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Recent studies highlight the importance of the temporal domain in visual processing. Critical Flicker-
Fusion Frequency (CFF), the frequency at which a flickering light is perceived as continuous, is widely
used for evaluating visual temporal processing. However, substantial variability in the psychophysical
paradigms, used for measuring CFF, leads to substantial variability in the reported results. Here, we
report on a comprehensive comparison of CFF measurements through three different psychophysical
paradigms: methods of limits; method of constant stimuli, and staircase method. Our results
demonstrate that the CFF can be reliably measured with high repeatability by all three psychophysics
methods. However, correlations (r=0.92, p<0.001) and agreement (Bland Altman test indicated 95%
confidence limit variation of +-3.6 Hz), were highest between the staircase and the constant stimuli
methods. The time required to complete the test was significantly longer for the constant stimuli
method as compared to other methods (p < 0.001). Our results highlight the suitability of the adaptive
paradigm for efficiently measuring temporal resolution in the visual system.

: The human visual system processes visual information in two domains, namely: the spatial and temporal. Spatial

© resolution is defined as the ability to discriminate, in space, between two adjacent objects! and is determined

. by several factors, such as the eye optics?, spatial organization of the photoreceptors cells®, the degree of neural

: convergence in the retina*’ and higher visual areas in the brain. Temporal resolution is related to the temporal

© features of the stimuli and is defined as the ability to discern luminance changes over time®. The visual system’s

* temporal performance is limited by the finite time required for collecting and processing information®, and inter-

. mittent stimuli presented to the eye are perceived as separate only if the presentation rate is below a certain

. threshold’!!, defined as the critical flicker-fusion frequency (CFF).

: Recent studies'?~'* have demonstrated the importance of the temporal domain in visual processing and high-

. lighted the complex space-time interplay. There are several methods for exploring temporal processing such as

. temporal masking'>!¢, Rapid Serial Visual presentations'>!”-* and CFF. It’s assumed that the CFF can reflect

. the basic temporal function of the visual system and is therefore a good measure of its performance. The CFE is

. affected by a number of physical factors such as stimulus intensity, color, size, contrast and eccentricity, as well as

- light adaptation conditions and the subject’s age?*-?%. In addition to physical factors, the CFF can be reduced by

© various systemic medical conditions such as hepatic encephalopathy® or eye diseases such as multiple sclerosis®,

. Age Related Macular Degeneration?’-* or cataract®.

: Although the temporal resolution of the visual system can be studied by recording the electrophysiological
response of the visual system (e.g. electroretinogram?®>* or visual evoked potentials to flickering stimuli****), in
most settings it is usually evaluated through various psychophysical methods designed to measure the subject’s

. CFF value, as is described next. There are several major psychophysical paradigms®*-*° widely used for measuring

* various sensory thresholds (e.g. vernier acuity*’ and contrast sensitivity*! in vision, or auditory sensitivity*®) with

. the widely used method of constant stimuli (MCS) being the most accurate of these methods*>. This method

: is based on presenting the stimuli in a random order and therefore reduces errors caused by habituation and
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Figure 1. (a) Experimental setting. Subject seated 150 cm from a LED stimulus source, which is drived by

a data acquisition board and a computer. (b) Luminance constancy. The average light intensity as a function

of frequency (10Hz-70Hz and 120 Hz) was measured (6 repetitions) for various LED driving voltage. Bars

represent standard error. (¢) Frequency validation. Stimulus frequency, as measured by a recording system,

plotted against the desired frequency.

expectation. Moreover, it allows for the full sampling of the psychometric function*’, which carries additional
information. Notwithstanding, there are not many reports of this method being used for examining CFF in lit-
erature*»* since it is time consuming and can be exhausting for the subject*’. More commonly used, are the
methods of limits (MOL)'*?>%¢->* and the method of adjustment®®**, which are of significantly shorter duration
and are therefore not exhausting to subjects. Nevertheless, these methods are considered less accurate as they are
prone to subject bias**, which results from a set of internal rules governing the subject’s decision on whether
or not a flicker is perceived at any given frequency®*~®. Finally, the methods which are widely used for various
psychophysical studies**>> are variations of adaptive methods, such as the well-known staircase method (SM).
The latter method combines high accuracy along with a short experimentation time as compared to the MCS*,
and was therefore adopted by our group for measuring spatial functions!>*-%-%2 Nevertheless, only a few studies
reported the use of this method for measuring CFF thresholds (e.g.>16>¢4).

Despite the relevance and applicability in clinical practice, there is lack of data regarding the agreement between
the various paradigms used to measure CFF thresholds. In one such study, Feshchenko et al.*> compared the results
obtained with MOL to those obtained by a short version of the MCS and found that both estimates of CFF thresholds
differed by less than 0.1 Hz with the MCS providing higher reliability as compared with the MOL CFF estimation®.

In addition to differences in the psychophysical paradigm used for measuring CFF in various reports, there
is also a lack of consistency with regards to the various stimuli parameters used for CFF measurements, such as
stimuli light intensity, size and color!%2530:31:44:46-48,52-5463-65 thys adding more ambiguity to the results published
in literature and making the comparison between the various methods difficult.

