and keyboard-
based responding in non-saccadic measurements.

CS is clinically tested under monocular viewing
conditions. Hence, we followed this approach by patch-
ing the left eye. Moreover, we used one fixed stimu-
lus size as the potential effect of cortical magnification
varies substantially among subjects and visual field23
and one stimulus size for all tested eccentricity levels
was used in a previous study.21 Furthermore, as the
current study aimed to test CS in different visual field
areas, namely the central, macular and near peripheral,
the target was presented accordingly displaced relative
to the center of the screen. The estimated ranges of the
respective visual field areas are <5°, ≈5° to ≈9° and
≈9° to ≈17°, as reviewed by Strasburger et al.24

In our study, the contrast thresholds were measured
independently over a selected range of spatial frequen-
cies at four cardinal directions in three eccentric-
ity levels. These measurements were conducted using
saccade-based and keyboard-based procedures.

Methods

Participants

Twelve participants (eight male and four female)
with a mean age of 24.5 ± 2.6 took part in the
current study. All participants were emmetropic and
had normal vision. The current study considered
emmetropia as a refractive error smaller than ±0.5
D in spherical equivalent measured by the wavefront-
based autorefraction (ZEISS i.Profiler plus, Carl Zeiss
Vision, Aalen, Germany). The study protocol followed
the Declaration of Helsinki. In addition, the study
was approved by the ethics committee of the Faculty
of Medicine of the University Tuebingen. Signed
informed consent was obtained from all participants
before the experiment. All participants were recruited
from the University Tuebingen.

Visual Stimulus and Eye Tracking

For the presentation of the visual stimulus, the
Viewpixx screen (VIEWPixx; VPixx Technologies Inc.,
Saint Bruno, Quebec, Canada) was used, providing
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12 bits of bit depth in gray-scale resolution and refresh
rate of 120 Hz. The screen was gamma-corrected to
compensate for the nonlinearity in the pixel value
and luminance. For eye tracking, the EyeLink 1000
Plus infra-red (IR) eye-tracker (SR Research, Ottawa,
Ontario, Canada) was used with monocular tracking
of the right eye with a sampling frequency of 1000
Hz. For the visual stimulus creation and data analy-
sis MATLAB2018b (MATLAB2018b; MathWorks,
Natick,MA,USA) and Psychtoolbox-325,26 were used.
The reflexive saccade-evoking stimulus was a Gabor
patch with a diameter of 1.4°, presented on a screen
at a distance of 62 cm to the participant’s right eye (left
eye was patched for monocular testing). The stimu-
lus size was chosen to be large enough to not influ-
ence the detection performance across a wide range of
eccentricities.27 Also, the size was fixed for all eccen-
tricity levels because the cortical magnification, and
thus the related retinal cone density,28 was expected
to vary among subjects and to be different in the
four tested directions. One constant stimulus size for
different eccentricities was used in a previous study
on peripheral CS as well.21 During one measurement,
the target was presented in a random order in one
of the four possible directions respecting the nasal,
temporal, inferior, and superior visual field; hence,
always displayed at the 0°, 90°, 180°, or 270° merid-
ian. The orientation of the target was also randomly
selected for every target presentation from four avail-
able orientations 45°, 90°, 135°, or 180°. Eachmeasure-
ment was performed separately for three predefined
eccentricity levels, matching the central, macular, and
near-peripheral visual field. Here the corresponding
displacements of the target relatively to the center of
the screen were 2.0°, 6.5°, and 11.0°. The selection of
tested spatial frequencies was dependent on the eccen-
tricity level. We aimed to test the relevant range around
the peak of the CSF for each eccentricity level, also
considering the hardware limitations of our setup. We
tested spatial frequencies 0.8, 1.4, 2.2, and 4.3 cycles per
degree (cpd) for all three eccentricity levels, with one
additional (7.2 cpd) for the macular eccentricity level
and two additional (7.2 and 10.7 cpd) for the central
eccentricity level, because the detection of high spatial
frequencies is too low in the near peripheral eccentric-
ity level.21 To ensure stimulation at the desired visual
field location, the participants’ gaze was controlled
to be on the central fixation mark before the visual
stimulus was presented. This fixation check was imple-
mented using live analysis of gaze data and continu-
ous calculations of the gaze position running with the
sampling rate of the eye-tracker. A gray dot, displayed
at the center of the screen in size of 0.3°, served as the
fixation mark. The radius of the fixation area was set

