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Abstract 

Blur degrades our retinal images and affects our vision, more and more as we old. 
Understanding blur is key in the study of many processes in visual perception, from the 
development of the visual system to the diagnosis and compensation of refractive errors 
(myopia, hyperopia, astigmatism, and presbyopia). Blur also provides cues for 
accommodation (focusing near objects) or depth estimation. 
 
Besides refractive errors, other sources of visual blur are high-order geometrical 
aberrations, chromatic aberrations, and some presbyopia corrections such as 
multifocality or monovision. In monovision, one eye is corrected for far vision and the 
other one for near. By design, monovision corrections produce interocular differences in 
blur, affecting binocular vision. 
 
Optotunable lenses, programmable lenses able to change their optical power very 
quickly (in the order of milliseconds), provide new opportunities for the study of blur 
perception, both static and dynamic, and the development of new technologies in 
optometry and ophthalmology. In fact, recent developments like SimVis technology make 
use of optotunable lenses driven at high speed to simulate multifocal corrections.  
 
In this thesis, we have used optotunable lenses to find the spatiotemporal limits of 
defocus perception. Besides, we have proposed and measured for the first time the 
spatiotemporal defocus sensitivity function, which provides a complete description of 
defocus perception. We have also developed a model to characterize defocus sensitivity, 
based on well-established models for contrast sensitivity. We found that the maximum 
spatiotemporal sensitivity to defocus is around 14 cycles per degree (cpd) and 10 Hertz 
(Hz), and the upper limits to sensitivity are around 50 cpd and 40 Hz. We found similar 
results with functional or paralyzed accommodation, suggesting that in this defocus 
flicker-detection task the presence of varying blur deactivates the accommodation 
response. These scientific discoveries provide a powerful framework for technologies 
that make use of temporal changes in defocus. 
 
We have also developed a new subjective refraction method for obtaining the refractive 
error of an eye, called Direct Subjective Refraction (DSR). This method is based on the 
use of fast temporal changes in defocus in combination with the longitudinal chromatic 
aberration of the eye and a bichromatic stimulus made of two monochromatic (red and 
blue) circles to create flicker and chromatic distortion cues. These cues can guide the 
patient, without the supervision of the clinician, to obtain their spherical refractive error. 
We compared it with an unsupervised version of the traditional subjective refraction and 
also performed the same experiment with paralyzed accommodation, and we found out 
that accommodation barely influences the results of the DSR. We have demonstrated 
that the DSR method provides a highly repeatable spherical equivalent (±0.17 D) in less 
than 1 minute (39 seconds), with barely any supervision of the clinician, and minimizing 
the impact of accommodation. 
 
Moreover, we have extended the DSR method for estimating the astigmatic component 
of the refraction using a similar stimulus but with oriented features instead of circles to 
capture the refractive error in different axes. Several experiments confirmed that the DSR 
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method can capture the amount of astigmatism very precisely and with similar outcomes 
to the ones obtained with the traditional subjective refraction method. 
 
Finally, we improved the psychophysical procedure of the DSR to estimate the full 
refractive error (spherical equivalent and astigmatism) and we evolved the on-bench 
optical setup to a clinical portable device (made of custom highly monochromatic LEDs) 
to allow measurements in clinical environments. We measured 33 real patients from two 
clinical sites, demonstrating the viability of the new clinical prototype. Comparing the 
DSR method with the traditional subjective refraction, we found similar results between 
methods (-0.34±0.53 D of difference in the spherical equivalent). Although the 
technology needs more improvements and adaptations to the clinical environment, the 
initial results are promising and already reveal the potential of the DSR technology. 
 
In monovision, the dominant eye is compensated for far vision, and the non-dominant 
eye for near vision. The selection of the dominant eye is probably the main issue. In this 
thesis, we have developed the Eye Dominance Strength (EDS), a new metric based on 
the perceptual preference of the patient to randomized monovision in one eye or the 
other, while observing natural images. The EDS metric not only provides a binary result 
(left eye or right) as conventional tests do but also a quantification of the strength of eye 
dominance, with high repeatability. The EDS metric might help to prescribe monovision 
corrections more confidently and reduce the discomfort and the neuroadaptation times.  
 
We have also studied the influence of monovision corrections in dynamic visual 
scenarios. We have discovered a new version of a 100-year-old optical illusion, called 
the Pulfrich effect, which produces misperceptions of the depth of moving objects due to 
interocular differences in the processing speed between eyes. This speed difference is 
interpreted by the brain as binocular disparity which arises a depth illusion. Classically, 
the Pulfrich effect was described with interocular differences in luminance: the dimmer 
image is processed slower than the brighter image. We discovered that interocular blur 
differences, like those produced in monovision corrections, produce the opposite effect: 
the blurrier image is processed faster than the sharper image. We report that blurring an 
eye with 1.50 D while keeping the other focused can cause delays in the processing 
speed as high as 3.7 milliseconds, with a remarkable impact on the depth illusion size. 
For that reason, we called the illusion the Reverse Pulfrich effect. The Reverse Pulfrich 
effect can affect public safety as the depth illusions, for example, while driving, can entail 
severe problems for monovision wearers.  
 
In this thesis, we have also developed the anti-Pulfrich monovision corrections, which 
take advantage of the opposite sign of the Classic and Reverse Pulfrich effects, to null 
the effect caused by monovision by reducing the light of the blurring lens with a tint. We 
have demonstrated the efficacy of anti-Pulfrich monovision corrections delivered by 
contact lenses in young volunteers. Additionally, we demonstrated that interocular 
differences in retinal magnifications do not cause any difference in the processing speed 
and therefore do not produce the Pulfrich effect. 
 
The classic version of the Pulfrich effect has been reported to occur in some pathologies, 
such as cataracts, or optic neuritis, producing a spontaneous Pufrich effect. In this thesis, 
we have reported for the first time a case of spontaneous Reverse Pulfrich effect in a 
patient adapted to surgical monovision after cataract surgery. The spontaneous Pulfrich 
effect measured was as high as 4.82 ms and caused severe binocular symptoms in the 
patient. After removal of the surgical monovision correction due to strong visual 
impairment, we measured a readaptation process with a timeframe of weeks.  
 
We have also evaluated the effect of overall luminance level (from 0.4 to 12.8 cd/m2) for 
different pupil sizes (2, 4, and 6 mm) in the different versions of the Pulfrich effect. We 
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found that reducing the overall light level increases the delay caused by interocular 
luminance differences (Classic Pulfrich effect, confirming results from the literature) and 
increases the delay with interocular blur differences (Reverse Pulfrich effect, first time 
reported). The similarity of the results in the Reverse Pulfrich effect for 4 and 6 mm pupil 
sizes suggests that high-order aberrations play a role in the delay caused by differential 
blur. The different increasing ratio of both the Classic and Pulfrich effects has 
implications for the development of potential anti-Pulfrich monovision corrections, which 
may need to modify their characteristics depending on the overall light level. 
 
Finally, we have developed a portable setup based on an autostereoscopic technology 
using lenticular lenses to measure the prevalence of the Classic and Reverse Pulfrich 
effects on a young population. Although both effects are present in this sample (93% of 
them showed both effects), the effect sizes only elicit a considerable Pulfrich effect in 
half of the subjects measured. The framework developed opens the possibility for fast 
measurements of the Pulfrich effect in clinical environments. Furthermore, we also 
developed another portable setup for measuring stereoacuity based on a parallax barrier 
tablet. We have shown that stereoacuity can be precisely measured through SimVis 
Gekko, allowing fast and accurate predictions for different optical corrections. 
 
In summary, this thesis has covered different aspects of vision related to blur perception, 
covering from their theoretical description to their direct clinical application. First, a new 
subjective refraction method for measuring the refractive error of an eye based on quick 
blur changes was developed and validated, providing fast and accurate measurements 
with high potential for clinical implementation. Second, a new metric for selecting the 
best eye for monovision corrections was designed and tested providing a measurement 
of the strength of eye dominance. Third, a new optical illusion caused by differential 
ocular blur, with important clinical implications, was discovered. Fourth, a new optical 
correction to compensate for the optical illusion previously discovered, the anti-Pulfrich 
monovision correction, was developed. Finally, two new portable devices based on 
autostereoscopic techniques were developed with the potential to measure different 
aspects of binocular vision, stereoacuity and the Pulfrich effect, in clinical environments. 
The outcomes of this thesis have advanced the understanding of blur perception and the 
application of that knowledge to the development of clinical instrumentation in optometry 
and ophthalmology. 
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Images. Defocus temporal sensitivity function for natural images condition averaged 
across subjects. Red squares represent the data and the red line the fitting. C. Edge. 
Defocus temporal sensitivity function for edge condition averaged across subjects. Red 
diamonds represent data and the red line the fitting. .......................................................... 63 

Figure 3.6. Control experiments. It shows the results for the main experiment for natural 
image stimulus and the control experiments. In red, the data for the main experiment, in 
green for the pupil reduction control experiment, and in dark yellow for the paralyzed 
accommodation control experiment. ................................................................................... 63 

Figure 3.7. Spatiotemporal Sensitivity. A. Spatiotemporal Defocus Sensitivity Function 
(STDSF). It shows the spatiotemporal defocus sensitivity function from the experimental 
data obtained in this study, averaged across subjects and conditions. On the left, the 
spatial defocus sensitivity function (SDSF) for different temporal frequencies. In the middle, 
the temporal defocus sensitivity function (TDSF) for different spatial frequencies. On the 
left, the spatiotemporal defocus sensitivity function (STDSF) contour plot. In red, the 
defocus window of visibility. B. Spatiotemporal Contrast Sensitivity Function (SCDSF). 
On the left, the spatial contrast sensitivity function (SCSF) for 19 and 1 Hz temporal 
frequencies, based on Mannos et al.231. In the middle, the temporal contrast sensitivity 
function (TCSF) for 10 and 0.5cpd spatial frequencies, based on Watson62. On the right, 
the spatiotemporal contrast sensitivity function (STCSF), based on Lambretch et al.73. .... 65 