Here, we present a thorough comparison between the three psychophysical paradigms (MOL, MCS and SM)
methods, in terms of CFF measurement repeatability, test duration and agreement. Moreover, we report on the
effect of stimulus intensity and adaptation time on CFF thresholds. To perform these studies, we developed a
robust and portable CFF measurement system using a LED (light-emitting Diode) controlled by a laptop, a data
acquisition board, and a customized computer software. The system provides the basis for a reliable CFF measur-
ing system which is inexpensive, highly portable and can be of high applicability in a clinical setting.

Results

The test apparatus. We developed a CFF testing system based on a custom written Matlab code (The
Mathworks, Waltham, Massachusetts) and an analog data output device, to drive a LED, control the flickering fre-
quencies and analyze the perceived CFF threshold (Fig. 1a). We validated the precision of the stimulus frequency
as described in the Methods section. More importantly, we excluded an illumination artifact by measuring a sta-
ble illumination along the entire range of the tested frequencies (Fig. 1b and Methods). The apparatus was placed
at a distance of 150 cm from the subject, where the resulting stimulus size on the retina is 0.2 degree.
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Starting point Step size | Ending point Threshold estimation
- 20 Hz for ascending Completion of a minimum of 3 iterations with a . .
Method of limits 60 Hz for descending 2Hz standard deviation smaller than 3 HZ mean of all terations
Method of 10 Hz below Method 1 Hz 20 repeitions per each frequency, the end flickering Create sigmoid curve from the results
Constant Stimuli | of limits-CFF frequency is 10 Hz above Method of limits CFF and determination of CFF in 80%
Staircase method | 18 Hz below Method .
3 up/1 down of limits-CFF 2Hz Completion of 8 reversals mean of the last 6 reversals

Table 1. Description of three types of psychophysical tests.
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Figure 2. Test-retest of CFF obtained by the three methods. CFF values were measured at illumination levels of
40 and 100 cd/m? Test-retest CFF difference over the mean is presented for the three methods (n=10). Mean
test-retest(SE) 0.06 (0.015), 0.03 (0.006) and 0.028 (0.01) for MOL, MCS and SM, respectively. *p = 0.05.

The stimulus flicker rate was varied between 10 to 60 Hz while a 120 Hz flickering light served as the constant
stimulus (Fig. 1c and Methods). The Matlab software was further used to control the psychophysical test param-
eters (intensity, duration), as is described in the Methods section and Table 1.

All participants had no strabismus, exhibiting normal visual acuity and stereopsis with no ocular or neuro-
logical disease. All experiments were performed on each eye separately with both eyes opened while occluding
the non-tested eye by an opaque lens mounted on glasses frame. The experiments were assessed in a dark room
similar to previous reports'®>2,

CFF measurements showed high test-retest repeatability. In order to evaluate the repeatability of
the methods, the CFF threshold was measured using each methods twice on different days at stimuli luminance
levels of 100 cd/m? and 40 cd/m> Test-retest repeatability of the three methods was then estimated using the for-

mulation: test-retest = m, where difference is the absolute difference between two paired measurements

and the mean is the mean of the two measurements (Fig. 2). Although all three methods showed high repeatabil-

ity, both the SM and the MCS showed significantly higher repeatability with smaller test-retest difference as
compared with the MOL (p=0.05). As an additional measure of repeatability, we analyzed the correlation
between the results of the first test with the results of the re-test for each method®®. The highest correlations were
found for SM (r=0.95, p<0.001) and MCS (r =0.946, p < 0.001) while MOL showed lower correlation (r=0.72,
P <0.05), highlighting the lower repeatability of this method (data not shown).

Correlation and agreement between the various methods. To evaluate the correlation and agreement
between the three methods, the CFF threshold was measured at six different luminance levels in the range of 2.5
100 cd/m?* using MOL and SM, and at a luminance level of 40 cd/m? using the MCS. We found a high and statistically
significant correlation between the MCS and the SM tests (r=0.92, p<0.001. Figure 3a). Moderate correlations
were found between the other pairs of tests (Fig. 2b,c). We further analyzed the agreement between the different CFF
tests through Bland-Altman tests®”¢%, Again, the highest agreement was found between the SM and MCS, with a
maximum difference of 3.6 Hz (Fig. 3d), while other comparisons showed a moderate smaller agreement (Fig. 3e,f).