to 1° so that potential fixational eye movements would
not be accidentally detected as false-positive responses
in the saccade-based measurements.7,29 Furthermore,
the fixation phase varied in duration because the time
was randomly selected from a range between 500 to
650 ms in every trial. Live gaze analysis allowed us to
switch to an irrelevant stimulus (empty circle) as soon
as the gaze position had exceeded the fixation area and,
second, to let a particular trial be repeated if a blinkwas
detected or if inappropriate fixation was detected in the
keyboard-based measurements. In case of a blink, the
order of the remaining trials was randomized again. In
the saccade-based measurements, as soon as the gaze
was found to be out of the fixation area, the direc-
tion of the performed saccade (βg) was calculated as
follows:

βg = atan2
(
yeye − ycenter, xeye − xcenter

)
(1)

In Equation 1 xeye and yeye stand for the Carte-
sian coordinates of the gaze position in pixels captured
after exceeding the fixation area, and the variables
xcenter and ycenter are the coordinates of the center of
the screen. The calculated angular difference between
target location and saccade direction βg had to be in a
range of ±22.5° to be accepted as a correct response.

Task for the Participants

The participants’ task was slightly different between
the two types of measurement. All subjects performed
both measurements in a randomized order. In the
saccade-based measurement, participants were
instructed to move their gaze toward the location
where the target was identified (to try to catch the
target with their gaze). After the eye movement or
target expiration, subjects had to answer the orienta-
tion of the Gabor patch in a 4AFC (four-alternatives
forced choice) paradigm, using a keyboard as depicted
on Figure 1. For controlling the location-specific
QUEST+ algorithm, correctly oriented saccades were
taken as correct responses, or otherwise, if no or
wrongly oriented saccade was detected. The keyboard-
based responses to the grating orientation within this
method were collected as additional data and did not
influence the adaptive psychometric procedure. This
data was only collected to better compare the CSFs
of the saccade- and keyboard-based measurements,
because there was a discrepancy in the fixational
mark presence (in the keyboard-based measurement
events, the fixation mark was present in the stimulus
presentation phase to avoid reflexive saccades).

The second measurement method covered a purely
subjective approach in which only the orientation of
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Figure 1. Procedure for the saccade-based measurements. The blue circles represent the area of fixation. The blue arrow illustrates the
expected direction of a reflexive saccade. The green dashed lines show the conewithin which the saccadewas considered correctly oriented.
When the gray circle was shown, the test required answering the grating orientation (in this example, the correct response was pressing 3
or 7 on the number pad).

the target was asked in a 4AFC paradigm. Fixation
had to be maintained on the central fixation mark,
which was present also during the stimulus presen-
tation phase. Equally to the first method, the initial
fixation phase varied in time. Participants had to
respond to the four available visual stimulus orienta-
tions with the keys 1 or 9, 2 or 8, 3 or 7, and 4 or 6,
respectively. The correct answer to the spatial orienta-
tion of the stimulus was considered as “seen” or “not
seen” otherwise. This response was used as input for
QUEST+.

Each eccentricity and spatial frequency combina-
tion was tested with both measurement methods with
120 target presentations each. There were always 30
target presentations per direction, and every orienta-
tion of the grating was presented 30 times. The total
number of trials in the saccade-based measurements
was 132, from which 12 were catch-trials at which no

target was present. However, they followed the same
workflow to hide them among other trials.