Figure 4.1. Working principle of the Direct Subjective Refraction. The perception of the 
stimulus depends on the mean optical power of the TDW, which changes the plane of 
focus in the retina. A. Schematic representation of an eye in a hyperopic state for a given 
mean value of the TDW. Six optical planes are represented with dashed lines (1 to 6). The 
two optical powers of the TDW are represented with bold dashed lines: one of them, plane 
2, corresponds to the blue focus of the eye and the other one, plane 1, is defocused. B. 
Eye in an emmetropic state with respect to the TDW. It could be the same eye, but with 
more mean optical power in the TDW. The two optical powers of the TDW correspond to 
planes 3 and 4, very close and at either side of the retina, i.e., similarly defocused. C. Eye 
in a myopic state with respect to the TDW. It could be the same eye, but with even more 
mean optical power in the TDW. The two optical powers of the TDW correspond to planes 
5, red focus of the eye, and 6, defocused. D. Representation of the through-focus blur, 
induced by defocus, for a red edge. Only plane 5 is in focus. E. Through-focus blur for a 
blue edge, with plane 2 in focus. F. Through-focus blur for a magenta edge (red plus blue). 
The different defocus in the blue and red components induce color distortions that are 
different on the hyperopic and myopic sides of the retina, and on the bright and dark sides 
of the edges. G. Images corresponding to planes 1 to 6 (and also to additional planes 0 
and 7) of a magenta edge with high contrast and brightness, represent the vision of an eye 
not completely adapted to a bright display. The observers perceive color distortions on the 
dark side of the edges: reddish tint on the hyperopic side of the retina and blueish tint on 
the myopic side. H. Same images, but with lower contrast and brightness, corresponding to 
an eye not completely adapted to a dim display. Color distortions are now better perceived 
on the bright side of the edges: now the tint is blueish on the hyperopic side of the retina, 
and reddish on the myopic side. In this figure, for illustration purposes, the amplitude of the 
TDW was only one-third of the chromatic difference of focus between the blue and the red 
wavelengths. However, the effect will be magnified by a larger amplitude, producing a 
bigger change in the image of the edges. ........................................................................... 74 

Figure 4.2. Setup of the study. A. Schematic representation of the optical system of the Direct 
Subjective Refraction. It shows how inducing optical powers with the optotunable lens 
changes the retinal blur. The 4f optical system projects the optotunable lens on the pupil 
plane of the eye. In most situations, the stimulus is defocused for the observer, producing a 
large blur disk on the retina (dark green). In the particular situation when the optotunable 
lens focuses the stimulus on the retina (light green), the blur disk is minimum. DSR uses 
fast variations in optical power. With this configuration, the optical power of the optotunable 
lens produces defocus blur in the image, without changing the position or the 
magnification. The sizes and distances displayed are not proportional to the real optical 
system. B. Stimulus used to perform the DSR task. C. Stimulus used to perform UTSR 
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task. D. Spectral emission of the light source (DLP) for blue, green, and red components.
 ............................................................................................................................................. 76 

Figure 4.3. Progress of DSR and UTSR tasks one subject (S1) and Experiments 1 and 2. 
Each panel shows the progress of a subject while performing a visual task (DSR or UTSR) 
to obtain the subjective refraction. Blue lines represent repetitions with myopic starting 
points and red lines with hyperopic starting points. The filled dot at the end of each line 
indicates the residual refraction for that repetition. The gray bar indicates the mean and the 
standard deviation of the residual refraction across repetitions. These values are indicated 
in the left-bottom corner of each panel. A miniature of the stimulus used in each example is 
shown in the upper-right corner. A. Evolution of the mean optical power of the TDW (in D) 
versus the trial number for S1 performing the DSR task in Experiment 1. B. Optical power 
(in D) versus the trial number for Experiment 1 while performing the UTSR task. C. DSR 
task in Experiment 2 (paralyzed accommodation). D. UTSR task for Experiment 2. ......... 79 

Figure 4.4. Spherical equivalent and standard deviation for all subjects and experiments. 
Each bar is centered on the spherical equivalent and its length represents twice the 
standard deviation. Red bars correspond to the DSR task and blue bars to the UTSR task.
 ............................................................................................................................................. 80 

Figure 4.5. The standard deviation for all subjects and experiments. The standard deviation 
for the DSR (red curve) and UTSR (blue curve). The horizontal dashed red and blue lines 
indicate the average standard deviations across subjects for the DSR task and the UTSR 
task, respectively. The horizontal light green line indicates the interoptometrist variability 
(traditional subjective refraction) and the dark green light the intraoptometrist variability, 
both extracted from the literature. ....................................................................................... 81 

Figure 4.6. Bland-Altman analysis for Experiment 1. Each panel shows a Bland-Altman plot, 
indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard 
deviation of the sample. A. Plot comparing DSR and TSR for all starting points. B. Plot 
comparing UTSR and TSR for all starting points. C. Plot comparing DSR and TSR only for 
highly myopic starting points (+0.8 to +1.0D). D. Plot comparing UTSR and TSR only for 
highly myopic starting points (+0.8 to +1.0D). E. Plot comparing DSR and TSR only for 
highly hyperopic starting points (-1.0 to -0.8D). F. Plot comparing UTSR and TSR only for 
highly hyperopic starting points (-1.0 to -0.8D). .................................................................. 82 

Figure 4.7. Comparison between DSR and UTSR tasks. A. Analysis of myopic and 
hyperopic starting points for DSR and UTSR. Spherical equivalent obtained from the 
average of all hyperopic starting points versus the spherical equivalent obtained from the 
average of all myopic starting points for DSR (red) and UTSR (blue) tasks and all 
experiments. The error bars indicate the standard deviation across repetitions. B. 
Precision and time to perform the tasks. Standard deviation across repetitions vs the 
time per repetition for DSR (red), UTSR (blue), and TSR. For TSR, the standard deviation 
is the intraoptometrist error and the average time is extracted from the literature. The filled 
diamonds indicate the average across subjects. ................................................................ 83 

Figure 5.1. Stimuli used for astigmatism estimation in the traditional subjective refraction 
method. A. Clock dial stimulus. B. Jackson's Cross Cylinders stimulus. ........................... 90 

Figure 5.2. Stimuli used in the DSR method. A. Stimulus used for the measurement of the 
spherical equivalent described in Chapter 4. B. Stimulus used for the measurement of 
astigmatism. In this case, oriented at 90º. ........................................................................... 91 

Figure 5.3. Estimation of astigmatism with the DSR method in a subject with mixed 
astigmatism. A. Evaluation of the hyperopic axis, oriented at 70º. B. Evaluation of the 
myopic axis, oriented at 160º. C. DSR results. Mean optical power at 0D represents the 
retina. The myopic axis lies below 0 (-0.23D, which means before the retina in A), and the 
hyperopic axis above 0 (+0.34D, which means behind the retina in B). The amount of 
astigmatism in this patient is -0.57D at 160º. ...................................................................... 92 

Figure 5.4. Effect of inducing astigmatism in the result of the DSR method. The plots show 
the mean optical power of the TDW for each trial number. The endpoint of each staircase 
is indicated as a white dot and represents the refraction obtained in each repetition. The 
shaded horizontal bars represent the average and the standard deviation across 4 
repetitions for each axis (in red, hyperopic axis; in blue, myopic axis). Left plots indicate the 
results for the left eye and right plots for the right eye. A. DSR method without induced 
astigmatism. B. DSR method with induced astigmatism of 0.75D in the myopic axis (extra 
+0.75D at 170º in the left eye and +0.75D at 20º). .............................................................. 94 
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Figure 5.5. Effect of changing the chromatic components of the stimulus in the result of 
the DSR method. A. Results using B/R stimulus. B. Results using R/G stimulus. ............ 95 

Figure 5.6. Effect of paralyzing accommodation in the result of the DSR method. A. 
Results with free accommodation using B/R stimulus. B. Results with paralyzed 
accommodation using B/R stimulus. C. Results with free accommodation using G/R 
stimulus. D. Results with paralyzed accommodation using G/R stimulus. .......................... 96 

Figure 5.7. Results of the DSR method. A. Subject 1. The angle of astigmatism of the myopic 
and hyperopic axis for the left eye was 170º and 80º, respectively. The angle of 
astigmatism of the myopic and hyperopic axis for the right eye was 20º and 110º, 
respectively. B. Subject 2. The angle of astigmatism of the myopic and hyperopic axis for 
both eyes eye was 55º and 145º, respectively. C. Subject 3. The angle of astigmatism of 
the myopic and hyperopic axis for the left eye was 110º and 20º, respectively. The angle of 
astigmatism of the myopic and hyperopic axis for the right eye was 75º and 165º, 
respectively. D. Subject 4. The angle of astigmatism of the myopic and hyperopic axis for 
the left eye was 155º and 65º, respectively. The angle of astigmatism of the myopic and 
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Figure 5.9. Time vs. repeatability. Empty dots indicate the result for each subject and filled 
dots indicate the average across subjects. In red, the DSR method. In blue, the TSR 
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Figure 6.1. LEDs used for the display. A. Normalized spectral emission of the Blue, Green, 
and Red LEDs. B. Photopic spectral sensitivity normalized (black line) and the position of 
the LEDs according to their maximum emission. C. Longitudinal Chromatic Aberration 
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Figure 6.2. Image of the clinical prototype. A. For spherical equivalent. B. For full 
prescription. C. Patient performing the DSR experiment with the clinical prototype. During 
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Figure 6.3. PCBs for controlling the stimuli. A. PCB for the spherical equivalent experiment. 
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prescription. Designs S1, S2, and S3 correspond to the spherical equivalent display, and 
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Figure 6.7. Graphical User Interface (GUI) for performing the Direct Subjective Refraction 
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Figure 6.12. Chromatic balance pilot experiment. Spherical equivalent as a function of the 
chromatic balance factor. Error bars indicate the average standard deviation across 
repetitions for both axes (error bars in A and B for each datapoint are the same, although 
the y-axis limits differ). Circles mean left eye and squares mean right eye. Colors mean 
chromatic difference condition (the greener the more proportion of green in the stimulus, 
the redder the more proportion of red on the stimulus). A. Spherical equivalent. B. 
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Figure 6.14. Direct Subjective Refraction provides a complete prescription. A. Subject who 
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Figure 6.16. Standard deviation of the DSR refraction for all subjects, differentiating 
between venues. Left side: subjects measured at Hospital Clinico San Carlos (HCSC). 
Right side: subjects measured at Institute of Optics (IO-CSIC). ....................................... 115 

Figure 6.17. Standard deviation of the DSR refraction for all subjects, differentiating age 
groups: young (<30 years old left), pre-presbyope (between 30 and 45 years old, middle), 
and presbyope, (>45 years old, right). .............................................................................. 116 

Figure 6.18. Results of the Objective Refraction (OBR) for all subjects. A. Left eye. B. Right 
eye. .................................................................................................................................... 116 

Figure 6.19. Results of the Traditional Subjective Refraction (TSR) for all subjects. A. Left 
eye. B. Right eye. .............................................................................................................. 117 

Figure 6.20. Results of the Direct Subjective Refraction (DSR) for all subjects. A. Left eye. 
B. Right eye. ...................................................................................................................... 117 

