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A B S T R A C T   

Recent studies highlight the importance of the temporal domain in visual processing. Critical Flicker Frequency 
(CFF), the frequency at which a flickering light is perceived as continuous, is a widely used measure for eval-
uating visual temporal processing. Another important issue to investigate is the cortical interactions arising 
between the flicker stimuli of both eyes. 

This paper presents a robust and reliable dichoptic tool for evaluating the CFF threshold in both eyes. This 
system is based on an analog output device used to independently drive two LEDs through a custom-written 
MATLAB code (using a laptop PC) for eliciting sinusoidal flickering stimuli and for psychophysically 
measuring the perceived CFF threshold. The luminance and phases of each LED are individually controlled, 
enabling the investigation of the effect of phase and luminance differences on binocular summation in subjects 
with different ocular pathologies. Experiments were designed to evaluate the CFF threshold through a psycho-
physical test, based on a discrimination task with a stimulus duration of 1 s, based on a temporal alternative 
forced-choice paradigm. The target stimulus temporal features were modulated using the staircase method. 
Subjects were requested to discriminate between a target stimulus (a flickering light at various frequencies) and a 
flickering light at a frequency of 120 Hz, which is significantly higher than the CFF in humans; therefore, it is 
perceived as constant. 

One of the main advantages of the introduced dichoptic presentation system is that it enables the visual 
temporal performance to be measured under both monocular and binocular conditions where phenomena such 
as temporal binocular summation (BS) can be evaluated. Moreover, the system offers great flexibility by intro-
ducing a stimulus phase shift, which enables studying how stimulus timing affects the temporal function at 
millisecond scale resolution. Our results confirm that no crosstalk exists between the eyes and that the system can 
reliably separate the stimuli presented to the eyes. Using this set-up, we observed the binocular summation of 
CFF for low target luminance levels. The CFF was significantly (p = 0.011) higher (5.2%) under binocular 
compared with monocular viewing conditions. More importantly, introducing an inter - ocular phase shift 
reduced the binocular CFF in normally sighted subjects. Finally, in amblyopic subjects the amblyopic eye showed 
a decrease of 3.9 Hz (15%) in CFF, compared with the fellow eye (p = 0.001). 

The ability to assess binocular temporal performance using a dichoptic display can shed light on visual 
temporal performance in general, and on binocular temporal summation processes in particular, both for subjects 
with normal binocular vision and for subjects with impaired binocular vision (e.g., amblyopic subjects). 
Furthermore, such a presentation set-up may facilitate the development of training paradigms aimed at 
improving binocular vision performance. 

In this paper we describe the system and methods in detail and provide all necessary computer code and other 
details that will enable an easy and quick adaptation of the method by scientists interested in studying the 
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temporal resolution of the visual system in general, and in studying inter-ocular differences or interactions in 
particular.   

1. Introduction 

Visual performance is usually assessed through two important do-
mains, namely, spatial and temporal. Spatial resolution is defined as the 
ability to discriminate between two adjacent high-contrast objects 
(Anderson, 2009); it is determined by several factors, such as the eye 
optics (Land and Nilsson, 2002), the spatial organization of the photo-
receptor cells (Fein and Szuts, 1982), and the amount of neural 
convergence (Ingle et al., 1984; Neri and Levi, 2006) in the retina and in 
the higher visual areas of the brain. Temporal resolution is defined as the 
ability to discern changes in luminance levels over time (Farzin et al., 
2011). It is affected by both retinal and cortical factors; these factors 
include retinal eccentricity, light adaptation condition, and the age of 
the patient (Hartmann et al., 1979; Hecht and Shlaer, 1936; Jr, 1987; 
Tyler, 1987, 1985; Verrij and Hecht, 1933) as well as medication 
treatment and systemic and eye diseases (Kircheis et al., 2002; Mayer 
et al., 1994; Petzold and Plant, 2006; Phipps et al., 2003). There is 
growing interest in devising fast yet accurate and reliable methods for 
measuring visual performance for diagnostic, therapeutic, as well as 
basic research purposes. This paper focuses on studying temporal 
domain performance; it presents a robust and reliable method for 
evaluating the critical flicker-fusion frequency (CFF). An advantageous 
feature of the introduced method is that it enables the measurement of 
the performance of each eye separately or under binocular conditions, 
where phenomena such as temporal binocular summation (BS) can be 
evaluated. Finally, the system offers great flexibility by introducing a 
stimulus phase shift, which enables one to study how stimulus timing 
affects the temporal function at a millisecond scale resolution. 