Application of the Adaptive Psychometric
Procedures

The QUEST+ adaptive psychometric procedure30
was used to control the contrast level of the stimuli
at each of the four VF directions (nasal, temporal,
inferior, and superior) independently (four instances
of the psychometric procedure were used) because CS
varies between different visual field locations.21 As the
psychometric function of the entropy-based adaptive
psychometric algorithm, the cumulative Weibull distri-
bution function was used with the parameters thresh-
old, slope, upper and lower asymptote. The param-
eter space for threshold had 15 contrast levels
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ranging from ≈ 0.024% to ≈ 66.0%. The slope
had a predefined parameter space of 0.5 to 5.5 in
steps of 0.5 since it could differ among subjects
and tested locations. Since the convergence of the
entropy function could vary among subjects and tested
locations, the number of grating presentations was
fixed, resulting in the same amount of data for every
participant.

Analysis of the Acquired Data

To find the contrast threshold for the calculation of
CS, the occurrence rate of reflexive saccades depend-
ing on the stimulus contrast level was fitted with a
psychometric function using Psignifit31 in MATLAB.
The cumulative Weibull distribution function was used
as the fitting function with the following parametriza-
tion

�(x;m,w, γ , λ)= γ + (1− λ − γ )
(
1 − elog(0.5)ec

log(x)−m
W

)
(2)

with c = log(−log(0.05)) – log (−log(0.95)). The fitting
parameters were guess rate γ and lapse rate λ, repre-
senting the lower and upper asymptote, as well as the
threshold m and the width w between the 0.05 and
0.95 points. Both m and w are in log space of the
stimulus parameter x. The relation between the width
w and the slope s of the cumulative Weibull distribu-
tion function, as also used by QUEST+, is s = c

w .
The contrast threshold CT was calculated from m as
C= em. Furthermore, the thresholdwas taken for every
measured spatial frequency of the grating and was later
converted to the CS value asCS= 1

CT . For plotting of
the data and statistics, the log10(CS) was used. At last,
the CSFwas created as a fit of the CS values depending

on spatial frequency SF with a log-parabola, consider-
ing the ascending and descending part of the CSF as
already suggested by Lesmes et al.,32 using the follow-
ing fitting function:

CS (SF ) = log10 (γmax) − log10 (2)
(
log10(SF )−log10(SFmax )

β

)2
, (3)

with peak sensitivity γmax, peak spatial frequency
SFmax, and the function’s bandwidth β.32 The CSFs
were fitted individually for each subject and all
tested retinal locations in the three eccentricity levels.
Additionally, the mean CSFs were fitted, calculated
across all participants for all tested locations, eccentric-
ities and testing methods.

Results

Psychometric Fits

The psychometric function fits for all three testing
procedures (saccade-based responding in saccadic
measurements, keyboard-based responding in saccadic
measurements and keyboard-based responding in non-
saccadic measurements) are shown in Figure 2 for one
example subject.

Correlation of the CS Values

We created three correlation (Fig. 3) and Bland-
Altman (Fig. 4) plots of the obtained CS values
to compare the three measurement methods to have
a first insight into the comparability of our data.
Correlation of CS values is strong for all combina-
tions of the three measurement procedures with corre-

Figure 2. Four subplots are shown for the four tested visual field directions. Each subplot contains three psychometric functions for the
three testing procedures. The red fits represent the keyboard-based responses in non-saccadic measurements, the green fits represent the
keyboard-based responses in saccadicmeasurements, and thebluefits represent saccade-based responses in saccadicmeasurements. Please
note that for the keyboard-basedmeasurements, the lower asymptote (guess rate) is shifted to 25% because of the 4AFC paradigm. The dot
size (area) scales with the testing frequency of the particular contrast level, as selected by the adaptive psychometric procedure. The shown
data are one example measurement of one subject at spatial frequency 2.2 cpd) and eccentricity 2°.
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Figure 3. The three possible combinations of correlations are shown for the three testing methods. The blue points represent the logCS
values for all tested subjects, directions, eccentricities and spatial frequencies. Please note the correlation coefficients are provided in each
subfigure.

lation coefficients of r = 0.79 or higher. However,
the Bland-Altman plots show an offset between the
saccade-based responses in saccadicmeasurements and
keyboard-based responses in non-saccadic measure-
ments (0.1379) as well as between the saccade-
based responses and keyboard-based responses in
saccadic measurements (0.1645). The smallest offset
was found between the two keyboard-based responses
in saccadic and non-saccadicmeasurements (−0.0266).
Friedman’s test shows a significant effect of the
testing procedure (χ2 (2159) = 482; P < 0.0001) with
significant group-wise differences between all three
approaches (Pall < 0.0001). The median CS for the
three testing procedures was 1.39, 1.54, and 1.52 in
the saccade-based measurements, in the keyboard-
based responses in saccadic trials, and the non-saccadic
keyboard-based measurements, respectively.