It should be noted that for the same luminance levels, we observed low variability between subjects (SE 0.9-
1.7), in agreement with previous results in young healthy subjects*48%,

Test duration Effect. To avoid subject fatigue which may introduce bias and reduce reliability, it is impor-
tant to minimize test duration. Therefore, we measured the test duration of the three paradigms (Fig. 4). The
median test time of the MCS test (24.33 min) was found to be significantly longer than the other two paradigms:
3 times longer than SM (6.3 min, p < 0.00), and 11 times longer than MOL (2.2 min, p < 0.001). The SM test
duration was approximately 4 mins longer, as compared with the MOL (p < 0.001). We further evaluated the
effect of subject fatigue along the MCS test sessions by analyzing the change in CFF values obtained along the 20
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Figure 3. Correlations and agreement between the various methods. (a,b,c) The correlations between CFF
values obtained by the three methods are presented for all stimuli luminance for 10 subjects (6 females, 4
males). (a) The CFF correlation between SM and the MCS. (b) The CFF correlation between the MOL and the
SM. (c) The CFF correlation between the MOL and the MCS. (d-f) Bland-Altman plots of CFF values. Dashed
lines-mean £ 1.96sd.d) A Bland-Altman plot of SM and MCS. (e) A Bland-Altman plot of MOL and SM. (f) A
Bland-Altman plot of MOL and MCS.
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Figure 4. Test duration. Durations of each method for CFF measurement are plotted in minutes. The duration
of the MCS test (median 24.33 min, maximum 41 min, minimum 22 min) is significantly longer than that

of the two other tests (p < =0.001). The durations of the SM test was median 6.3 min (maximum 9 .96 min,
and minimum 1.95 min) and the durations of MOL test was median 2.2 min (maximum 7.73 min, minimum
0.935min) ***p < =0.001.

iterations comprising each test session. We found that the average CFF threshold of the first 10 iterations in the
MCS method was 0.8 Hz higher (range 1.1-3.4 Hz difference) as compared to the average CFF threshold of the
last 10 iterations (p =0.049) (Figure S2a). This small but statistically significant difference could be the effect of
fatigue and can lead to an underestimation of the CFF threshold when measured with the MCS. In contrast, in the
SM data, our analysis showed low correlation between number of iterations and final CFF threshold (r =0.25),
suggesting little or no fatigue effect in the SM method (See Figure S2b).
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Figure 5. Dark adaption effect on CFE. Mean CFF values as a function of dark adaptation time is plotted for 10
subjects.
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Figure 6. The Effect of Luminance: CFF values are presented as a function of stimuli luminance levels for 10
subjects.

Light adaptation time effect of on the CFF. In order to study the effect of light adaption on the CFF
threshold, we measured CFF thresholds at various time-points of dark adaptation. Our results revealed that
a steady CFF threshold is achieved after 3 minutes of dark adaptation with no significant difference observed
between the measured values for 3, 5 and 10 minutes of dark adaptation (Figure 5) (P=0.55, P=0.45, P=0.79,
respectively, indicating that a dark adaptation time of 3 minutes prior to each measurement, is sufficient.

Effect of stimulus luminance. In order to evaluate the effect of stimulus luminance level on the temporal
resolution, CFF tests were performed at six different luminance levels ranging between 2.5-80 cd/m? using the
SM. Increasing stimulus luminance yielded higher CFF values, reaching a plateau around 80 cd/m? (Fig. 6) with a
mean difference of 6.7 Hz (~20%) between the higher to lower luminance levels.

Discussion

In this study, we present a comprehensive comparison between three methods for measuring CFF threshold in
the aim to single out the most time efficient, reliable and repeatable method. Towards this end, we developed a
measuring system, based on a laptop, which controls a LED (See Figs 1, S1) and enables an easy measurement of
CFF thresholds in three methods, MOL, SM and MCS.

Our results demonstrate the high repeatability of the various CFF test paradigms with small variability
between test repetitions in all three methods. Repeatability, however was better for the MCS and SM tests as com-
pared with the MOL test (Fig. 2). High correlation and good agreement was observed between the various para-
digms used in this study. More importantly, the highest agreement and correlation values were observed between
the SM and the MCS tests, which is considered the gold standard in many psychophysical studies (Fig. 3a,d). In
addition, the SM was found to be significantly shorter as compared to the MCS (Fig. 4), making it more advanta-
geous in both research and clinical settings.
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To the best of our knowledge, this is the first comprehensive comparison between the various psychophysical
methods for the evaluation of temporal resolution. To date, the MOL is widely used for measuring CFF'%?>46:4749
thresholds, albeit its known subject response bias®7”°. The MCS test, although considered the most accurate in
the psychophysical field*? for measuring various sensory thresholds, has not been widely used for the evaluation
of CFF thresholds, with only a few studies reporting on using it (e.g Carmel et al.**). The long test duration makes
the use of the MCS method for evaluating the CFF threshold in a clinical setting difficult, mainly when the inves-
tigation of the effect of various test conditions is of interest (e.g. stimuli illumination). More importantly, the long
test duration also introduces an effect of fatigue or loss of attention, with up to 3.4 Hz effect, as was found in our
study (Figure S2a) as well as by previous reports®7".

The good agreement between the SM and MCS (Fig. 3) tests, the short test duration (Fig. 4) and small
test-retest variability (Fig. 2), make the SM the method of choice and a good alternative to the MCS for measuring
CFF thresholds, similar to the wide use of the SM for measuring spatial resolution®>”*.