CFF is defined as the frequency above which flickering stimuli are 
perceived as constant stimuli (Verrij and Hecht, 1933); it is a good 
measure of the temporal performance of the visual system. Several 
psychophysical paradigms (Haggard, 1982; Merfeld, 2011; Pashler and 
Yantis, 2002; Pelli, 1995) are available for measuring CFF. These include 
the method of limits and the method of constant stimuli (MCS) (Simp-
son, 1988); the latter is considered the gold standard. Notwithstanding 
its accuracy, this method is time-consuming and can be affected by 
subject fatigue, thus severely limiting its reliability in complex and long 
experimental paradigms. In our recent study (Eisen-Enosh et al., 2017), 
we have shown that the staircase paradigm is a faster adaptive method 
and that it is a suitable alternative for efficiently and accurately 
measuring the temporal resolution. Thus, it was utilized as a measure for 
evaluating the CFF in the presented method. 

Binocular summation (BS), a well-known occurring phenomenon of 
the visual system, is a process in which the brain combines the infor-
mation it receives from the left and the right eye (David Stidwill, 2011; 
Scott Steinman, Barbara Steinman, 2000) and merges it to form a single, 
three-dimensional, perceptual image (Ogle, 1962, n.d.; Schor and Tyler, 
1981). A perceptual gain ratio of ~1.4 (√2) (Campbell FW, 1965) is 
reported for normally sighted observers. BS has been extensively 
investigated in the spatial domain (Blake et al., 1981; Bolanowski, 1987; 
Campbell FW, 1965; Holopigian et al., 1988; Meese et al., 2006) (see 
also the Binocular summation concept diagram in Fig. 1), revealing its 
effect on visual acuity (VA) (Campbell FW, 1965). There was an 
improvement of 0.25 arcsec (Holopigian et al., 1988) under binocular 
viewing conditions (from 1 arcsec 6/6 under monocular viewing con-
ditions to 0.75 arcsec under binocular viewing conditions). Moreover, 
the binocular spatial contrast sensitivity is 40% better, compared with 
the monocular spatial contrast sensitivity (Kintz, 1969). 

Similarly, studies in the temporal domain 7,8 have shown that 
binocular summation greatly enhances performance in terms of 
increased CFF thresholds (Ali and Amir, 1991; Cavonius, 1979; 

Sherington, 1904). In 1904 Sherrington (Sherington, 1904) reported one 
of the first classical experiments that studied temporal summation. In 
this experiment, a square wave flickering stimulation under binocular 
viewing conditions produced a slightly (3%) higher sensitivity, 
compared with monocular viewing conditions. More recent work 
revealed that the binocular CFF for in-phase stimulation is significantly 
higher (by 4.5–10%), compared with monocular viewing conditions 
(with a brightness of 0.44 m lambert ≈1.3 cd/m2) (Ireland, 1950); 
furthermore, out-of-phase flicker stimuli were shown to decrease the 
flicker fusion frequency (Anstis and Rogers, 2012; Ireland, 1950; Levi 
et al., 1982; Perrin, 1954; Thomas, 1954). In measuring the temporal 
contrast sensitivity at increasing frequencies, Cavonius (1979) found 
that binocular summation increased at low and medium-range temporal 
frequencies (0.1–20 Hz). The mechanism by which introducing a phase 
shift between the eyes affects the temporal performance of a visual 
system has not been extensively investigated, and only a few works have 
been reported (Odom and Chao, 1995) (Huang et al., 2012). 

Considering our interest in investigating the binocular performance 
and the interactions in visual temporal function in the presence of 
various stimulus features, the need arose to design a dichoptic glasses- 
based system that would allow the study of CFF both monocularly and 
binocularly. Moreover, the system should enable the control of the 
stimulus features applied to each eye separately (e.g., luminance levels, 
phase, frequency, and duration), and obscure the tested condition by 
randomly assigning the type of stimuli sent to each eye, thus reducing 
the effect of various confounders such as fatigue or training. 