Mean CSFs

Mean CSFs (Fig. 5) were calculated over all
participants for the three testing procedures and the
three tested eccentricity levels, considering them as
another way of comparing the three testing approaches
besides the correlation plots described in the previ-
ous section. The results in the saccade-based measure-
ments show slightly worse values of CS than the two
other approaches, supporting the median outcomes
presented in the previous section. Nonetheless, the
trend of all the CSFs remained comparable across all
testing procedures. Second, CS was better in the nasal
and temporal visual field compared to the superior and
inferior direction, with more profound differences for
higher eccentricity levels and higher spatial frequen-
cies. Furthermore, we statistically tested the effects of

the method, eccentricity and direction on the fitting
parameters of the mean CSFs (peak sensitivity, peak
spatial frequency and the function’s bandwidth). The
three-way analysis of variance showed significant effect
of the direction of the visual stimulus (F(3,32)= 16.97;
P< 0.0001) eccentricity (F(3,33)= 256.78;P< 0.0001)
and method (F(3,33) = 60.01; P < 0.0001) on the
peak sensitivity. The peak spatial frequency is signifi-
cantly influenced by the direction of the visual stimu-
lus (F(3,32) = 20.45; P < 0.0001) and eccentricity
(F(3,33) = 187.00; P < 0.0001) but not by the method
(F(3,32) = 0.01; P = 0.99). Finally, our data show a
significant effect of the direction of the visual stimulus
(F(3,32) = 7.26; P = 0.0009) and eccentricity (F(3,33)
= 3.69;P= 0.038), yet themethod continued to have an
insignificant effect (F(3,33) = 1.63; P = 0.21) on the
function’s bandwidth.

Individual Visual Field Location-Speciffic CSFs
MeasuredWith Reflexive Saccades

Figure 6 shows the CSFs of saccade-basedmeasure-
ments for all participants for the four directions and the
three eccentricity levels. We also present median and
mean CS values with standard deviation in the Table,
calculated for every combination of direction and
eccentricity. Furthermore, we tested the effect of the
spatial frequency and the direction on CS for the three
eccentricity levels individually. The two-way analysis
of variance revealed a significant effect of the spatial
frequency and the direction onCS for the first (F(5,282)
= 41.58; P < 0.0001, F(3,284) = 4.93; P = 0.0024),
second (F(4,235) = 55.69; P < 0.0001, F(3,236) =
10.18; P < 0.0001) and third (F(3,188) = 40.39;
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Figure 4. The blue points represent the logCS values for all tested subjects, directions, eccentricities and spatial frequencies. Please note
that the confidence intervals (CI), mean value, and the lower and upper bounds are provided in the figure. These plots along with the
correlationplots abovewere considered toyield afirst insight about thepossibility touse reflexive saccades as another typeof eyemovement
for CS testing.

Table. Median (Mean ± SD) of CS Values Were Calculated Over All Subjects and Spatial Frequencies, Individually
for the Three Eccentricity Levels And The Four Visual Field Directions