Figure 6.21. Bland-Altman analysis for TSR vs OBR refractions. Each panel shows a Bland-
Altman plot, indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, 
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Figure 6.22. Bland-Altman analysis for TSR vs DSR refractions. Each panel shows a Bland-
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Figure 6.23. Bland-Altman analysis for OBR vs DSR refractions. Each panel shows a 
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Figure 6.24. Bland-Altman analysis for TSR vs DSR refractions for subjects with an 
average standard deviation in the DSR refraction lower than 0.28D. Each panel shows 
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Figure 7.1. Trial sequence in the Preferential test. A representative trial of the test is shown. 
In each interval, a monovision condition (randomly MS or MR) is presented during 1.5s, 
separated by a gray field (during 0.7s) and an auditory tone (gray speaker). Subjects were 
given 1s to respond between trials. The example shows one of the 26 natural images used. 
The test consisted of 52 trials. ........................................................................................... 130 

Figure 7.2. Eye dominance for clinical eye dominance tests for all subjects. -1 stands for 
left-eye dominance and +1 for right-eye dominance. Dark and light green bars represent 
sensory eye dominance using + 1.50D and +0.50D blur, respectively, and dark magenta 
represents sighting eye dominance................................................................................... 132 

Figure 7.3. Preferential test eye dominance. A. Proportion of preference for monovision in the 
left eye (ML) and monovision in the right eye (MR) for distance vision and subject S19. B. 
Proportion of preference for ML and MR for near vision and subject S19. This subject has a 
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strong monovision preference and, expectedly, high Eye Dominance Strength (EDS). C. 
Proportion of preference for ML and MR for distance vision and subject S9. D. Proportion 
of preference for monovision ML and MR for near vision and subject S9. This subject is a 
representative example of weak monovision preference and, expectedly, low EDS. E. 
Preferential test EDS for distance vision (all subjects). Filled blue bars indicate that the 
subject selected left-eye dominance with the clinical Sensory dominance test with 1.50D 
and empty blue bars that the subject selected right-eye dominance. The shaded gray band 
indicates weak dominance (±0.1). Results above 0.1 indicate right-eye dominance, and 
below -0.1 indicate left-eye dominance. Bottom subplot represents the average Preferential 
test EDS across subjects that selected left-eye dominance with clinical Sensory dominance 
test with 1.50D (filled blue bar) and right-eye dominance (empty blue bar). F. Preferential 
EDS for near vision (all subjects). Filled red bars indicate that the subject selected left-eye 
dominance with the clinical Sensory dominance test with 1.50D and empty red bars that 
the subject selected right-eye dominance. Bottom subplot represents the Preferential test 
EDS across subjects that selected left-eye dominance with clinical Sensory dominance test 
using 1.50D (filled red bar) and right-eye dominance (empty red bar). G Relationship 
between Preferential Test EDS for distance and near vision. ........................................... 133 

Figure 7.4. MAS-2EV test eye dominance. A & B. MAS-2EV polygons for two subjects. Lines 
represent the scores for FF (black), monovision in the left eye (ML, dark gray), and 
monovision in the right eye (MR, light gray). Subject S19 (A) shows a large degradation at 
distance with MR, and significant differences between ML and MR (high Eye Dominance 
Strength (EDS)); S11 (B) shows small differences between ML and MR (low EDS). C. 
Relationship between MAS-2EV eye dominance for distance vision versus near vision. D. 
MAS-2EV test EDS for all subjects for distance. Filled blue bars indicate that the subject 
selected left-eye dominance with the clinical Sensory dominance test with 1.50D and 
empty blue bars that the subject selected right-eye dominance. The shaded gray band 
indicates weak dominance (±0.1). Bottom subplot represents the average of the MAS-2EV 
test EDS across all subjects that selected left-eye dominance with clinical Sensory 
dominance test using 1.50D (filled blue bar) and right-eye dominance (empty blue bar). E. 
MAS-2EV test EDS for all subjects for near vision. Filled red bars indicate that the subject 
selected left-eye dominance with the clinical sensory dominance test with 1.50D and empty 
red bars that the subject selected right-eye dominance. Bottom subplot represents the 
average of MAS-2EV test EDS across subjects that selected left-eye dominance with 
clinical sensory dominance test using 1.50D (filled red bar) and right-eye dominance 
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Figure 7.5. Correspondence between the Preferential and the MAS-2EV eye dominance 
tests. Blue dots indicate distance vision and red dots near vision. .................................. 136 

Figure 7.6. Proportion of successful patients. Proportion of subjects in whom the result of 
eye dominance provided for each test agreed with the results provided by the Preferential 
test, considered as the reference for monovision selection. The time to perform sensory 
eye tests with 1.50D or 0.50D is 45 seconds, although they are plotted shifted for 
visualization purposes. ...................................................................................................... 136 

Figure 8.1. Classic and Reverse Pulfrich effects. A. Classic Pulfrich effect. A neutral 
density filter in front of the left eye causes sinusoidal motion in the frontoparallel plane to 
be misperceived in depth (i.e., clockwise motion from above: ‘back right’, ‘front left’). The 
effect occurs because the response of the eye with lower retinal illuminance (gray dot) is 
delayed relative to the other eye (white dot), causing a neural disparity. B. Reverse 
Pulfrich effect. A blurring lens in front of the left eye causes illusory motion in depth in the 
other direction (i.e., counterclockwise from above: ‘back left’, ‘front right’). The effect occurs 
because the response of the eye with increased blur (gray dot) is advanced relative to the 
other eye (white dot), causing a neural disparity with the opposite sign. C. Effective neural 
image positions in the left and right eye as a function of time for the Classic Pulfrich effect, 
no Pulfrich effect, and the Reverse Pulfrich effect. ........................................................... 141 

Figure 8.2. Reverse, Classic, and anti-Pulfrich effects. A. Binocular stimulus. The target 
was a horizontally moving 0.25x1.0º white bar. Arrows show motion speed and direction, 
and dashed bars show bar positions throughout a trial; both are for illustrative purposes 
only and were not present in the actual stimulus. Observers reported whether they saw 
three-dimensional (3D) target motion as ‘front right’ or ‘front left’ with respect to the screen. 
Stationary white ‘picket fence’ reference bars served to indicate the screen distance. Fuse 
the two half-images to perceive the stimulus in 3D. Cross- and divergent-fusers will 
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perceive the bar nearer and farther than the screen, respectively. B. Points of subjective 
equality (PSEs) for one human observer, expressed as onscreen interocular delay relative 
to baseline. Interocular differences in focus error (bottom axis, white circles) cause the 
Reverse Pulfrich effect. Interocular differences in retinal illuminance (top axis, gray 
squares) cause the Classic Pulfrich effect. Appropriately tinting the blurring lens (light gray 
circles) can eliminate the motion illusions and act as an anti-Pulfrich prescription. (In anti-
Pulfrich conditions, the optical density was different for each observer at each interocular 
focus difference.) Shaded regions indicate bootstrapped standard errors. Best-fit 
regression lines are also shown. C. Psychometric functions for seven of the Reverse 
Pulfrich conditions in B. Arrows indicate the raw PSE in each condition. ......................... 143 

Figure 8.3. Spatial frequency filtering and the Pulfrich effect. A. Original stimuli were 
composed of adjacent black-white (top) or white-black (bottom) 0.25ºx1.00º bars. B. High-
pass or low-pass filtered stimuli (shown only for black-white bar stimuli). High- and low-
pass filtered stimuli were designed to have identical luminance and contrast (see Figure 
8.8). C Resulting interocular delays. High-pass filtered stimuli are processed slower, and 
low-pass filtered stimuli are processed faster than the original unfiltered stimulus. Negative 
cutoff frequencies indicate that the left eye was filtered (high- or low-pass). Positive cutoff 
frequencies indicate that the right eye was filtered. D Effect sizes for each human observer 
in multiple conditions, obtained from the best-fit regression lines (see Figures 8.2B and 
8.3C). Two manipulations resulted in Reverse Pulfrich effects (white bars): blurring one eye 
(left) and low-pass filtering one eye (right). Two manipulations resulted in Classic Pulfrich 
effects (gray bars): darkening one eye (left) and high-pass filtering one eye (right). A fifth 
manipulation—appropriately darkening the blurring lens (left, small light gray bars)—
eliminates the Pulfrich effect and acts as an anti-Pulfrich correction. ............................... 144 

Figure 8.4. Monovision corrections and misperceptions of depth. A. Illusion size in meters 
as a function of speed for an object moving from left to right at 5.0m for different 
monovision corrections strengths (curves). Monovision correction strengths (interocular 
focus difference, 𝛥𝐹; see Methods) typically range between 1.0D and 2.0D; strengths of 
0.5D are typically not prescribed, but we show them for completeness. Shaded regions 
show speeds associated with jogging, cycling, and driving. Illusion sizes are predicted 
directly from stereo-geometry (section 8.2) assuming a pupil size (2.1mm) that is typical for 
daylight conditions326, and assuming interocular delays that were measured in the first 
human observer (see Figure 8.2B). The predictions also assume that the observer can 
sharply focus the target at 5.0m in one eye9. B The distance of cross traffic moving from 
left to right will be overestimated when the left eye is focused far (sharp) and the right eye 
is focused near (blurry). C The distance of left-to-right cross traffic will be underestimated 
when the left eye is focused near (blurry) and the right eye is focused far (sharp). ......... 145 

Figure 8.5. Misperception of motion towards the observer. A. Predicted perceived motion 
trajectory (bold curve), given target motion directly towards the observer (dashed line), with 
an interocular retinal illuminance difference. Here, a neutral density filter in front of the left 
eye causes its image to be processed more slowly, regardless of target distance. Stereo-
geometry predicts that the target will appear to travel along a curved trajectory that bends 
towards the darkened eye (bold curve) rather than in a straight line. B. Predicted perceived 
motion trajectory, given target motion directly towards the observer, with an interocular blur 
difference. The left eye is corrected for near and the right eye is corrected for far. The eye 
that is processed more quickly now changes systematically as a function of target distance. 
When the target is far, the left eye image will be blurry and be processed more quickly. 
When the target arrives at an intermediate distance where both eyes will form equally 
blurry images, the processing will be the same in both eyes and the target will appear to 
move directly towards the observer. When the target is near, the right eye image will be 
blurry and processed more quickly. The resulting illusory motion will trace an S-curve 
trajectory as the target traverses the distances between the near point of the far lens and 
the far point of the near lens. Even more striking effects occur for targets moving towards 
and to the side of the observer, along oblique motion trajectories. A full description of these 
effects, however, is beyond the scope of the current chapter. (Note: the diagrams are not 
to scale.) ............................................................................................................................ 146 