One of the first system design considerations is the optimal binocular 
paradigm (i.e.,dichoptic vs dioptic). In order to avoid potential effects 
on the optical characteristics of a stimulus, such as color, luminance, 
location, or light reflections, we decided to develop a dichoptic system 
based on orthogonal polarizing filters. In our system, the difference 
between the presentations to both eyes is exhibited only for the stimulus 
(flickering light emitted by a LED filtered at a specific polarization), 
whereas the rest of the field of view is similar; therefore, it facilitates 
binocular fusion (Suttle, 2010). 

Our dichoptic viewing system allows the presentation of a LED 
flashing stimulus to each eye, either separately (thus stimulating each 
eye separately) or synchronously with the help of polarized lenses while 
controlling each eye’s stimulus parameters (e.g., flickering rate, lumi-
nance, and phase) separately. In this system, the subject’s experience is 

Fig. 1. Binocular summation concept diagram. The possible interactions be-
tween the right and left eye. (a) Ocular outputs serve as input to the visual 
cortex (b), which then processes the relayed information. (c) There are five 
potential interactions between the two ocular inputs: no summation, complete 
summation, facilitation, partial summation, and inhibition. 

A. Eisen-Enosh et al.                                                                                                                                                                                                                           



Experimental Eye Research 201 (2020) 108290

3

similar under the monocular, binocular, and dichoptic conditions. 
The ability to test the binocular temporal resolution obtained in a 

dichoptic display can shed light on the visual temporal performance in 
general, and on binocular temporal summation processes in particular, 
for both subjects with normal binocular vision and those with impaired 
binocular vision (e.g., amblyopic subjects). 

2. Materials and supplies  

• Analog data output device- National Instruments NI-USB-6001  
• LED-Cool White ‘Cree® 5 mm round LED  
• Resistor-30 kΩ  
• Customized plastic holder - Created through 3D printing (see the 

image and files for 3D printing in the appendix)  
• Linear Polarizer sheet-Extinction ratio: >100:1 for λ = 400–500 nm, 
>1000:1 for λ = 500–700 nm, > 5000:1 for λ = 530–690 nm. 
Transmission (non-polarized): 38% avg. from 400 to 700 nm; 
polarizing efficacy: >99%; acceptance angle ±30◦.  

• BLACK Virtual Reality Box -(with no lenses) DIY 3D VR Glasses 
Virtual Reality Box BLACK ABS Plastic Product size (L x W x H): 
15.00 × 8.50 × 9.40 cm/5.91 × 3.35 × 3.7 inches.  

• Linear Polarizer lens- LPVISE200-A-D65-SP Linear polarizer 65 mm 
diameter, -A coating [Thorlab]. Extinction ratio:> 100:1 for λ =

400–500 nm > 1000:1 for λ = 500–700 nm, > 5000:1 for λ =
530–690 nm. Transmission (non-polarized): 38% avg. from 400 to 
700 nm. Polarizing efficiency: >99%. Acceptance Angle ±30◦. 

• Customized Matlab Software. The Mathworks, Waltham, Massa-
chusetts. The code is enclosed in the Supplementary Information. 

3. Detailed Methods 

3.1. Apparatus 

3.1.1. A novel laptop-based CFF measuring system – general description 
We developed a novel laptop-based system for measuring monocular 

and binocular CFF. The system is based on a commercially available 
analog output device that can independently drive two LEDs controlled 
by a custom-written MATLAB code for eliciting sinusoidal flickering 
stimuli and for psychophysically measuring the perceived CFF threshold 
(Fig. 2a–c). The luminance and phases of each LED are individually 
controlled, enabling one to investigate how phase and luminance dif-
ferences affect binocular summation in amblyopic subjects or those with 
other pathologies. 