Eccentricity 2° Eccentricity 6.5° Eccentricity 11°

Nasal VF 1.57 (1.52 ± 0.27) 1.41 (1.38 ± 0.18) 1.38 (1.36 ± 0.14)
Temporal VF 1.51 (1.51 ± 0.29) 1.42 (1.40 ± 0.19) 1.36 (1.31 ± 0.18)
Superior VF 1.47 (1.44 ± 0.29) 1.38 (1.32 ± 0.26) 1.21 (1.19 ± 0.23)
Inferior VF 1.44 (1.40 ± 0.27) 1.26 (1.25 ± 0.27) 1.11 (1.11 ± 0.19)
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Figure 5. The mean CSFs of all subjects were fitted for every eccentricity level (column) and every visual field direction (row). The first
column corresponds to the first eccentricity level (2°), second column to the second eccentricity level (6.5°) and the third column to the
third eccentricity level (11°). Each subplot contains a blue CSF representing the saccade-based responses in saccadic measurements, green
CSF representing the keyboard-based responses in saccadic measurements, and a red CSF representing the keyboard-based responses in
non-saccadic measurements. Note that the ranges of spatial frequencies vary for every eccentricity level.
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Figure 6. The location-specific CSF for the saccade-based measurement is presented for each participant (row) and eccentricity level
(column). Similar to the previous figure, each subplot shows a blue CSF representing the nasal VF, green CSF for the temporal VF, red CSF
representing the superior VF, and a black CSF for the inferior VF.

P < 0.0001, F(3,188) = 30.11; P < 0.0001) eccen-
tricity level. The interaction of the two variables was
not significant on the first eccentricity level (F(15,272)
= 0.49; P = 0.94); however, the significance was shown
for the second (F(12,227) = 2.56; P = 0.0034) and
third (F(9,182) = 3.03; P = 0.0022) eccentricity. On
top of that, the 2160 catch-trials had a false-positive
rate of 4.3%, with 93 catch-trials in which the gaze

exceeded the fixation area although no target was
present.

Discussion

The current study aimed to establish and validate a
novel approach of objective assessment of peripheral
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CS based on eye movements, extending already
conducted research on eye movement-based central
CS testing.1,3,4,6 For our testing, we used reflexive
saccades, a visually-guided eye movement occurring
toward a novel stimulus in the visual field of
an observer.13 Our test also extends the portfolio
of saccade-based tests, containing for instance the
SVOP technique,14,15 for peripheral visual performance
examinations. Such a set of tests may help to examine
noncommunicative participants1 or children.15 In our
study we presented a visual stimulus (Gabor patch)
defined by a spatial frequency and eccentricity level
in four possible directions in a random order. In
our novel test, the task for the participant was to
perform a saccade toward the stimulus (to catch the
target with their gaze). To validate our newly proposed
peripheral CS test, saccade-based measurements were
compared to an established subjective test based on a
response to the orientation of the stimulus. In this non-
saccadic subjective measurement, a stable centrally-
located fixation mark was present, leading to possible
differences in attention between the two measurement
events. To study this possible influence, the subjective
judgement was also performed directly in the saccade-
based measurement by identifying the orientation after
each trial. A significant difference was found between
the two keyboard-based procedures (CS measured
by the keyboard-based responding in the saccadic
measurements performed better). However, this differ-
ence is small (mean difference 0.027), and therefore
we consider it irrelevant for clinical testing. On top
of that, the Bland-Altman plots showed the highest
agreement between the two keyboard-based proce-
dures. In contrast to a previous study by Rosen et al.,21
we randomized the target directions and orientations
within one eccentricity level and spatial frequency in
every measurement to minimize the potential influ-
ence of attention.33 Moreover, we implemented catch-
trials, containing no visual stimulus. In 4.3% of catch-
trials a saccade was detected. A previous study on
accuracy and precision of saccades showed at least
9% of catch-trials containing a saccade.34 Vingrys
et al.35 stated that a false-response rate should be
lower than 20% to consider a visual field test as
reliable.35 Therefore we consider our false-response
rate low and our test to be solid. Nonetheless, we
cannot report on the reason for our false-response rate
because our saccadic detection did not consider the
landing point (the amplitude). A potential explana-
tion could be the occurrence of large fixational eye
movements exceeding the central fixation area (1°). As
found by Krejtz et al.36 or Martinez-Conde et al.,37
events of fixational eye movements larger than 1° are
rare; hence, only a small amount of our catch-trials

was found as false-positive. In future clinical testing,
catch-trials might be used as a verification of the test
reliability in individual subjects, as already suggested
before.35