Figure 8.6. Reverse, Classic, anti-Pulfrich, and filtered stimulus conditions: Interocular 
delays and discrimination thresholds. A. Reverse, Classic, and anti-Pulfrich effects. 
Interocular differences in focus error cause the Reverse Pulfrich effect; the blurrier image is 
processed more quickly. Interocular differences in retinal illuminance cause the Classic 
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Pulfrich effect; the darker image is processed more slowly. In the anti-Pulfrich condition, 
the blurry image is darkened to eliminate interocular delay (see Methods). B. 
Discrimination thresholds. Thresholds for each observer (𝑑′ = 1.0) in the Reverse Pulfrich 
conditions (interocular focus differences) and the anti-Pulfrich conditions (interocular focus 
differences plus retinal illuminance differences) were similar and were thus averaged 
together (white circles). In each human observer, discrimination thresholds increased 
systematically with differences in interocular blur, consistent with the classic literature on 
how blur differences deteriorate stereoacuity324. These threshold functions thus provide 
evidence that the desired optical conditions were achieved. To reduce clutter, bootstrapped 
95% confidence intervals are not plotted. In all cases but one, the confidence interval is 
smaller than the data point. Discrimination thresholds in the Classic Pulfrich conditions 
(i.e., interocular retinal illuminance differences only) are also shown (gray squares). 
Differences in retinal illuminance up to +0.15OD had no systematic effect on thresholds. 
(Note: the y-axis has a different scale for each observer to emphasize the similarities in the 
threshold patterns. To give a sense of scale, the Classic Pulfrich data from observer S3, 
the most sensitive observer, is re-plotted in the subplots for observers S1 and S2; faint 
circles and squares.). C. Interocular delays with high- and low-pass filtered stimuli for each 
human observer. The onscreen image for one eye was filtered and the image for the other 
eye was left unperturbed. High-pass filtered images were processed slower than the 
unperturbed images, similar to how reduced retinal illuminances induce the Classic Pulfrich 
effect. Low-pass filtered images were processed faster than unperturbed images, similar to 
how optical blur induces the Reverse Pulfrich effect. ........................................................ 148 

Figure 8.7. Real and virtual neutral density filters: Interocular delays. Real and virtual 
neutral density filters with the same optical densities (i.e., 0.15OD; 71% transmittance) 
caused similar delays for all human observers (colored circles) and the mean human 
observer (black square). Interocular differences in optical density, ΔO, are negative when 
the left eye retinal illuminance is reduced and positive when the right eye retinal 
illuminance is reduced. Error bars indicate standard deviations. The results suggest that 
the software implementation of the virtual neutral density filters was accurate. ............... 152 

Figure 8.8. Spatial frequency filtered stimuli: stimulus construction. A. Proportion of 
original stimulus contrast after low-pass filtering vs. high-pass filtering (solid vs. dashed 
curves, respectively) as a function of total black-white (or white-black) bar width. The white 
circle and arrow indicate the stimulus width (0.5º) that equates to the root-mean-squared 
(RMS) contrast of the stimulus after low and high-pass filtering. Because low-pass and 
high-pass filtered images had identical luminance and contrast, the differential effects in 
Figure 8.6C cannot be attributed to luminance or contrast. B. Low-pass and high-pass 
filters with a 2cpd cutoff frequency. C. Low-pass filtered stimulus, original stimulus, and 
high-pass filtered stimulus with matched luminance and contrast. D. Horizontal intensity 
profiles of the stimuli in C. E. Amplitude spectra of the horizontal intensity profiles in D. 
Note how, for each stimulus type, the peak of the lowest frequency lobe shifts relative to 
the cutoff frequency of the filters. ...................................................................................... 153 

Figure 9.1. Reverse Pulfrich effect, Classic Pulfrich effect, and anti-Pulfrich monovision 
corrections. A. Interocular blur differences like those induced by monovision corrections 
cause the ‘Reverse Pulfrich effect’, a substantial misperception of the distance of moving 
objects. If the left eye is sharp and the right eye is blurred, an object moving from left to 
right will be misperceived as farther away than it is, and vice versa. The blurry image is 
processed faster than the sharp image, causing a neural disparity that leads to depth 
misperceptions. In some scenarios, the distance misestimates can be substantial. Burge et 
al.338 reported that, for an individual observer with a typical monovision correction strength 
of 1.5D, a cyclist moving left to right at 15mph at 16ft may be estimated to be at 25ft. This 
overestimation of 9ft is approximately the width of a narrow lane of traffic. These 
misperceptions occur because the blurrier eye is processed more quickly by only a few 
milliseconds. B. Interocular luminance differences cause the Classic Pulfrich effect. When 
both eyes are sharp, the darker eye is processed slower. If the left eye is bright and the 
right eye is dark, and both eyes are sharply focused, the distance to the same cyclist will 
be underestimated, because the darker eye is processed more slowly by a few 
milliseconds. C. Anti-Pulfrich monovision corrections can eliminate misperceptions by 
darkening the blurring lens. The Reverse and Classic Pulfrich effects cancel each other 
out. ..................................................................................................................................... 158 
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Figure 9.2. Magnification differences with contacts and trial lenses. A. Contact lenses with 
different power in the two eyes create interocular differences in blur with negligible 
interocular differences in magnification. Contact lenses produce negligible image 
magnification because they are fitted directly on the cornea. The distance d between the 
contact lens and the entrance pupil of the eye is quite small. B. Trial lenses with different 
powers in the two eyes create interocular differences in blur with non-negligible 
magnification differences between the eyes. Trial lenses produce substantially more image 
magnification than contact lenses of the same power because the distance between the 
lens and the entrance pupil is considerably larger (i.e., 10-14mm). ................................. 159 

Figure 9.3. Binocular stimulus, time-course of stimulus presentation, and psychometric 
functions. A. The target was a dichoptically presented horizontally moving white bar. The 
left-eye image is blurred to simulate the optical blur that was induced in the experiment; no 
onscreen blur was present in this experiment. White arrows show target motion, speed, 
and direction. Dashed bars show example stimulus positions throughout a trial. Arrows and 
dashed bars are both for illustrative purposes and were not present in the actual stimulus. 
Fuse the two half-images to perceive the target bar in 3D on one frame of the movie. 
Cross-fusers will see a depiction of ‘front right’ motion on this frame. Divergent-fusers will 
see ‘back right’ motion on this frame and would answer ‘front left’ for the complete one-
cycle trial. B. Left-eye and right-eye onscreen horizontal image positions as a function of 
time (solid and dashed curves, respectively) when the left-eye image was delayed 
onscreen, coincident with, or advanced onscreen relative to the right-eye image. C. The 
task was to report whether the target bar appeared to be moving ‘front left’ or ‘front right’ 
with respect to the screen. Psychometric functions for the first human observer as a 
function of onscreen delay in five conditions in Experiment 1. Each condition had a 
different interocular difference in focus error (i.e., Δ𝐹=[-1.5D, -1.0D, 0.0D, 1.0D, 1.5D]). The 
point of subjective equality (PSE, black arrows) changes systematically with the difference 
in focus error, indicating that the difference in focus error systematically impacts the neural 
differences in processing speed between the eyes. ......................................................... 165 

Figure 9.4. Reverse Pulfrich effect with contact lenses (Experiment 1). A. Stimulus 
conditions with contact lenses. Contact lenses of different powers cause interocular 
differences in blur, but no differences in magnification. The differences in optical power 
(i.e., focus error) ranged from -1.5D to 1.5D, which are common monovision correction 
strengths. B. The interocular difference in blur causes a mismatch in processing speed 
between the eyes—the blurrier image is processed more quickly—which leads to the 
Reverse Pulfrich effect. Horizontal oscillating motion in the frontal plane is perceived as 
‘front right’ elliptical motion in depth (i.e., counterclockwise when viewed from above). C. 
Onscreen interocular delays required to null neural differences in processing speed 
induced by differences in optical power between the eyes for the first human observer. 
Error bars indicate 68% confidence intervals from 1000 bootstrapped datasets. See Figure 
9.10Afor data from all human observers. .......................................................................... 166 

Figure 9.5. Reverse Pulfrich effect with trial lenses (Experiment 2). A. Stimulus conditions 
with trial lenses. Trial lenses of different powers cause interocular differences in blur and 
magnification. The differences in optical power (i.e., focus error) ranged from -1.5D to 
1.5D. B. The interocular difference in blur causes a mismatch in processing speed 
between the eyes—the blurrier image is processed more quickly—which leads to the 
Reverse Pulfrich effect. Horizontal oscillating motion in the frontal plane is perceived as 
‘front right’ elliptical motion in depth (i.e., counterclockwise motion when viewed from 
above). C. Onscreen interocular delays required to null neural delays induced by 
differences in optical power between the eyes in the first human observer. Error bars 
indicate 68% confidence intervals from 1000 bootstrapped datasets. See Figure 9.10Bfor 
data from all human observers. D. Onscreen interocular delays from trial lenses vs. contact 
lenses for each observer (symbols) in all conditions measured. Processing delays induced 
by contacts and trial lenses with equivalent power differences are nearly identical; the best-
fit regression line has a slope of 0.92 (solid line). The magnification differences caused by 
the trial lenses do not affect processing speed. ................................................................ 167 

Figure 8.6.Classic Pulfrich effect with luminance differences (Experiment 3). A. Stimulus 
conditions with interocular luminance differences. The image in one eye was darkened 
onscreen by a factor equal to the transmittance of a neutral density filter with a particular 
optical density; the other eye was left unperturbed. The differences in optical density 
ranged from -0.15OD to 0.15OD, corresponding to a 30% transmittance difference 
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between the left and right eyes. B. The luminance differences cause a mismatch in 
processing speed between the eyes—the darker image is processed more slowly. The 
Classic Pulfrich effect results. Horizontal oscillating motion in the frontal plane is 
misperceived as ‘front left’ elliptical motion in depth (i.e., clockwise motion when viewed 
from above). C. Onscreen interocular delays required to null the neural delays induced by 
luminance differences in the first human observer. Error bars indicate 68% confidence 
intervals from 1000 bootstrapped datasets. See Figure 9.10C for data from all human 
observers. D. Interocular delays induced by luminance differences (i.e., |∆O|=0.15OD) are 
plotted against interocular delays induced by blur differences (i.e., Δ𝐹=1.0D) in individual 
observers from the current study (white symbols) and Burge et al.103 (gray symbols). To 
isolate the factor of interest—the similarity of effect size due to interocular differences blur 
and luminance—we plot onscreen delays with respect to the perturbed eye rather than with 
respect to the left eye. In individual observers, the size of the Reverse and Classic Pulfrich 
effects are correlated (r=-.83; p<.05). ................................................................................ 168 

Figure 9.7. Anti-Pulfrich corrections with contact lenses eliminate the Reverse Pulfrich 
effect (Experiment 4). A. Stimulus conditions for anti-Pulfrich monovision corrections. 
Darkening the image in the blurrier eye can eliminate the interocular differences in 
processing speed otherwise caused by blur. B. Restoring the parity of processing speed 
eliminates the misperceptions associated with the Reverse Pulfrich effect (dashed ellipse 
and arrows) and restores the veridical perception of moving objects (solid arrows). C. 
Onscreen interocular delays are no longer required to null misperceptions of motion in 
depth because anti-Pulfrich corrections (i.e., appropriately tinting the blurring lens) 
eliminates interocular differences in processing speed caused by blur alone. Error bars 
indicate 68% confidence intervals from 1000 bootstrapped datasets. Appropriately tinting 
the near contact lens in a pair of contact lenses delivering a monovision correction could 
eliminate the misperceptions of distance and 3D direction for far-moving objects. See 
Figure 9.10D for data from all human observers. .............................................................. 169 