Fig. 2. Dichoptic CFF system. a. Illustration of the 
experimental set-up. A ‘National Instruments’ NI- 
USB-6001 data acquisition board connected to two 
Cool White ‘Cree® 5 mm Round LEDs, covered with 
polaroid sheets in front of the subject, who is seated 
behind Polaroid glasses. (b) Device circuitry: (1) A PC 
equipped with Matlab software to drive (2) a ‘Na-
tional Instruments’ NI-USB-6001 board. The stimulus 
is generated using (3) two Cool White ‘Cree® 5 mm 
Round LEDs. (c) A customized 3D printed LED stand. 
(d) A caption of the LED stand and its cover - 1-mm 
partition specifically designed to separate the LEDs 
in a way that fulfills Panum’s fusional area criteria, 
providing the perception of a single percept.   
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3.1.2. CFF measuring system 
The system is composed of two Cool White 5 mm Round LEDs, which 

are driven by a National Instrument multifunction I/O device via 30 kΩ 
resistors, similar to our previous study (Eisen-Enosh et al., 2017) 
(Fig. 2). The two LEDs are mounted on a customized stand, to stabilize 
the stimulus location during the experiments. The stand was then 
mounted on an adjustable pillar so that the stimulus position can be 
accurately delivered to the subject’s eyes. The customized stand and the 
pillar were created through 3D printing (Fig. 2c and d). Each LED was 
covered with one linear polarizer sheet, with the polarizer angle dif-
ferences between the two LEDs set to 90◦. The LED electrical circuits 
were connected to two analog outputs. The device produced a sine wave 
to drive the LED stimuli with 100 percent modulation depth in each LED 
separately, using a sampling rate of 5000 Hz. The stimulus luminance, 
phase, and frequency were controlled by setting the amplitude, phase, 
and frequency of the output derived by the board’s analog outputs, 
respectively. Files for 3D printing of the stands are available in Sup-
plementary Information Figs. S1–4. 

3.1.3. Validation and calibration tests 

3.1.3.1. Luminance calibration. To avoid luminance artifacts caused by 
luminance differences at various stimulus frequencies, the luminance 
levels were carefully measured over the entire range of frequencies of 
interest, and the required voltage needed to elicit a desired LED illu-
mination level was calibrated using a Konica Minolta LS-110 photom-
eter. To this end, the measurement device was mounted on an optical 
table, to maintain stability, and the average light intensity as a function 
of frequency (10 Hz–70 Hz and at 120 Hz, which served as a non- 
flickering light condition) was measured (6 repetitions) for various 
LED driving voltages (3–10 V). In the current study, we used luminance 
levels ranging between 2.5 cd/m2 and 40 cd/m2. 

3.1.3.2. Frequency and phase validation. Frequency and phase valida-
tion were performed by placing a photo-diode (Light Dependent 
Resistor- LDR) in front of the LEDs. The generated electrical signal was 
recorded using an electrophysiological recording system (AlphaLab 
SnRTM, Alpha Omega Ltd, Israel) for 1 s (see the supplementary infor-
mation). Following the initial measurements, the phase was corrected by 
0.0314pi (Supp. Figs. S1, S2, S3), and measured again to validate the 

accuracy of the phase difference (Fig. 3). 

3.2.1. Dichoptic system design considerations 
To avoid the effect of accommodation insufficiency, the system is 

designed for a working distance of 150 cm (see below for details). The 
experiments were performed with the subject seated, wearing Linear 
Polarizing glasses attached to a chin rest. Both the glasses and the LED 
filter are orthogonally polarized such that each eye is stimulated by only 
one LED (Fig. 2a). 

In order to create binocular testing conditions, with characteristics 
similar to those of the monocular examination, we designed the system 
apparatus so that the two LEDs were perceived as a single LED. To this 
end, the spacing between the two LED centers was set to 6 cm (corre-
sponding to 0.23◦ or a 13.75 min arc at a working distance of 150 cm), 
which is smaller than the traditionally accepted Panum’s value in the 
fovea, resulting in the fusion of the two stimuli into a single percept 
(Ogle, 1962, n.d.; Schor and Tyler, 1981). 