The results of the current study show first a strong
correlation of CS values obtained from the saccade-
based measurements and both types of keyboard-
based responses, whereas all correlations calculated
indicate that the different response types are highly
comparable. However, the saccade-based measure-
ments generally show slightly worse performance in CS
testing than both keyboard-based measurements. This
offset is shown by the Bland-Altman plots comparing
the CS of saccade-based responding to both keyboard-
based procedures. One reason for this finding could
be the difference in the psychometric testing method
(4AFC vs. yes-no-task), leading to different guess rates
in the fitting procedure (guess rate set to 25% in both
keyboard-based responses, while set to zero in the
saccade-based responses).38 Furthermore, it might be
the case that sometimes, in low-contrast testing (high
CS), the contrast of the visual stimulus was too low to
trigger a reflexive saccade, even if the target was judged
correctly for its orientation. Another possible reason
for the saccade-based responses to underperform the
other two measurement procedures could be that the
latency of the saccadic onset was longer than the stimu-
lus presentation time, because the onset time was found
to be contrast-dependent.18

Moreover, the current study found a systematic
decrease of CS with increasing eccentricity, as was
hypothesized already after the outcomes of a previ-
ous study testing other eccentricity levels.21 Our study
confirmed better CS in the horizontal visual field over
the vertical one in both eye movement-based and
keyboard-based trials. However, our test’s eccentricity
levels were smaller than in other studies.21,39,40 Here we
also consider the maximum eccentricity we reached in
our study (11°) as a limitation of our set-up, because
the further eccentricities would have provided relevant
information of patient’s peripheral visual performance,
particularly in early-detection procedures of various
eye diseases. For testing larger eccentricity levels, our
test would require a larger screen or performing the
examination using a projector for instance. From previ-
ous research, better CS is expected in the inferior VF
compared to the superior VF. Our study could confirm
this only in keyboard-based measurements, whereas
saccadic trials show an opposite trend. This finding
could be explained by nonuniformity in triggering
vertical saccades. For example, Abegg et al.41 found
shorter latencies for upward oriented saccades than
downward oriented ones. On top of that, Tzelepi et al.42
suggested that stimuli in the upper and lower visual
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field may have different impacts on areas of the visual
system related to visual attention and motor prepa-
ration, concluding behavioral asymmetries in ocular
motor performance.

Nonetheless, the previous research showed a
successful assessment of the patient’s VFusing reflexive
saccades.15 We suggest that such testing procedures are
also suitable for remote screening using, for instance,
a VR headset, as already done by Tatiyosyan et al.5
for optokinetic nystagmus-based CS examinations.
Although there are some considerable technical limita-
tions, as for instance the eye-tracking latency43 or
its quality,44 the VR headsets provide a bigger field
of view for possible testing of larger eccentricities,45
compared to our setup. Testing further eccentricities
would be useful in the early detection of several eye
diseases such as glaucoma. Our test design should
support such testing because the direction of a saccade
has been calculated right after exceeding the fixation
area (no need for high accuracy of the eye tracker in
the periphery).

Conclusion

The current study shows a possible approach of
objective and fully automated estimation of CS in
selected areas of the visual field. We found a strong
correlation of the CS values between the newly devel-
oped method and an established procedure. On top of
that, the current study showed a successful replication
of the CSF across various visual field locations. Hence,
this study indicates the possibility of using reflexive
(visually-guided) saccades to assess visual performance
over the whole visual field objectively, not only consid-
ering CS but also visual acuity or the actual size of the
visual field.

Acknowledgments

Supported by Eberhard-Karls-University Tuebin-
gen (ZUK 63) as part of the German Excel-
lence initiative from the Federal Ministry of Educa-
tion and Research (BMBF). Further funding was
received from Deutsche Forschungsgemeinschaft and
the Open Access Publishing Fund of the University of
Tuebingen.