Figure 9.8. Magnification differences do not cause motion-in-depth misperceptions 
(Experiment 5). A. Stimulus conditions with interocular differences in magnification. The 
image in one eye was larger than the image in the other eye. Both images were equally 
sharp and equally bright. B. Magnification differences do not cause motion-in-depth 
misperceptions. Horizontally oscillating motion in the frontal plane is perceived veridically. 
C. Onscreen interocular delays equal zero for all interocular differences in magnification up 
to ±3.6%. Error bars indicate 68% confidence intervals from 1000 bootstrapped datasets. 
See Figure 9.10E for data from all human observers. ...................................................... 170 

Figure 8.9. Summary of experimental data. Effect sizes across all experiments and human 
observers. Blurring one eye with contact lenses (Experiment 1) or blurring one eye with 
trial lenses (Experiment 2) causes the image in that same eye to be processed more 
quickly, leading to a Reverse Pulfrich effect. Darkening one eye causes the image in that 
eye to be processed more slowly (Experiment 3), leading to a Classic Pulfrich effect. Anti-
Pulfrich corrections eliminate the increase in processing speed caused by blur alone by 
appropriately darkening the image in the blurry eye (Experiment 4), thereby eliminating the 
Reverse Pulfrich effect. Interocular differences in magnification (Experiment 5) up to ±3.6% 
do not impact interocular differences in processing speed. .............................................. 171 

Figure 9.10. Data for all subjects and experiments. Error bars indicate 68% confidence 
intervals on each PSE (i.e. point of subjective equality) from 1000 bootstrapped datasets. 
A. Reverse Pulfrich effect with contact lenses for all four human observers (Exp. 1). 
Onscreen interocular delays required to null neural differences in processing speed that is 
induced by differences in optical power between the eyes. B. Reverse Pulfrich effect with 
trial lenses for all four human observers (Exp. 2). Onscreen interocular delays required to 
null neural differences in processing speed that is induced by differences in optical power 
between the eyes. C. Classic Pulfrich effect with luminance differences for all four human 
observers (Exp. 3). Onscreen interocular delays required to null neural delays induced by 
differences in luminance between the eyes. Results are plotted as a function of the 
equivalent interocular difference in optical density. D. Anti-Pulfrich corrections with contact 
lenses eliminate the Reverse Pulfrich effect for all four human observers (Exp. 4). 
Appropriately tinting the blurring lens eliminates the neural differences in processing speed 
caused by blur alone. Onscreen interocular delays are no longer required to null 
misperceptions of motion in depth. The anti-Pulfrich Each observer required a different 
anti-Pulfrich correction (i.e. a different optical density difference for each focus error 
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difference) because the ratio of the regression slopes in the reverse and Classic Pulfrich 
conditions (Exp. 1 & Exp. 3) differed for each observer (see Equation 9.11). E. 
Magnification differences do not cause motion-in-depth misperceptions, for all four human 
observers (Exp. 5). Onscreen interocular delays are equal to zero for all interocular 
differences in magnification. .............................................................................................. 172 

Figure 10.1. Changes in spontaneous Pulfrich effect across time. Change in neural delay, 
in milliseconds, across time, in weeks. Positive values indicate that the left-eye image 
processing speed is delayed with respect to the right-eye image, and negative values that 
the right-eye image processing speed is delayed with respect to the left-eye image. White 
diamonds indicate actual measurements (A, B, C, and D) and gray diamonds indicate 
estimations (A’ and A’’). The process of readaptation to the Pulfrich effect after the surgery 
(dashed vertical line) is very clear and is mathematically described by the equation, where 
x is time in weeks and y is the delay in milliseconds. ........................................................ 182 

Figure 10.2. Changes in Classic and Reverse Pulfrich effects over time. A. Classic Pulfrich. 
Neural delay as a function of interocular optical density difference for each measurement 
(A to D). B. Reverse Pulfrich. Neural delay as a function of interocular defocus difference, 
in diopters, for each measurement. ................................................................................... 184 

Figure 10.3. Depth misperceptions estimated for daily scenarios. Lower plots show scenes 
of representative situations with moving visual objects. Upper plots show the perceived 
trajectory of visual objects in the scenes. The observer’s eyes are represented by two 
circles. In this case, the left eye (LE; white circles) is unperturbed, and the right eye (RE; 
gray circle) is delayed. The thin lines represent the actual trajectory/position of the object, 
and the thick lines represent the apparent trajectory/position of the object, estimated using 
Equation 10.3 and the magnitude of the spontaneous Pulfrich effect in Measurement A 
(before the second surgery) when the patient presented serious symptoms (4.82ms of 
delay in the RE). A. Motorcyclist on the road. Speed considered was 40 km/h. B. 
Walking down the stairs. Speed considered was 4 km/h. .............................................. 185 

Figure 10.4. Depth misperception estimations using optic flow algorithms for different 
types of terrains. Illusion size in the horizontal direction in meters as a function of time for 
an object located at 2 m distance. The shaded regions display the standard deviation in 
illusion size, in meters, at both sides of the average illusion size (numerical values in the 
upper right corner of each graph). In red, rough terrain and blue, flat terrain. A. Estimation 
of the illusion size for a delay in the processing speed of the right eye (RE) of 4.82ms, 
when the patient suffered from symptoms. B. Estimation of the illusion size for a delay in 
the processing speed of the right eye (RE) of 0.78ms, when the patient did not suffer from 
symptoms. ......................................................................................................................... 186 

Figure 10.5. Estimating depth misperceptions caused by the Pulfrich effect using 
geometry. A. Schematic diagram on the depth misperception caused by the Pulfrich effect 
for a given point (O) of the trajectory of a moving object at a constant speed (𝑣). The 
trajectory subtends an angle θ with the horizontal axis. The two white circles represent the 
left (L) and the right (R) eyes, and 𝑝 the distance between them (i.e., the interpupillary 
distance). A neutral density filter covering the left eye delays the processing speed of that 
eye with respect to the right eye, producing the object to be perceived further than its real 
position (O’). Adapted from Spiegler202. B. Full depth misperception trajectory for the 
moving object represented in A, with the same neutral density filter. The object is moving at 
a speed of 36 km/h and an angle θ of 70º, for an interpupillary distance of 65 mm. The left 
eye processing speed is delayed 5 ms with respect to the right eye. The thin blue line 
represents the actual trajectory of the object, and the bolded blue line is the apparent 
trajectory due to the Pulfrich effect. Black lines represent the gaze direction of both eyes. 
This figure also shows four representative points along the trajectory. The object is 
perceived further than its real position and the magnitude of the illusion changes with the 
movement of the object. C. Full depth misperception trajectory for two objects moving 
towards the observer in parallel trajectories separated 1.5m (0.75m at each side). The 
speed and delay are 36 km/h and 5 ms, respectively. The object to the left of the observer 
(thin red line) is perceived closer than its real position and finally collides with the observer 
(bold red line). The object to the right of the observer (thin blue line) is perceived further 
than its real position and moves away (bold blue line). This example can represent the 
lines of a lane in a road or the two walls of a corridor, each one suffering an illusion of 
different sign and magnitude. ............................................................................................ 190 



 

 
XLI 

 

Figure 11.1. Stimulus used in this study (2 of 4 strips shown) and the task of nulling the 
perceived depth. Adjacent strips move in opposite directions. A. Stimulus with non-zero 
onscreen disparities. Divergently fuse to see the right-moving plane of bars farther than the 
left-moving (bottom) plane of bars). Cross fuse to see the right-moving plane of bars closer 
than the left-moving (bottom) plane of bars. B. 3D view of experimental stimuli. Stimulus 
with onscreen disparities specifying non-planar depth structure (e.g., the upper plane of 
bars is specified by disparity to be behind the screen and the bottom plane of bars is 
specified to be in front of the screen). Stimulus with onscreen disparities specifying that 
both the upper and lower plane of bars is in the plane of the screen. .............................. 195 

Figure 11.2 Changes in Classic Pulfrich effect as a function of the overall light level. Data 
from the literature. Each plot shows the delay as a function of interocular illuminance 
difference (in optical density) for different light levels, indicated with a different color (the 
whiter, the higher the light level). Auxiliar lines indicate the delay for 0.60 OD, used to 
compare with the results of this study. A. Lit 1949203. B. Prestrude 1971204. ................... 198 

Figure 11.3. Pupil measurements. Pupil size in millimeters as a function of luminance level. 
Darker dots indicate pupil sizes for the overall light level conditions measured in this 
experiment. Horizontal dotted lines indicate fixed pupil sizes measured in this experiment 
(2, 4, and 6mm). A. Subject 1. B. Subject 2. ..................................................................... 199 

Figure 11.4. Classic Pulfrich effect changes for light level for one subject. A. It shows the 
change in onscreen delay in milliseconds across trials for each run. Dots represent the 
endpoint of the run, where the subject perceived the stimulus moving plane on the screen. 
Negative onscreen delay indicates that the right eye image is processed slower than the 
left eye image, producing the stereo-depth illusion. Positive onscreen delay indicates that 
the left eye image is processed slower than the right eye image. Dark gray runs indicate 
the condition where the left eye image is perturbed (dimmer than the right eye placing an 
onscreen filter of 0.6 OD), and light gray runs where the right eye image is perturbed 
(dimmer than the left eye). Runs have different starting points (ranging from -15 to 15 ms). 
A shaded dark or light gray bar represents the average and its width the standard deviation 
across runs, indicating the Point of Subjective Equality (PSE) and the Just Noticeable 
Difference (JND) for both conditions. Particularly, this result is from S1 and the overall 
luminance level of 3.2 cd/m2. B. It plots the PSE in milliseconds (estimated as the average 
across runs, see box A) versus the optical density difference. Also, the 95% confidence 
interval after bootstrapping with 1000 samples is displayed as a shaded error bar around 
data points. Negative optical density difference indicates that the left eye image is darker 
and positive that the right eye image is darker (Equation 11.3). The slope of the linear 
regression adjustment is an indicator of the effect size. For Classic Pulfrich effect is 
negative. C. It plots the absolute delay for a filter of 0.6 OD in ms for every retinal 
illuminance level measured. Different colors indicate different pupil sizes. ...................... 199 

Figure 11.5. Classic Pulfrich effect results compared with the literature. Absolute neural 
delay for a condition of 0.6 OD in milliseconds as a function of retinal illuminance level in 
trolands. A. Results from the current study. B. Results obtained from Lit 1949203 and 
Prestrude 1971204. ............................................................................................................. 200 