3.2.1.1. Crosstalk test. In order to demonstrate that the system can 
indeed separate the stimuli presented to both eyes without crosstalk 
from one eye to the other, we performed a so-called crosstalk test. The 
subjects were asked to identify which of the two intervals included the 
target stimulus (flickering light), which was presented at a luminance 
level of 40 cd/m2 at 10 Hz, which is well below the CFF threshold and 
thus allows for a clear distinction between the flickering and the 
continuous light (120 Hz). The test was performed on 10 subjects (9 
females, 1 male) using a 2AFC detection method. The subjects repeated 
the test twice, each time with a different eye covered with an opaque 
patch. A block of 50 trials (one 2AFC detection task) was presented in 
which the light was randomized to one eye (right or left). An auditory 
cue was used to indicate the time at which the stimulation occurred. The 
results revealed (Fig. 4) that indeed when the stimulus was delivered to 
the covered eye, the success rate was at the chance level of 50%, whereas 
when the stimulus was delivered to the uncovered eye, a success rate of 
~100% was observed. This indicates that there is no significant crosstalk 
or leakage of stimulus light between the two LEDs, even with a high- 
illumination level stimulus. 

Fig. 3. Phase measurements. a). Phase measurements and correction at a stimulus rate of 10 Hz. Top: The measured phase shift before correction (black circles) and 
after corrections (magenta) is plotted against the input phase (desired). The solid line denotes a fit of the corrected values. Bottom: The difference between the 
desired and measured values before correction (black circles) and after correction (magenta). b) Phase measurements and correction for a stimulus rate of 50 Hz. 
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3.3. CFF measurement 

3.3.1. Subjects 
The objectives of the experiment and its implementation were 

detailed and clearly explained to all subjects and they all filled out a 
medical questionnaire. All participants signed an informed consent form 
and the study was approved by and conducted according to both the IRB 
Committee at the Edith Wolfson Medical Center, Holon, Israel (Appli-
cation number 0108-15-WOMC), and by the Bar-Ilan University Ethics 
Committee. 

3.3.2. Subject inclusion criteria 
The CFF measurements were performed on five healthy participants 

(2 females, 3 males aged 27.7 ± 1.3 years old, mean ± STD) with no 
known neurological conditions and with normal corrected vision, and 
on four amblyopic subjects (4 females, aged 25.4 ± 1.25 years old, mean 
± STD). All subjects underwent a comprehensive vision examination by 
a qualified optometrist (A.E.E). Subjects were refracted by dry retinos-
copy and tested using a binocular ‘Randot stereo’ test, a cover-test, and 
underwent a general eye examination including fundus ophthalmoscopy 
and a slit lamp examination of the anterior segment. The criteria for 
inclusion were visual acuity (ETDRS chart) better than 0.1 LogMar with 
a difference of less than 0.2 LogMar between eyes, stereopsis better than 
40′′, and no ocular or neurological disease. The mean stereopsis of the 
subject groups was better than 40′′, and the mean visual acuity (log-
MAR) was as follows: far monocular: − 0.02, far binocular: − 0.04, near 
monocular: 0.03, and near binocular: 0.05. For amblyopic subjects, the 
criteria for inclusion were a difference between the eyes of at least 0.2 
logMar and an indication of the presence of strabismus or a difference in 
the refractive error. 

3.3.3. Experimental setting 
It is of great importance to ensure that the subject is seated 

comfortably since the experiment lasts a relatively long time. We, 
therefore, used an adjustable chair and table, where a chin rest was 
placed, to ensure accurate testing distance and alignment. 

The experiment begins with a dark adaption period of 3 min (a mean 
room luminance of 0.001 cd/m2), which was found to be enough for CFF 
testing using our approach (Eisen-Enosh et al., 2017). 

3.3.4. Experimental paradigm 
During the adaptation time, the experimental procedure was 

explained to the subject. Experiments were designed to evaluate the CFF 
threshold through a psychophysical test, based on a discrimination task 
with a stimulus duration of 1 s, based on a temporal alternative forced- 
choice paradigm (2TAFC), similar to that in our previous publication 
(Eisen-Enosh et al., 2017). The target stimulus temporal features were 
modulated using the staircase method, as described below. Subjects 
were requested to discriminate between a target stimulus (a flickering 
light at various frequencies) and a flickering light at a frequency of 120 
Hz, which is significantly higher than the CFF in humans and is, there-
fore, perceived as constant. 