Disclosure:P. Essig,None;Y. Sauer,None; S.Wahl,
Carl Zeiss Vision International GmbH (E, F)

References

1. Scholes C, McGraw PV, Nyström M, Roach NW.
Fixational eyemovements predict visual sensitivity.
Proc Biol Sci. 2015;282:20151568.

2. Mooney SW, Hill NJ, Tuzun MS, Alam NM,
Carmel JB, Prusky GT. Curveball: A tool for
rapidmeasurement of contrast sensitivity based on
smooth eye movements. J Vision. 2018;18:7–7.

3. Dakin SC, Turnbull PR. Similar contrast sensitiv-
ity functions measured using psychophysics and
optokinetic nystagmus. Sci Rep. 2016;6:34514.

4. Essig P, Sauer Y, Wahl S. Contrast sensitivity
testing in healthy and blurred vision conditions
using a novel optokinetic nystagmus live-detection
method. Transl Vis Sci Technol. 2021;10:12–12.

5. Tatiyosyan SA, Rifai K, Wahl S. Standalone
cooperation-free OKN-based low vision contrast
sensitivity estimation in VR—a pilot study. Restor
Neurol Neurosci. 2020;38:119–129.

6. Doustkouhi SM, Turnbull PR, Dakin SC. The
effect of refractive error on optokinetic nystagmus.
Sci Rep. 2020;10:1–14.

7. Essig P, Leube A, Rifai K, Wahl S. Microsac-
cadic rate signatures correlate under monocular
and binocular stimulation conditions. J Eye Mov
Res. 2020;11(4).

8. Crossland MD, Culham LE, Kabanarou SA,
Rubin GS Preferred retinal locus development
in patients with macular disease. Ophthalmology.
2005;112:1579–1585.

9. Smith EL, III. The charles f. prentice award lecture
2010: a case for peripheral optical treatment strate-
gies for myopia. Optom Vis Sci. 2011;88:1029.

10. Larson AM, Loschky LC. The contributions of
central versus peripheral vision to scene gist recog-
nition. J Vis. 2009;9:6–6.

11. Owsley C, McGwin G, Jr. Vision and driving. Vis
Res. 2010;50:2348–2361.

12. Lemmink KA, Dijkstra B, Visscher C. Effects of
limited peripheral vision on shuttle sprint perfor-
mance of soccer players. Percept Motor Skills.
2005;100:167–175.

13. Walker R, Walker DG, Husain M, Kennard C.
Control of voluntary and reflexive saccades. Exp
Brain Res. 2000;130:540–544.

14. Murray I, Perperidis A, Brash H, et al. Saccadic
vector optokinetic perimetry (svop): a novel tech-
nique for automated static perimetry in children
using eye tracking. In 2013 35th Annual Inter-
national Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC)
2013:3186–3189.IEEE.



CS Test Using Reflexive Saccades TVST | May 2022 | Vol. 11 | No. 5 | Article 29 | 12

15. Perperidis A, McTrusty AD, Cameron LA, et al.
The assessment of visual fields in infants using sac-
cadic vector optokinetic perimetry (svop): A feasi-
bility study. Transl Vis Sci Technol. 2021;10:14–14.

16. Pierrot-Deseilligny C, Rivaud S, Gaymard B,Müri
R, Vermersch A-I. Cortical control of saccades.
Ann Neurol. 1995;37:557–567.

17. Essig P, Sauer Y, Wahl S. Okn-onset is influenced
by the contrast level of a visual stimulus. Invest
Ophthalmol Vis Sci. 2021;62:3330–3330.

18. Ludwig CJ, Gilchrist ID, McSorley E. The influ-
ence of spatial frequency and contrast on saccade
latencies. Vision Res. 2004;44:2597–2604.

19. Briand KA, Strallow D, Hening W, Poizner H,
Sereno AB. Control of voluntary and reflexive
saccades in Parkinson’s disease. Exp Brain Res.
1999;129:38–48.

20. Gremmler S, Lappe M. Saccadic suppression dur-
ing voluntary versus reactive saccades. J Vision.
2017;17:8–8.

21. Rosen R, Lundström L, Venkataraman AP, Win-
ter S, Unsbo P. Quick contrast sensitivity measure-
ments in the periphery. J Vision. 2014;14:3–3.