Figure 11.6. Reverse Pulfrich effect changes as luminance changes for one subject. A. 
This plot represents conditions of interocular differences in retinal blur (Reverse Pulfrich 
effect). Dark gray runs indicate the condition where the left eye image is perturbed (blurrier 
than the right eye inducing +3.00D of blur), and light gray runs where the right eye image is 
perturbed (blurrier than the left eye). Particularly, this example is from S1 and the overall 
luminance level of 0.2 cd/m2. B. It plots the onscreen delay (estimated as the average 
across runs, see box A) versus the focus difference. Also, the 95% confidence interval 
after bootstrapping with 1000 samples is displayed as a shaded error bar around data 
points. Negative focus difference indicates that the left eye image is blurrier and positive 
focus difference that the right eye image is blurrier (Equation 11.4). For the Reverse 
Pulfrich effect, the slope of the linear regression adjustment is positive. C. It plots the 
absolute delay for a defocus of 3.0D in ms for every retinal illuminance level measured. 
Different colors indicate different pupil sizes. .................................................................... 201 

Figure 11.7. Reverse Pulfrich effect changes for 2 mm pupil size. Delays in milliseconds 
estimated for 3.0D of defocus for different retinal illuminance levels in trolands . Different 
colors indicate different pupil sizes. A. Subject 1. B. Subject 2. ....................................... 201 

Figure 12.1. Stimulus used in this experiment. Upper stripe moves to the right and bottom 
stripe moves to the left. ..................................................................................................... 205 
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Figure 12.2. Trial sequence of the procedure. A representative trial of the test is shown. In 
each trial, the moving stimulus is presented during 1.0s followed by the response interval 
also during 1.0s. And an auditory tone is represented by a gray speaker. ....................... 206 

Figure 12.3. All experiments for one subject (S4). In upper plots of A, B, and C, dark gray 
indicated that the left eye was perturbed and light gray that the right eye was perturbed. 
Also, dotted lines indicate the Point of Subjective Equality (PSE), which represents the 
delay measured, the same magnitude but opposite in sign to the neural delay caused by 
the interocular difference. A. Classic Pulfrich effect. Upper plot shows the psychometric 
functions for left eye dimmer (-0.15OD, dark gray, PSE positive), for no eye perturbed 
(0.00OD, gray), and for right eye dimmer (0.15OD, light gray, PSE negative). Bottom plot 
shows the onscreen delay (PSE, in milliseconds) as a function of the interocular luminance 
difference (in OD). The slope of the linear regression is negative. B. Reverse Pulfrich 
effect with optical defocus. Upper plot shows the psychometric functions for the left eye 
defocused (-1.00D, dark gray, PSE negative) and for right eye defocused (1.00D, light 
gray, PSE positive). Bottom plot shows the PSE as a function of the interocular focus 
difference (in D). The slope of the linear regression is positive. C. Reverse Pulfrich effect 
with onscreen blur. Uppero plot shows the psychometric functions for the left eye blurrier 
(-4.00D, dark gray, PSE negative) and for right eye blurrier (4.00D, light gray, PSE 
positive). Bottom plot shows the PSE as a function of the interocular blur difference (in 
cpd). The slope of the linear regression is positive. .......................................................... 208 

Figure 12.4. Pulfrich effect sizes for each subject. In gray, Classic Pulfrich effect, in white, 
Reverse Pulfrich effect with optical blur, and in black, Reverse Pulfrich effect with onscreen 
blur. The average across subjects is shown in a subplot at the right. A. Pulfrich effect sizes. 
B. Just Noticeable Difference (JND). ................................................................................ 209 

Figure 12.5. Correlation among experiments. A. Correlation between Reverse Pulfrich effect 
size with optical blur and Classic Pulfrich effect size. B. Correlation between Reverse 
Pulfrich effect size with onscreen blur and Classic Pulfrich effect size. C. Correlation 
between Reverse Pulfrich effect size with onscreen blur and Reverse Pulfrich effect size 
with optical blur. ................................................................................................................. 209 

Figure 12.6. PSE vs. JND for all subjects and experiments. Also, the average across 
subjects is shown at the left of the plot. In gray, Classic Pulfrich effect, in white, Reverse 
Pulfrich effect with optical blur, and in black, Reverse Pulfrich effect with onscreen blur. 210 

Figure 13.1. Stimulus used in the experiment. A. Stimulus. Disparity is randomly assigned to 
one of the squares. B. Fixation cross for alignment purposes. The central cross has 300’’ 
of crossed disparity and the white square is plane on the screen and served as a 
reference. .......................................................................................................................... 215 

Figure 13.2. Conditions measured in the study. FF means far correction (both eyes focused 
on far vision), NN means near correction (both eyes focused on near vision), ML means 
monovision in the left eye (left eye focused on near vision and right eye focused on far 
vision), and MR monovision in the right eye (left eye focused on near vision and right eye 
focused on far vision). ....................................................................................................... 217 

Figure 13.3. Result for one subject (S1) for anaglyph filters using SimVis Gekko in far 
vision. Black data represents the FF condition, blue data ML condition, and red data MR 
condition. A. Progress along trials of the QUEST procedure for each condition. Endpoints 
represent the threshold (i.e., stereoacuity). B. Stereoacuity (in arc seconds) as a function 
of interocular defocus difference (in D). ............................................................................ 218 

Figure 13.4. Stereoacuity measured with the Titmus test in far vision for all subjects. A 
subplot to the right shows the average across subjects. Black bars represent NN condition, 
blue bars ML condition, and red bar MR condition. A. Using Trial Frame. B. Using SimVis 
Gekko. ............................................................................................................................... 218 

Figure 13.5. Stereoacuity measured with anaglyph filters in near vision for all subjects. A 
subplot to the right shows the average across subjects. Black bars represent NN condition, 
blue bars ML condition, and red bar MR condition. A. Using Trial Frame. B. Using SimVis 
Gekko. ............................................................................................................................... 219 

Figure 13.6. Stereoacuity measured with polarizer filters in near vision for all subjects. A 
subplot to the right shows the average across subjects. Black bars represent NN condition, 
blue bars ML condition, and red bar MR condition. A. Using Trial Frame. B. Using SimVis 
Gekko. ............................................................................................................................... 219 

Figure 13.7. Stereoacuity measured with parallax barrier in near vision for all subjects. A 
subplot to the right shows the average across subjects. Black bars represent NN condition, 
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blue bars ML condition, and red bar MR condition. A. Using Trial Frame. B. Using SimVis 
Gekko. ............................................................................................................................... 220 

Figure 13.8. Stereoacuity measured with anaglyph filters in far vision for all subjects. A 
subplot to the right shows the average across subjects. Black bars represent FF condition, 
blue bars ML condition, and red bar MR condition. A. Using trial frame. B. Using SimVis 
Gekko. ............................................................................................................................... 220 

Figure 13.9. Stereoacuity measured with polarizer filters in far vision for all subjects. A 
subplot to the right shows the average across subjects. Black bars represent FF condition, 
blue bars ML condition, and red bar MR condition. A. Using trial frame. B. Using SimVis 
Gekko. ............................................................................................................................... 221 

Figure 13.10. Summary of the experimental data. Stereoacuity averaged across subjects for 
all conditions. Black bars represent FF correction (in far vision) and NN correction (in near 
vision), blue bars ML correction, and red bars MR correction. A. Trial Frame results. B. 
SimVis Gekko results. ....................................................................................................... 221 

Figure 13.11. Bland-Altman analysis for different conditions. Each panel shows a Bland-
Altman plot, indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, 
and standard deviation of the sample. A. Plot comparing near and far distances for all 
corrections, devices, and 3D methods. B. Plot comparing Trial Frame and SimVis Gekko 
for all distances and 3D methods. C. Plot comparing Titmus test vs. other 3D methods in 
near distance for all devices and corrections. Titmus and anaglyph filters in the left plot, 
Titmus and polarizer filters in the middle plot, and Titmus and parallax barrier in the right 
plot. .................................................................................................................................... 222 

Figure 14.1. Chromatic Temporal Defocus Threshold Function. It shows the peak-to-valley 
defocus change threshold as a function of the temporal frequency. Dots represent temporal 
frequencies measured and line the fitting. In red, for a red stimulus, and in blue for a blue 
stimulus. ............................................................................................................................ 226 

Figure 14.2. Multifocal blur and Reverse Pulfrich effect. A. Psychometric function for each 
condition (from -2.50 to 2.50D interocular addition differences). Left eye perturbed 
conditions are plotted in the upper row and right eye conditions in the bottom row. B. Delay 
as a function of the interocular addition difference. Data for 1.25, 1.75, and 2.50D of 
addition is displayed in light gray, dark gray, and black, respectively. .............................. 227 

Figure 14.3. Pupil dilation and the Pulfrich effect. Blue data represents the condition with no 
dilation. Red data represents the condition with the right eye dilated. A. Subject 1. B. 
Subject 2. ........................................................................................................................... 228 

Figure 14.4. Pulfrich effect and aberration model. A. Explanation of the obtention of 
aberration metrics (in this case, difVSOTF metric). B. Reverse Pulfrich effect results and 
aberration metrics (difVSOTF in the left plot, and difSR in the right plot) as a function of the 
interocular function difference. .......................................................................................... 229 

Figure 14.5.Pulfrich effect in the periphery. Red data represents the results in the central 
retina (fovea) and blue data represents the results in the peripheral retina (5º of 
eccentricity). A. Classic Pulfrich effect. B. Reverse Pulfrich effect. .................................. 230 

Figure 14.6. Chromatic Pulfrich effect. Delay measured using polarizer filters (white dot) vs. 
anaglyph filters (red dot). ................................................................................................... 231 

 
 





 

 
XLV 

 

List of tables 

Table 1.1. Characteristics of the magnocellular and parvocellular pathways. ..................... 7 
Table 1.2. Functions of the independent systems for processing specific functions in the 

retina. .................................................................................................................................... 8 
Table 1.3. Comparison of important features of new subjective refraction technologies. 