An important factor which was found to affect CFF thresholds is the ambient light conditions which modulate
both the spatial and temporal sensitivity of the visual system®. Although it is commonly agreed on that cone photore-
ceptors adaptation takes about 5-10 minutes and rod photoreceptors adaptation can take up to 30 minutes’?, our results
demonstrate that the CFF threshold reached a plateau level in a dark room setting after a short 3 minutes adaptation
period (Fig. 5). It should be noted that evidence of such fast dark adaption for spatial performance measurements were
reported, when stimuli were presented to the fovea”, similarly to the current study (the stimulus size was 0.2 degree).

The optimal method for measuring CFF threshold should be accurate and reproducible in order to enable
detection of small changes in CFF values over time. Furthermore, since the test is usually conducted as a part of
a long battery of other psychophysical tests, it should be of short duration in order to avoid subject exhaustion
which can introduce bias to the results’. The described staircase paradigm was found to be of short time and
an accurate alternative to the longer tests and can therefore be efficiently used in research and clinical settings.
Future studies may further explore the suitability of other adaptive methods (e.g.”>”"?) for the measurement of
CFF threshold.

In conclusion, we presented a comprehensive comparison between three psychophysical methods used for the
evaluation of CFF thresholds. A simple laptop based setup can be used to test subjects and patients with a short
and highly repeatable CFF measurements based on a staircase paradigm and aid in the evaluation of temporal
processing in the visual system.

Methods

Apparatus. We developed a novel laptop based CFF measuring system based on a custom written Matlab
code (The Mathworks, Waltham, Massachusetts) and an analog data output device (sampling rate 5000 Hz,
National Instruments NI-USB-6001), to drive an LED, control the flickering frequencies and analyze the per-
ceived CFF threshold (Figure S1). Using a sampling rate of 5,000 Hz the device produced a sine wave to drive
the LED stimuli with 100 percent modulation depth. We used a Cool White ‘Cree® 5 mm round LED”® with a
diameter of 5mm and controlled the stimuli light intensity and frequency by setting the amplitude and frequency
of the output derived by one of the available analog outputs on the board. Frequency validation was performed
by recording the generated electrical signal using an electrophysiological recording system (AlphaLab SnR™,
Alpha Omega LTD, Israel) over 1second. Results revealed (Fig. 1¢) that the measured frequency is stable and with
a very small variation from the intended frequency (STD of maximum +0.5 Hz with a maximum error of 1.2Hz
observed only at the higher end of the employed frequencies (55-60 Hz).

We calibrated the required voltage needed to elicit a desired LED illumination level (measured using a pho-
tometer -‘Konica Minolta LS-110) at a range of up to 100 cd/m>. A neutral density filter of 10D was used to
display the lower light intensity range of 2.5-5cd/m”. Note that in order to avoid luminance artifacts, caused
by luminance differences between various stimuli frequencies, luminance levels were carefully measured over
the entire range of tested frequencies demonstrating a constant illumination level with a maximal difference of
0.256 cd/m? in the frequency range of 10-120 Hz. (Fig. 1b). Experiments were performed to ensure that these
differences are indeed undetectable with results validating that the employed illumination levels were perceived
as constant (Figure S3). Stable illumination of more than 200 cd/m? could be produced by the device, however in
the current study we used a maximal illumination of 100 cd/m?

Participants. The various CFF tests were performed on ten healthy participants (6 females, 4 males age
27.15+2.91 years old, mean +STD) with no known neurological conditions and with normal corrected vision.
The study was conducted according to the guidelines and regulations for human subject research. All partici-
pants 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 (Application number 0108-15-WOMC, Holon,
Israel) and by the Bar-Ilan University Ethics Committee guidelines.

All participants underwent a comprehensive vision examination by a qualified optometrist (A.E) including far
and near visual acuity (ETDRS charts), with full optical correction. All participants were refracted by dry retinos-
copy, and tested for binocular ‘Randot stereo’ test, cover-test and underwent general eye examination including
fundus ophthalmoscopy and a slit lamp examination of the anterior segment. The criteria for inclusion were visual
acuity 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 subjects group was better than 40”, mean visual acuity
(logMAR) was: far monocular: —0.06, far binocular —0.14; near monocular: 0, near binocular —0.03.

CFF test paradigms. Experiments were designed to evaluate the CFF threshold through three well known
psychophysical tests, based on a discrimination task with a stimulus duration of 1 sec as described in Table 1 and
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Figure 7. Schematic representation of the three tests. (a) Method of limits CFF = 36 Hz, (b) Method of
Constant Stimuli CFF = 34.7 Hz (¢) Staircase method CFF =38.7 Hz.

Fig. 7. In the first, the MOL, stimuli with increasing (starting at 10 Hz) or decreasing (starting at 60 Hz) flicker-
ing frequency were presented to the subject until the subject reported on perceiving the stimulus as constant or
flickering, respectively. The threshold calculated for a single trial was calculated as the average of three repeated
iterations®>*°. In order to reduce test variability, the trial was repeated until the CFF standard deviation of three
consecutive iterations was smaller than 3 Hz and the threshold was then calculated as the mean of these three
iterations. If this criterion was not met, then the trial was completed after 9 iterations and the threshold was cal-
culated as the mean of all 9 iterations.