3.3.5. The staircase test for evaluating CFF 
The staircase method was then implemented by modifying the 

stimulus frequency using an adaptive 3-up-1-down staircase (3:1) 
(Levitt, 1971; Meese, 1995), depending on the participant’s response, 
similar to our previous report (Eisen-Enosh et al., 2017). The test is 
finalized upon the completion of 8 reversals (a change in the direction of 
the stimuli frequency); the CFF is defined as the mean of the last six 
reversal values. The CFF threshold is calculated at 79% correct answers 
(Polat, 2009), (Meese, 1995). The entire procedure is repeated twice to 
increase the reliability; the CFF is defined as the mean of the two rep-
etitions. The test can be performed in a combined manner: during a 
specific trial both eyes are tested, the stimulus is randomly presented to 
either eye or to both eyes simultaneously, and the phase difference is 
randomly set. The test duration is 20 min and the results are saved for 
further analysis. The interface used to control the experimental para-
digm and the psychophysical tests was developed using MATLAB. The 
complete code is enclosed in the Supplementary information with 
additional details. 

3.3.5.1. Effect of the binocular test on CFF using the dichoptic presentation 
method and with inter-ocular phase shifts. Five normally sighted subjects 
were tested for CFF values under various conditions (Fig. 5). Under both 
the monocular and binocular conditions and under a binocular viewing 
condition with phase shifts presented to the non-dominant eye, elevated 
stimulus luminance levels were associated with higher CFF values (P =
0.005), as expected. For low target luminance levels, a summation of the 
binocular CFF was evident, showing a significantly (p = 0.011) higher 
(5.2%) binocular CFF compared with a monocular CFF. These results are 
consistent with previously obtained results (Ali and Amir, 1991). 

Fig. 4. Crosstalk validation. The percentage of the correctly recognized flick-
ering targets for either a covered Left eye or Right eye. A 2AFC detection task 
where static and a flickering stimulus are randomly presented to a specific eye 
at a luminance level of 40 cd/m2 at 10 Hz, which is well below the CFF 
threshold. The results reveal that when the stimulus is presented to the covered 
eye, the percentage of the correctly identified flickering target was at the 
chance level of~ 50%, whereas when the flickering target was delivered to the 
uncovered eye, a success rate of ~100% was observed. 

Fig. 5. Effect of a phase shift added to the non-dominant eye on the CFF value. 
A CFF value for five subjects and luminance levels of 2.5 cd/m2 and 40 cd/m2 

under monocular, binocular viewing conditions, and a phase shift addition for 
the non-dominant eye. A stimulus was presented to the right eye (red), left eye 
(green), binocular viewing conditions without (black), and with (magenta) a 
phase shift to the non-dominant eye. *p ≤ 0.05**p«0.01. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Interestingly, the addition of an inter-ocular phase shift reduced (P 
= 0.011) the binocular CFF values under the low luminance condition 
(Fig. 5), whereas the CFF reduction under the higher luminance level 
was not statistically significant. 

3.3.5.2. Decreased CFF in amblyopia Using the Dichoptic Presentation 
Method. CFF tests were performed for 4 amblyopic subjects (see section 
3.2.1 above) at two different luminance levels (2.5 and 40 cd/m2), under 
both monocular and binocular conditions. Similar to subjects with 
normal vision, elevating the stimulus luminance levels was associated 
with higher CFF values. At all luminance levels, the binocular CFF values 
were similar to the CFF values of the fellow eye, whereas the amblyopic 
eye showed a decrease of 3.9 Hz (15%) in CFF, compared with the fellow 
eye (p = 0.001) (Fig. 6). These results are consistent with previously 
obtained results (Ali and Amir, 1991; Alpern, M., Flitman, D.B. and 
Joseph, 1960; Lehmkuhle, S., Kratz, K.E., Mangel, S.C. and Sherman, 
1980; Loop and Frey, 1982; Manny and Levi, 1982). 