Working principle means the task that the patients must perform to obtain the refractive 
error. Self-refraction means that the subject does not need clinician supervision and 
automatic means that the optical power changes are not induce manually. We compared 
Limits of Agreement (LOAs) with Traditional Subjective Refraction (TSR) for spherical 
equivalent. *We selected the experiment without fogging (faster). **Compared with 
objective refraction. ***In these studies, time is reported for monocular measurements; we 
multiplied by two for a fair comparison with the rest of the technologies. Adapted from 
Rodriguez-Lopez et al.161. ................................................................................................... 22 

Table 2.1. Summary of the setups used in this thesis, with the experiment, psychophysical 
procedure, and chapter in which it was used. ..................................................................... 49 

Table 3.1. Temporal sensitivity function results for all stimuli. Average across subjects. .. 62 
Table 3.2. Spatial sensitivity function results for all stimuli. Average across subjects. ...... 64 
Table 3.3. Parameters of the models for SDSF and TDSF. The data for the fitting was 

obtained from the averages across subjects for Gabor stimuli. .......................................... 64 
Table 6.1. Comparison of the features of the starting optical system and the evolution to a 

clinical prototype for the Direct Subjective Refraction. ...................................................... 106 
Table 7.1. Statistical analysis of the association between clinical tests (binary response) and 

psychophysical tests. We show the point-biserial correlation coefficient (r) and two-tailed 
unpaired t-test with equal variances for the correlation coefficient (t-statistic (t) and p-value 
(p)). Statistical significance difference is indicated with two asterisks (**). ....................... 135 

Table 10.1. Temporal evolution of the symptoms, optical condition, refraction, visual acuity (VA), 
and delay from spontaneous Pulfrich, Classic Pulfrich effect size, and Reverse Pulfrich 
effect size. Between weeks -4 and 3, the subject suffered cataract surgery in the right eye 
(RE), reversing the monovision correction and matching interocular luminance differences. 
IOL means intraocular lens. Asterisk (*) in the refraction means that the subject did not 
have the refraction corrected (therefore inducing a monovision correction). .................... 181 

 





 

 
XLVII 

 

List of abbreviations and acronyms 

 
Acronym Meaning 

‘’ Arc seconds 
3D Three Dimensional 

cd/m2 Candela/square meters 
CFF Critical Fusion Frequency 
CL Contact Lens 
cm Centimeters 
cpd Cycles Per Degree 
CSF Contrast Sensitivity Function 

D Diopters 
DCFF Defocus Critical Fusion Frequency 
DSR Direct Subjective Refraction 

EDOF Extended Depth Of Focus 
EDS Eye Dominance Strength 
FT Fourier Transform 

HOAs High Order Aberrations 
Hz Hertz 
IOL Intraocular Lens 
J0 Horizontal astigmatism 
J45 Oblique Astigmatism 

JND Just Noticeable Difference 
LCA Longitudinal Chromatic Aberration 
LE Left eye 

LGN Lateral Geniculate Nucleus 
lm Lumen 

LOAs Low Order Aberrations/Limits of Agreement 
LSF Line Spread Function 
M Spherical equivalent 
m Meters 

MAS-2EV Multifocal Acceptance Score to Evaluate Vision 
min Minute 
ms Milliseconds 

MTF Modulation Transfer Function 
NCSF Neural Contrast Sensitivity Function 

nm Nanometers 
OBR Objective Refraction 
OD Optical Density 



 

 
XLVIII 

 

OTF Optical Transfer Function 
PCB Printed Circuit Board 
PSE Point of Subjective Equality 
PSF Point Spread Function 

QUEST QUick Estimation by Sequential Testing 
RE Right eye 

RMS Root Mean Square 
s Seconds 

SCSF Spatial Contrast Sensitivity Function 
SDSF Spatial Defocus Sensitivity Function 

SR Strehl Ratio 
STCSF Spatiotemporal Contrast Sensitivity Function 
STDSF Spatiotemporal Defocus Sensitivity Function 

TCA Transverse Chromatic Aberration 
TCSF Temporal Contrast Sensitivity Function 
TDSF Temporal Defocus Sensitivity Function 
TDW Temporal Defocus Wave 
tro Trolands 

TSR Traditional subjective Refraction 
TVR Threshold Versus Reference 
VA Visual Acuity 

VAS Visual Analogue Scale 
VSOTF Visual Strehl Ratio 



 

 
1 

 

Chapter 1. Introduction 

Vision is the sense that provides the most information from the real world. The optical 
system of the eye focuses the visible light onto the retina, which transforms said light into 
electric pulses. After that, neurons bring those pulses to the visual cortex in the brain, 
what we ultimately conceive as visual perception. 
 
However, the optical visual system, like any other optical system, is not perfect. Defocus 
and optical aberrations degrade the optical quality and are translated into different 
degrees of blur. Although the effect of blur on the retinal image is frequently experienced 
and therefore intuitively assumed and understood, blur itself is a complex concept with 
many implications in visual perception. Blur affects many aspects of vision, from the 
prescription of optical corrections to motion and depth perception.  
 
The impact of blur on vision has been studied for decades. However, the development 
of tunable lenses, programmable optical elements able to change their optical power, 
enables new methods for static and dynamic manipulation of blur, new scientific 
approaches in the study of blur perception, and new development and technologies to 
compensate for blur or to take advantage of its presence. 
 
In this chapter, a revision of the state-of-the-art, motivation, goals of the thesis, open 
questions, and hypothesis are presented. Particularly, this chapter addresses the 
structure of the human visual system, the imperfections of the optical system of the eye, 
visual perception, the static and dynamic perception of blur (both for dynamic changes 
in blur and for moving blurred objects), refractive errors, optical corrections, eye 
dominance, and other aspects of binocular perception. 
 
This chapter is partially based on the review article by Victor Rodriguez-Lopez and 
Carlos Dorronsoro ‘Beyond traditional Subjective Refraction’ published in Current 
Opinion in Ophthalmology (2022). 
  



The human eye and the human visual system 

 
2 

 

1.1. The human eye and the human visual system 
 
1.1.1. The optical system of the eye 
The optical system of the eye is composed of three main components: cornea, 
crystalline lens, and retina. The first two components focus the incoming light onto the 
third one, like the objective of a camera focuses the luminous energy of the scene on the 
image sensor. Each of them has its structure optimized to fulfill its function. In total, the 
visual optical system has a total power of 60D.  
 
The cornea is the first optical surface of the eye. It is a convex-concave lens that provides 
the main optical power to the optical system (2/3, 40D) and therefore is the most 
important element from an optical point of view1,2. 
 
The crystalline lens is a biconvex lens located between the iris and the vitreous humor. 
It provides the remaining optical power to the optical system (1/3), and it is attached to 
the ciliary muscles by elastic fibers of the zonula that allows the accommodation process. 
This process permits the shape change of the crystalline lens and therefore the change 
in optical power to focus near objects. The main theory for accommodation was proposed 
by Helmholtz in 18553. During the process, the ciliary muscles contract and the fibers of 
the zonula reduce the force applied, increasing the curvature of the crystalline lens and 
thus the optical power of the system. When the ciliary muscles relax, the fibers of the 
zonula increase the force applied, reducing the curvature of the crystalline lens and thus 
the optical power of the system, recovering the original state. The accommodation 
process also elicits the convergence of the eyes and the miosis (contraction) of the 
pupils, the so-called near-triad or accommodation reflex4. 
 
The amplitude of accommodation is the total dioptric amount that the accommodation 
process can elicit. Its maximum occurs when we are born, and it decreases since then, 
as can be seen in Figure 1.15–8. At teenage age, we can accommodate as much as 10-
14D, which progressively decreases close to 0 at about 50 years old. The lack of enough 
amplitude of accommodation produces the loss of ability to focus near objects (in 
absence of refractive error or when fully compensated for far vision), in a process called 
presbyopia. Presbyopia is caused by the progressive stiffness of the proteins that 
constitute the crystalline lens, which avoids the movement and therefore prevents the 
accommodation process from happening9. 
 

 
Figure 1.1. Amplitude of accommodation measured in different studies. Adapted from Charman 20089. 
 
Another important process that may happen together with presbyopia is the opacification 
of the crystalline lens, physiological and non-pathological with age10 but more 
pronounced and pathological in a process called cataracts. The reason behind this 
process lies in the denaturation of the proteins inside the crystalline lens that produces 
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an opacification of the lens that scatters the light going through. The prevalence of 
cataracts increases with age, from 3% at age 55 years to 93% at age 80 years and 
older11. The main symptoms are related to the loss of visual acuity and glares caused by 
the scattered light12.  
 
Once the light has passed through the optical system, it focuses on the retina, which acts 
as a light detector. It contains different types of neurons, with a wide variety of functions. 
The most important ones are the photoreceptors, which transform the incoming light 
(photons) into electrical impulses via the phototransduction process. After that, the 
electrical impulses are transmitted to the ganglion cells, located at the end of the retina. 
The axons (the arms) of the ganglion cells form the optic nerve. 
 
The retina is divided into different regions, with different types of photoreceptors and 
functions associated. Briefly, the center of the vision is called the fovea, aligned with the 
visual axis of the eye. The maximum density of cones is in the fovea, although only 
represents 4% of the total amount, which are also distributed along the rest of the retina. 
Cones are classified mainly into three types depending on their spectral sensitivity and 
the main wavelengths that they process: large (L-cone, red wavelength), medium (M-
cone, green wavelength), and small (S-cone, blue wavelength). These photoreceptors 
are used to see in color and objects with high detail and to perceive the world in daylight 
conditions. The area of the retina outside the fovea is called the peripheral retina. In this 
part, cones proportion decreases dramatically, and the number of rod photoreceptors 
increases, with a maximum density of rods at 20º of retinal eccentricity. Within the 
peripheral retina, rods are used to perceive moving objects and other functions that do 
not require high-definition processing. Rods are also used to perceive the world in 
nightlight conditions and do not provide color vision. At 15º of eccentricity in the nasal 
region is located the optic nerve, where there are no photoreceptors. Figure 1.2A shows 
the spectral absorption of the photoreceptors13, Figure 1.2B their spectral sensitivity14, 
and Figure 1.2C their distribution along the retina15. 
 

 
Figure 1.2. Photoreceptors in the retina. A. Normalized absorption as a function of the wavelength, 
showing the peak of absorption in nanometers, for rods and cones. Adapted from Dartnall et al. 198313. B. 
Sensitivity as a function of the wavelength for cones. Adapted from Stockman at al. 200014. C. Distribution 
of the photoreceptors at both sides of the fovea (temporal and nasal). Black shaded region indicates the 
blind spot (optic nerve). Adapted from Osterberg 193515.  
 
1.1.2. Imperfections of the optical system: aberrations 
A perfect optical system forms a point image from a point object. However, perfect optical 
systems are far from reality, and the visual system is not different. Retinal images are 
affected by diffraction, scattering, and optical aberrations, influencing the optical quality, 
monochromatically and polychromatically.  
 
Optical aberrations refer to the difference in the phase of the wavefront of the optical 
system with respect to an ideal sphere16. In an aberrated optical system, all the parallel 
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rays entering the pupil do not converge to the same focus point. The image of a point 
through an aberrated optical system is deformed and represents a unique pattern of the 
ocular optical system, like a fingerprint. Optical aberrations are divided into 
monochromatic (caused by the geometrical structure of the optical system) and 
polychromatic (caused by the variation of the refractive index with wavelength). Both are 
described hereinafter. 
 