The other two tests (MCS and SM) were implemented using the two temporal alternative forced-choice para-
digm (2TAFC), commonly used to eliminate the effect of response bias*”*7°. In these two tests, participants had
to discriminate between a target stimulus, flickering light at the various frequencies and a flickering light at a high
frequency of 120 Hz (significantly higher than the CFF in humans, therefore perceived as constant light). A high
frequency, rather than constant light, was used in order to avoid luminance artifact.

In MCS, stimuli flickering at various frequencies were presented to the participants, in a random order, in a
two-alternative forced-choice paradigm. Each frequency condition was repeated 20 times®**** and the percentage
of correct answers was then calculated. The threshold is determined after fitting the results into a logistic func-
tion®>7* and obtaining the well-known psychometric curve and then defining the CFF threshold at 80% correct
level®. Note, that When comparing fitting quality obtained using the logistic function to one of the other available
analysis functions (Weibull), with the mean square error as a measure, it was found to produce a better fit (mean
square error of 0.2 as compared to 0.1, data not shown).

The SM was performed by modifying the stimulus frequency according to the participant’s response. We used
an adaptive 3:1 method wherein the stimulus frequency is increased by one step in case of three consecutive cor-
rect responses and is decreased by one step in case of an incorrect response®!. The frequency step size was 2 Hz.
Under these conditions, the probability that the participant’s response is by chance or due to attention lapses
under the assumption that these are independent events, is given by: p(i = 3) = 0.5’ = 0.125. The test was final-
ized upon the completion of 8 reversals (change in direction of the stimulus frequency). The CFF threshold was
then defined as the mean of the last 6 reversal values, yielding a CFF calculation at a 79% correct level*#1%%. The
entire procedure was repeated twice and the final CFF was calculated as the mean of the two repetitions. In order
to further reduce test time, the staircase test started at a flickering frequency value of 18 Hz lower than the CFF
measured using the MOL test.

As previously mentioned?*’? dark adaptation and ambient light conditions can have a significant effect on
CFE To reduce effects of lighting conditions on the experimental results all experiments were performed under
dark room conditions, similar to previous reports'®*2. Furthermore, in order to evaluate the effect of dark adap-
tation”>®? time on the CFF, we measured CFF thresholds following 5 min adaptation to a well-lit room (ambient
light of 54.4 cd/m?) after which measurements were performed following 3, 5 or 10 minutes of dark adaptation
(ambient light of 0.001 cd/m?). These tests were performed in a mixed order and with a 2.5 cd/m? flickering stim-
ulus using the SM, as described above.

References
1. Anderson, D. M. Mosby’s Medical Dictionary. at https://medical-dictionary.thefreedictionary.com/spatial+resolution (2009).
. Land, M. E. & Nilsson, D.-E. Animal eyes. Oxford Anim. Biol. Ser. 2,221 (2002).
. Fein, A. & Szuts, E. Z. Photoreceptors: Their role in vision. CUP Archive 5, (Cambridge University Press, 1982).
. Ingle, D, Jeannerod, M. & Lee, D. N. Brain mechanisms and spatial vision. Springer Science & Business Media (1984).
. Neri, P. & Levi, D. M. Spatial resolution for feature binding is impaired in peripheral and amblyopic vision. J. Neurophysiol. 96,
142-153 (2006).
6. Krauskopf, J. & Mollon, J. D. The independence of the temporal integration properties of individual chromatic mechanisms in the
human eye. J. Physiol. 219, 611-623 (1971).
7. Paul, R. & Mark-Paul, M. Restoration of Motion Picture Film. (Butterworth-Heinemann, 2000).
8. Farrell, J. E.,, Benson, B. L., Haynie, C. R, Packard, H. & Ca, P. A. Predicting flicker thresholds for video display terminals. Proc. SID
28, 449-453 (1987).

G W N

SCIENTIFICREPORTS |7: 15621 | DOI:10.1038/541598-017-15034-z 7



www.nature.com/scientificreports/

19.

20.

21.

22.
23.

24.

25.

29.

30.

31.
32.

33.

34.

35.

36.
37.

38.
39.

40.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

. Brown, J. In The Oxford Handbook of Film Music Studies (ed. Neumeyer, D.) 588 (Oxford University Press, 2014).
. Zlody, R. The relationship between critical flicker frequency (CFF) and several intellectual measures. Psychol 78, 596-60 (1965).
. Tanner, W. P. A Preliminary Investigation of the Relationship between Visual Fusion of Intermittent Light and Intelligence. Science

(80-.). 112, 201-203 (1950).

. Bonneh, Y. S., Sagi, D. & Polat, U. Spatial and temporal crowding in amblyopia. Vision Res. 47, 1950-1962 (2007).

. Lev, M. et al. Training improves visual processing speed and generalizes to untrained functions. Sci. Rep. 4, 7251 (2014).