3.5. Test-retest reliability 

In order to evaluate the reproducibility and reliability of the method, 
the CFF tests were repeated twice on different days for 5 normally 
sighted subjects (Fig. 7a) and 4 amblyopic subjects (Fig. 7b) and the test 
re-test reproducibility was calculated. The test re-test reliability measure 
was defined using the formula: Absolute value of diffrence

mean . All investigated 
conditions showed low test-retest values in both normal and amblyopic 
subjects, suggesting high reproducibility. 

4. Potential pitfalls and trouble shooting 

4.1. System 

4.1.1. Validation test for luminance levels 
It is of utmost importance to verify the lighting of the ambient light 

levels during the experiment. Similarly, since different LEDs will pro-
duce different illumination levels, it is critical to calibrate the stimuli 
luminance, as detailed in section 3.1.2.2. 

4.1.2. Preventing inter-ocular crosstalk 
The main challenge in the described set-up is to ensure that under 

monocular stimulation the fellow eye is completely covered and that 
there is no crosstalk of the stimuli (“leakage” between the two eyes). 

Complete light occlusion to the desired eye is achieved using two 
orthogonal polarizers, which are optical filters that allow light waves of 
a specific polarization to pass through while blocking light waves of the 
orthogonal polarizations. Here, we used two polarizing filters (one on 
each of the LED light sources and one in front of each eye) that have the 
same polarization for passing the light to the desired eye. Owing to the 
acceptance angle of the polarizer that we used (±30◦), it was of great 
importance to fix the two polarizing filters stably and to ensure that the 
lenses are in the proper alignment. Therefore, the polarizing filters in 
front of each eye were mounted to the chin rest for proper alignment and 
fixation with the subjects. 

Once the polarizing filters were fixed, we validated the lack of 
crosstalk and the delivery of the stimulus to the desired eye to ensure 
that it is not perceived at all by the other eye (see ‘Crosstalk test’ section 
3.1.3.1 in the Detailed Methods chapter). 

4.2. Subjects 

4.2.1. Subject recruitment 
Recruiting suitable subjects for the experiments is critical for 

ensuring good and reproducible results. Investigating the effect of a 
large number of parameters requires a prolonged test time; thus, people 
with attention deficit disorders are not suitable. 

In addition, because of the system’s dichoptic character, subjects 
with binocular vision that is not within the normal limits (e.g., with high 
phoria) will face challenges in merging the two LEDs into a single 
percept and therefore, they are also not suitable for the task. This is 
particularly of great importance when the test is performed at a short 
viewing distance. 

4.2.2. Patient fatigue 
A long test duration introduces a significant fatigue effect or loss of 

attention, which was found in our previous study (Eisen-Enosh et al., 
2017) as well as by others (De Weerd et al., 1990; Windhorst and 
Johansson, 2012). In order to avoid subject fatigue, which introduces 
bias, it is important to minimize the test duration, by dividing the test 
into several stages, where each stage is no longer than 25 min. 

5. Conclusion 

Here we describe the system and methods of dichoptic viewing; they 
allow the presentation of a LED flashing stimulus to each eye, either 
separately or synchronously with the help of polarized lenses, while 
controlling each eye’s stimulus parameters separately. 

Using this novel dichoptic presentation device, we found that 
elevated stimulus luminance levels were associated with higher CFF 
values and that for low target luminance levels, a summation of the 
binocular CFF was evident, showing a significantly higher binocular CFF 
compared with a monocular CFF. Moreover, the addition of an inter- 
ocular phase shift reduced the binocular CFF values to those of the 
monocular values. 

This novel system enables the investigation of cases with patholog-
ical visual pathways such as in amblyopic subjects. These investigations 
revealed that the CFF of the amblyopic eye was significantly lower 
compared with the fellow eye and also showed that there was no dif-
ference between the binocular CFF and the CFF of the fellow eye. 

The current paper presents a detailed method and system for 
studying the temporal resolution of the visual system. This system may 
prove to be a useful and robust tool for investigating temporal visual 
performance in normal subjects as well as numerous existing visual 
pathway defects. 

Fig. 6. CFF measurements in amblyopic subjects at two different luminance 
levels (2.5 cd/m2 –left; 40 cd/m2 -right) for the amblyopic eye (red), the fellow 
eye (green), and under the binocular condition (black). *p ≤ 0.05**p«0.01 
***p«0.001. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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