22. Curcio CA, Allen KA. Topography of ganglion
cells in human retina. J Comparative Neurol.
1990;300:5–25.

23. Benson NC, Kupers ER, Barbot A, Carrasco M,
Winawer J. Cortical magnification in human visual
cortex parallels task performance around the visual
field. Elife. 2021;10:e67685.

24. Strasburger H, Rentschler I, Jüttner M. Peripheral
vision and pattern recognition: a review. J Vision.
2011;11:13–13.

25. Brainard DH. The psychophysics toolbox. Spatial
Vision. 1997;10:433–436.

26. Kleiner M, Brainard D, Pelli D. What’s new in
psychtoolbox-3? Perception. 2007;14.

27. Khuu SK, Kalloniatis M. Standard automated
perimetry: determining spatial summation and its
effect on contrast sensitivity across the visual field.
Invest Ophthalmol Vis Sci. 2015;56:3565–3576.

28. Curcio CA, Sloan KR, Kalina RE, Hendrickson
AE. Human photoreceptor topography. J Comp
Neurol. 1990;292:497–523.

29. Zuber BL, Stark L, Cook G. Microsaccades and
the velocity-amplitude relationship for saccadic eye
movements. Science. 1965;150:1459–1460.

30. Watson AB. Quest+: A general multidimensional
bayesian adaptive psychometric method. J Vision.
2017;17:10–10.

31. Schütt H, Harmeling S, Macke J, Wichmann F.
Psignifit 4: Pain-free bayesian inference for psycho-
metric functions. J Vision. 2015;15:474–474.

32. Lesmes LA, Lu Z-L, Baek J, Albright TD.
Bayesian adaptive estimation of the contrast sen-
sitivity function: the quick CSF method. J Vision.
2010;10:17–17.

33. Carrasco M, Ling S, Read S. Attention alters
appearance. Nat Neurosci. 2004;7:308–313.

34. Kowler E, Blaser E. The accuracy and precision
of saccades to small and large targets. Vision Res.
1995;35:1741–1754.

35. Vingrys AJ, Demirel S. False-response monitor-
ing during automated perimetry. Optom Vis Sci.
1998;75:513–517.

36. Krejtz K, Duchowski AT, Niedzielska A, Biele C,
Krejtz I. Eye tracking cognitive load using pupil
diameter and microsaccades with fixed gaze. PloS
One. 2018;13:e0203629.

37. Martinez-Conde S, Macknik SL. From explo-
ration to fixation: An integrative view of yarbus’s
vision. Perception. 2015;44:884–899.

38. Wichmann FA, Hill NJ. The psychometric func-
tion: I. fitting, sampling, and goodness of fit. Per-
cept Psychophys. 2001;63:1293–1313.

39. Mackeben M. Sustained focal attention and
peripheral letter recognition. Spatial Vis. 1999;
12(1):51–72.

40. Daitch J, Green D. Contrast sensitivity of the
human peripheral retina. Vis Res. 1969;9:947–
952.

41. Abegg M, Pianezzi D, Barton JJ. A vertical asym-
metry in saccades. J Eye Mov Res. 2015;8(5).

42. Tzelepi A, Laskaris N, Amditis A, Kapoula
Z. Cortical activity preceding vertical saccades:
a MEG study. Brain Research. 2010;1321:105–
116.

43. Stein N, Niehorster DC, Watson T, et al. A com-
parison of eye tracking latencies among several
commercial head-mounted displays. i-Perception.
2021;12:2041669520983338.

44. Pastel S, Chen C-H, Martin L, Naujoks M, Petri
K,WitteK. Comparison of gaze accuracy and pre-
cision in real-world and virtual reality.Virtual Real.
2021;25:175–189.

45. Sauer Y, Sipatchin A, Wahl S, García García M.
Assessment of consumer VR-headsets’ objective
and subjective field of view (FOV) and its feasibil-
ity for visual field testing. Virtual Real. 2022;1–13.