. Lev, M. & Polat, U. Space and time in masking and crowding. J. Vis. 15, 10 (2015).

. Polat, U. & Sagi, D. Temporal asymmetry of collinear lateral interactions. Vision Res. 46, 953-960 (2006).

. Breitmeyer, B. Visual Masking: an Integrative Approach. (Clarendon Press, 1984).

. Raymond, J. E., Shapiro, K. L. & Arnell, K. M. Temporary suppression of visual processing in an RSVP task: an attentional blink? /.

Exp. Psychol. Hum. Percept. Perform. 18, 849-60 (1992).

. De Bruijn, O. & Spence, R. Rapid Serial Visual Presentation: A space-time trade-off in information presentation. Proc. Work. Conf.

Adv. Vis. interfaces https://doi.org/10.1145/345513.345309 189-192 (2000).

Seitz, A. R,, Nanez, J. E., Holloway, S. R. & Watanabe, T. Perceptual learning of motion leads to faster flicker perception. PLoS One 1,
1-9 (2006).

Tyler, C. W. Analysis of visual modulation sensitivity. III. Meridional variations in peripheral flicker sensitivity. J. Opt. Soc. Am. A 4,
1612-1619 (1987).

Verrij, D. & Hecht, S. The influence of intensity, color and retinal location on the fusion frequency of intermittent illumination.
laboratory of biophysics. Proc Natl Acad Sci USA 19, 522-535 (1933).

Hartmann, E., Lachenmayr, B. & Brettel, H. The peripheral critical flicker frequency. Vision Res. 19, 1019-1023 (1979).

Hecht, S. & Shlaer, S. J. Intermittent stimulation by light: The relation between intensity and critical frequen for different parts of the
spectrum. Gen Physiol 19, 965-77 (1936).

Tyler, C. W. Analysis of visual modulation sensitivity. II. Peripheral retina and the role of photoreceptor dimensions. J. Opt. Soc. Am.
A. 2,393-398 (1985).

Kircheis, G., Wettstein, M., Timmermann, L., Schnitzler, A. & Haussinger, D. Critical flicker frequency for quantification of low-
grade hepatic encephalopathy. Hepatology 35, 357-66 (2002).

. Salmi, T. Critical flicker frequencies in MS patients with normal or abnormal pattern VEP. Acta Neurol. Scand. 71, 354-358 (1985).
. Petzold, A. & Plant, G. T. Clinical disorders affecting mesopic vision. Ophthalmic and Physiological Optics 26, 326-341 (2006).
. Phipps, J. A., Guymer, R. H. & Vingrys, A. J. Loss of cone function in age-related maculopathy. Investig. Ophthalmol. Vis. Sci. 44,

2277-2283 (2003).

Mayer, M. J. et al. Flicker sensitivity and fundus appearance in pre-exudative age-related maculopathy. Investig. Ophthalmol. Vis. Sci.
35,1138-1149 (1994).

Feigl, B., Cao, D., Morris, C. P. & Zele, A. J. Persons with age-related maculopathy risk genotypes and clinically normal eyes have
reduced mesopic vision. Invest. Ophthalmol. Vis. Sci. 52, 1145-50 (2011).

Shankar, H. & Pesudovs, K. Critical flicker fusion test of potential vision. J. Cataract Refract. Surg. 33, 232-9 (2007).

Behrend, K., Benkner, B. & Mora-Ferrer, C. Temporal resolution and temporal transfer properties: gabaergic and cholinergic
mechanisms. Vis. Neurosci. 24, 787-797 (2007).

O’Connor, M., Nilsson, D. E. & Garm, A. Temporal properties of the lens eyes of the box jellyfish Tripedalia cystophora. J. Comp.
Physiol. A Neuroethol. Sensory, Neural, Behav. Physiol. 196, 213-220 (2010).

Miller, R. E. D. J. Intracellular responses of the Miiller (glial) cells of mudpuppy retina: their relation to b-wave of the
electroretinogram. J Neurophysiol. 33, 323-41 (1970).

Peachey, N. S., Alexander, K. R., Derlacki, D. J. & Fishman, G. A. Light adaptation, rods, and the human cone flicker ERG. Vis.
Neurosci. 8, 145-150 (1992).

Pelli, D. G. & Farell, B. In Handbook of Optics (eds Bass, n M. et al.) 1-12 (1995).

Pashler, H. A. L. & Yantis, S. Steven’s handbook of experimental psychology. Experimental Psychology formerly Zeitschrift fiir 4,
(John Wiley & Sons, Inc., 2002).

Haggard, M. Hearing: An Introduction to Psychological and Physiological Acoustics. J. Neurol. Neurosurg. Psychiatry 45, 1175 (1982).
Merfeld, D. M. Signal detection theory and vestibular thresholds: I. Basic theory and practical considerations. Exp. Brain Res. 210,
389-405 (2011).

Levi, D. M,, Polat, U. & Hu, Y. S. Improvement in Vernier acuity in adults with amblyopia: Practice makes better. Investig.
Ophthalmol. Vis. Sci. 38, 1493-1510 (1997).

. Polat, U. Making perceptual learning practical to improve visual functions. Vision Res. 49, 25662573 (2009).

. Simpson, W. A. The method of constant stimuli is efficient. Percept. Psychophys. 44, 433-436 (1988).

. Laming, D. & Laming, J. F. Hegelmaier: On memory for the length of a line. Psychol. Res. 54, 233-239 (1992).

. Carmel, D,, Saker, P, Rees, G. & Lavie, N. Perceptual load modulates conscious flicker perception. J. Vis. 7, 14.1-13 (2007).

. Feshchenko, V. A., Reinsel, R. A. & Veselis, R. A. Optimized method of estimation of critical flicker frequency (CFF). Proc. Annu.

Symp. Comput. Appl. Med. Care 15,1006 (1994).

. Maeda, E. et al. Radiology reading-caused fatigue and measurement of eye strain with critical flicker fusion frequency. Jpn. J. Radiol.

29,4837 (2011).

Davranche, K. & Pichon, A. Critical flicker frequency threshold increment after an exhausting exercise. J. Sport Exerc. Psychol. 27,
515-520 (2005).

Nardella, A. et al. Inferior parietal lobule encodes visual temporal resolution processes contributing to the critical flicker frequency
threshold in humans. PLoS One 9 (2014).

Mitsuhashi, T. Measurement and Analysis Methods for Critical Flicker Frequency and Observer Fatigue Caused by Television
Watching. Electron. Commun. Japan 78, 1-12 (1995).

Eisenbarth, W., Mackeben, M., Poggel, Da & Strasburger, H. Characteristics of dynamic processing in the visual field of patients with
age-related maculopathy. Graefes Arch. Clin. Exp. Ophthalmol. 246, 27-37 (2008).

Maruthy, K. & Endukury, D. T. S. C. kumar. A Study of Critical Flickering Fusion Frequency Rate in Media Players. Int. J. Curr. Med.
Pharm. Res. 1,23-27 (2015).

Zhou, T., Jose E. N, Zimmerman, D., Holloway, S. R. & Seitz, A. Two Visual Training Paradigms Associated with Enhanced Critical
Flicker Fusion Threshold. Front Psychol 7 (2016).

Bovier, E. R,, Renzi, L. M. b. & Hammond, B. R. A double-blind, placebo-controlled study on the effects of lutein and zeaxanthin on
neural processing speed and efficiency. PLoS One 9 (2014).

Lafeére, P, Balestra, C. & Hemelryck, W. Evaluation of critical flicker fusion frequency and perceived fatigue in divers after air and
enriched air nitrox diving. Diving Hyperb. Med. 40 (2010).

Windhorst, U. & Johansson, H. Modern Techniques in Neuroscience Research. (Springer Science & Business Media, 2012).

Salib, Y., Plourde, G., Alloul, K., Provost, A. & Moore, A. Measuring recovery from general anaesthesia using critical flicker
frequency: a comparison of two methods. Can. J. Anaesth. 39, 1045-1050 (1992).

Haselton, M. G, Nettle, D. & Andrews, P. W. The evolution of cognitive bias. The Handbook of Evolutionary Psychology 724-746, at
http://www.sscnet.ucla.edu/comm/haselton/papers/downloads/handbookevpsych.pdf (2005).

Bless, H., Fiedler, K. & Strack, E. Social Cognition: How Individuals Construct Social Reality. Social psychology (Psychology Press, 2004).

SCIENTIFICREPORTS |7: 15621 | DOI:10.1038/541598-017-15034-z 8


http://dx.doi.org/10.1145/345513.345309
http://www.sscnet.ucla.edu/comm/haselton/papers/downloads/handbookevpsych.pdf

www.nature.com/scientificreports/

59. Meese, T. S. Using the standard staircase to measure the point of subjective equality: a guide based on computer simulations. Percept.
Psychophys. 57, 267-281 (1995).

60. Polat, U., Sterkin, A. & Yehezkel, O. Spatio-temporal low-level neural networks account for visual masking. Adv. Cogn. Psychol. 3,
153-165 (2007).

61. Yehezkel, O., Sterkin, A., Lev, M. & Polat, U. Training on spatiotemporal masking improves crowded and uncrowded visual acuity.
J. Vis. 15, 1-18 (2015).

62. Polat, U. et al. Training the brain to overcome the effect of aging on the human eye. Sci. Rep. 2, 2-7 (2012).

63. Johnson, C. A., Chauhan, B. C.,, Shapiro, L. R. & Yoshiyama, K. K. Which method of flicker perimetry is most effective for detection
of glaucomatous visual field loss? Investig. Ophthalmol. Vis. Sci. 38, 2270-2277 (1997).

64. Pesudovs, K., Noble, B. A. & Elliott, D. B. Development of a Critical Flicker/Fusion Media Opacities. Optom. Vis. Sci. 81, 905-910
(2004).

65. Maeda, E. et al. Radiology reading-caused fatigue and measurement of eye strain with critical flicker fusion frequency. Jpn. J. Radiol.
29, 483-487 (2011).

66. Guttman, L. A basis for analyzing test-retest reliability. Psychometrika 10, 255-282 (1945).

67. Giavarina, D. Understanding Bland Altman analysis. Biochem. medica 25, 141-51 (2015).

68. Martin Bland, J. & Altman, D. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet
327,307-310 (1986).

69. Wesnes, K. & Simpson P, C. I. The assessment of human information - processing abilities in psychophar- maeology. Hum
Psychopharmaco 1,79-92 (1987).

70. Simonson, E. B. ]. Flicker fusion frequency. Back- ground and applications. Physiol Rev 32, 349-78 (1952).

71. De Weerd, P.,, Vandenbussche, E. & Orban, G. A. Staircase procedure and constant stimuli method in cat psychophysics. Behav. Brain
Res. 40, 201-214 (1990).

72. Green, M. Night Vision. Marc Green, Phd at http://www.visualexpert.com/Resources/nightvision.html (2013).

73. Mandel, Y., Belkin, M., Yehezkel, O., Rosner, M. & Polat, U. Measurement of dark adapted foveal contrast sensitivity: effect of age.
Ophthalmic Technologies XV 5688, 1-8 (2005).

74. Kingdom, E. A. A. & Nicolaas, P. Psychophysics: A Practical Introduction. (Academic Press, 2009).

75. Watson, A. B. & Pelli, D. G. QUEST: a Bayesian adaptive psychometric method. Percept. Psychophys. 33, 113-120 (1983).

76. Lesmes, L. A., Lu, Z.-L., Baek, J. & Albright, T. D. Bayesian adaptive estimation of the contrast sensitivity function: The quick CSF
method. J. Vis. https://doi.org/10.1167/10.3.17 (2010).

77. Kontsevich, L. L. & Tyler, C. W. Bayesian adaptive estimation of psychometric slope and threshold. Vision Res. https://doi.
org/10.1016/S0042-6989(98)00285-5 (1999).

78. Wooten, B. R., Renzi, L. M., Moore, R. & Hammond, B. R. A practical method of measuring the human temporal contrast sensitivity
function. Biomed. Opt. Express (2010).

79. Gescheider, L. E. M. and G. A. In Stevens” handbook of experimental psychology (ed. PASHLER, J. W. H.) 91-138 (John Wiley & Sons,
Inc., 2002).

80. Wichmann, F. A. & Hill, N. J. The psychometric function: L. Fitting, sampling, and goodness of fit. Percept. Psychophys. https://doi.
org/10.3758/BF03194544 (2001).

81. Levitt, H. Transformed up- down methods in psychoacoustics. J. Acoust. Soc. Am. 49, 467-477 (1971).

82. Kanski, J. J. Clinical opthalmology —a systematic approach. (Butterworth heinemann —elsevier, 2007).

Acknowledgements

The authors would like to acknowledge Dr. Yoram Bonneh for insightful discussions and suggestions. The
research was supported by the Israeli Ministry of Health, by LIROT - Israeli Research Association for Eye Health
and Blindness Prevention as a research grant to YM and UP (3-10471) and by the Israeli Science Foundation to
YM (157-16) and UP (1825-16).

Author Contributions

A.E,N.F, UP. and Y.M. designed the study, as well as in writing and editing the manuscript. A.E. conducted the
experiment, A.E. and N.E collected and analyzed the data. All authors reviewed the manuscript. Y.M. supervised
the study and provided funding.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15034-z.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 15621 | DOI:10.1038/541598-017-15034-z 9


http://www.visualexpert.com/Resources/nightvision.html
http://dx.doi.org/10.1167/10.3.17
http://dx.doi.org/10.1016/S0042-6989(98)00285-5
http://dx.doi.org/10.1016/S0042-6989(98)00285-5
http://dx.doi.org/10.3758/BF03194544
http://dx.doi.org/10.3758/BF03194544
http://dx.doi.org/10.1038/s41598-017-15034-z
http://creativecommons.org/licenses/by/4.0/

	Evaluation of Critical Flicker-Fusion Frequency Measurement Methods for the Investigation of Visual Temporal Resolution

	Results

	The test apparatus. 
	CFF measurements showed high test-retest repeatability. 
	Correlation and agreement between the various methods. 
	Test duration Effect. 
	Light adaptation time effect of on the CFF. 
	Effect of stimulus luminance. 

	Discussion

	Methods

	Apparatus. 
	Participants. 
	CFF test paradigms. 

	Acknowledgements

	Figure 1 (a) Experimental setting.
	Figure 2 Test-retest of CFF obtained by the three methods.
	Figure 3 Correlations and agreement between the various methods.
	Figure 4 Test duration.
	Figure 5 Dark adaption effect on CFF.
	Figure 6 The Effect of Luminance: CFF values are presented as a function of stimuli luminance levels for 10 subjects.
	Figure 7 Schematic representation of the three tests.
	Table 1 Description of three types of psychophysical tests.