1.1.2.1. Monochromatic aberrations 
Monochromatic aberrations only consider one wavelength and arise from the geometry 
of the optical system1,17. The optical quality of the visual system can be assessed mainly 
by two metrics, the Modulation Transfer Function (MTF) and the Point Spread Function 
(PSF). The MTF describes the loss of contrast across spatial frequencies and the PSF 
describes the image of a point through the optical system. Convolving the PSF with the 
ideal image provides a simulation of the retinal image of the system18. For large pupil 
diameters, optical aberrations dominate the optical quality and for small pupil sizes 
diffraction does. The PSF limited by diffraction is the Airy disk19.  
 
Usually, Zernike polynomials are used to mathematically describe the wavefront, 
represented as the weighted sum of the Zernike polynomials 
 

𝑊(𝜌, 𝜃) =∑ ∑ 𝑐𝑛
𝑚𝑍𝑛

𝑚(𝜌, 𝜃)

𝑛

𝑚=−𝑛

𝐾

𝑛=1

 1.1 

 
where 𝑊(𝜌, 𝜃) is the wave aberration phase in polar coordinates, 𝑐𝑛𝑚 is the Zernike 
coefficient of radial order 𝑛 and the angular frequency 𝑚, and 𝑍𝑛𝑚 is the Zernike 
polynomial term. Zernike coefficients are usually reported in microns (µm). 
 
The conventions recommended by the Optical Society of America regarding ordering, 
normalization, and sign are followed in the thesis20. A two-dimensional representation of 
the Zernike polynomials is displayed in Figure 1.3 up to 6th order. Above the 7th order, 
human aberrations are considered negligible21–23. 
 
The first polynomial (𝑍00) is called Piston and refers to the average of the wavefront and 
is not represented in Figure 1.3, as it does not have impact on vision. The second and 
third polynomials (𝑍11 and 𝑍1−1) refer to tilt in horizontal and vertical directions, and only 
affect the position of the retinal image. These first three are usually not considered true 
optical aberrations as they do not provide information about the optical system or the 
optical quality. The fourth (𝑍2−2), fifth (𝑍20), and sixth (𝑍22) polynomials represent oblique 
astigmatism, defocus, and vertical astigmatism, respectively. These first 6 polynomials 
are called Low Order Aberrations (LOAs). Aberrations represented by higher order 
polynomials (in Figure 1.3 all wavefronts below LOAs) are considered High Order 
Aberrations (HOAs).  
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Figure 1.3. Wavefront representation of the Zernike polynomials from the 2nd to the 6th order. Zernike 
coefficient for each Zernike polynomial displayed is 0.05 µm. 
 
LOAs can be compensated with ophthalmic corrections (spectacles, contact lenses, or 
surgery) and refers to the refractive error, which is the amount of myopia, hyperopia, and 
astigmatism in the eyes. An approximation of the refractive error can be obtained by 
transforming the second-order Zernike coefficients to spherocylindrical power vector 
notation (𝑀, 𝐽0, 𝐽45)24,25, shown in Equation 1.2. The 4th term can be used to 
approximately determine the spherical equivalent component of the refractive error and 
the 5th and 6th terms are the astigmatic components of the refractive error  
 

𝑀 =
−𝑐2

04√3

𝑟2
 

𝐽0 =
−𝑐2

22√6

𝑟2
 

𝐽45 =
−𝑐2

22√6

𝑟2
 

1.2 

 
where 𝑟 is the radius of the pupil of the eye in millimeters and the Zernike coefficients 
(𝑐𝑛𝑚) are in microns. This objective approximation of the optical corrections will be 
discussed in more detail in section 1.3.1. 
 
It has been reported that LOAs, discarding piston and tilts, represent more than 90% of 
the wavefront aberration22. Although HOAs cannot be compensated using ophthalmic 
corrections, they have a certain impact on the subjective prescription to compensate for 
the refractive error of the eye, especially spherical aberration (𝑍40)26–28.  
 
Optical aberrations are measured using aberrometers, based on the emerging wavefront 
from the eye or in the ray deviations that the light suffers as it passes through the visual 
optical system. Aberrometers are increasingly approaching clinical environments, as 
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they have proven to be very useful in monitoring changes in the optical quality of the eye, 
especially after surgical procedures29, pathologies18, aging30,31, or accommodation32. 
 
1.1.2.2. Chromatic aberrations 
In chromatic aberrations, different wavelengths are focused on different distances, 
causing two types of chromatic aberrations: Transverse Chromatic Aberration (TCA) and 
Longitudinal Chromatic Aberration (LCA). TCA is produced when oblique light reaches 
the retina, focusing wavelengths on different lateral planes of the retina. LCA is produced 
by the different axial focusing positions of the rays for different wavelengths. Figure 1.4 
shows both chromatic aberrations. 
 

 
Figure 1.4. Schematic representation of the types of chromatic aberration. On the left, the Longitudinal 
Chromatic Aberration (LCA). On the right, the Transverse Chromatic Aberration (TCA). 
 
TCA produces a lateral shift on the image for different wavelengths33,34. TCA has been 
reported to depend on the subject35, the pupil size36, and the location of the fovea37 with 
respect to the optical axis, and it is affected by the Styles-Crawford effect38. TCA is 
usually measured using psychophysical subjective methods. However, the comparison 
of the results between the optical (objective) TCA and the perceived (subjective) TCA38,39 
slightly differ. 
 
LCA focuses short wavelengths (blue) in front of long wavelengths (red). LCA value 
depends on the method used, the wavelength range measured, and the sample of the 
study, ranging from 3.20D (365-750 nm)40 to 1.00D (458-632 nm)41. Different studies 
have reported different values, distinguishing between a subjective LCA based on 
psychophysical experiments (1.33D39, 1.84D (450-700 nm)42) or an objective LCA, based 
on reflectometry techniques or wavefront sensing (1.40D (460-700 nm)43, 0.72D (532-
787nm)44). A chromatic eye model developed by Thibos et al.45 is usually used as the 
reference for the estimation of the LCA, with an accepted value of 1.75D (range 400-
700). This definition of the LCA will be used throughout this thesis. The expression of the 
model is shown in Equation 1.3.  
 

𝐿𝐶𝐴(𝜆) =
𝑛555 − 𝑛(𝜆)

𝑟𝑐 − 𝑛𝐷
 1.3 

 
where 𝑛555 is the refractive index at 555nm wavelength, 𝑛(𝜆) is the refractive index as a 
function of the wavelength of Le Grand’s index of refraction model, 𝑟𝑐 is the radius of 
curvature of the eye model and 𝑛𝐷 is the refractive index at the model’s emmetropic 
wavelength (𝑛𝐷 = 1.33, 𝜆 = 589 nm, coincident with the sodium D line). Figure 1.5 
shows the LCA (i.e., the refractive error as a function of the wavelength) computed with 
Equation 1.3. 
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Figure 1.5. Longitudinal chromatic aberration (LCA). Based on the chromatic eye model developed by 
Thibos et al.45. Blue dot represents the axial refractive error at 400 nm and the red dot at 700 nm. 

 

1.2. Visual perception 
 
1.2.1. Visual pathway 
The visual pathway begins with the optic nerve, which is the aggrupation of the axons of 
the ganglion cells, right after the retina. Then, in the optic chiasma, approximately 50% 
of the information of both eyes, corresponding to the nasal portion of the retina, is 
crossed to be processed by the contralateral part of the brain. The information from the 
temporal portion remains in the same stream. Most of the information carried by the 
ganglion cells is directed to the lateral geniculate nucleus (LGN) and the rest to the 
superior cuniculus. The LGN is divided into 6 layers where information from only one 
eye, crossed in the chiasma, reaches each layer. After the LGN, the optic track can be 
divided into magnocellular and parvocellular pathway46. Table 1.1 shows the main 
characteristics of each of them. 
 
Table 1.1. Characteristics of the magnocellular and parvocellular pathways. Main characteristics are 
color, temporal response, spatial response, and processing of movement. 

Characteristic Magnocellular pathway Parvocellular pathway 

Color Achromatic Process color stimulus 

Temporal response 
Higher resolution to low 
temporal frequencies and fast 
transmission speed 

Higher resolution to high 
temporal frequencies and slow 
transmission speed 

Spatial response Low spatial frequencies High spatial frequencies 
Movement Process moving stimulus Mainly static stimulus 

 
1.2.1.1. Perception in the visual cortex 
The area of the brain that processes visual information is in the occipital region. More 
than half of the visual cortex is dedicated to only 10% of the total visual field, mainly 
associated with the processing of the fovea. The visual cortex is divided into 5 regions 
(V1-V5), where V1 is also called the primary visual cortex. In the visual cortex, there are 
different types of cells, distinguishing between simple, complex, and hypercomplex cells. 
In brief, simple cells respond to stimulus orientated in a certain direction, complex cells 
respond to a specific movement of direction, and hypercomplex cells respond to edged 
moving objects in specific directions and/or orientations. Cells with specific functions are 
said to be tuned to that specific function, such as color-tuned, disparity-tuned, and 
orientation-tuned, among others. 
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The visual cortex fulfills a wide variety of functions carried out by cells in different parts 
of the retina47. The information initially travels to the V1, or primary visual cortex, which 
later sends the information to V2. From these two regions, the information is segregated 
and processed in specialized regions. Based on this differentiation according to the 
function, four independent systems have been established. Table 1.2 summarizes the 
neuronal pathway, the specialized region, and the function of these systems. 
 
Table 1.2. Functions of the independent systems for processing specific functions in the retina. The 
independent systems are movement, color, color shapes, and dynamic shapes.  

System Neuronal pathway Specialized region Function 

Movement Magnocellular V5 Movement, localization, 
and spatial organization 

Chromatic Parvocellular V4 Color in low resolution 
Color shapes Parvocellular V4 Color in high resolution 

Dynamic shapes Magnocellular V3 Shape of moving objects 
 
In this thesis, processes that imply the information from both eyes are relevant. In the 
visual cortex, binocular cells receive input from the two eyes and corresponding points 
on the retina. However, if only exists binocular cells which receive input from the 
corresponding points of both retinas, such cells will not be able to discriminate depth48. 
Therefore, binocular cells that incorporate information from slightly different points of 
each eye, called disparity detectors, allow for the creation of a 3D representation of the 
outer world, what is called stereoscopic vision. In the primate cortex, disparity-tuned cells 
are present in several parts of the visual cortex and have been found in V1, V2, and 
some parts of V3. This thesis explores the clinical impact of binocular information, 
described in detail in section 1.5 of the Introduction. 
 
The magnocellular pathway ends in the V5 region, and the parvocellular pathway ends 
in both V2 and V4. The main functions of each visual cortex region are V1 processes 
shape, color, and movement; V2 receives information from V1; V3 processes form as it 
receives information from the fovea; V4 also processes color, and V5 is specialized in 
movement.  
 
1.2.2. Visual quality metrics 
As stated in the previous section, due to the presence of monochromatic and 
polychromatic aberrations, the optical visual system is far from being a perfect system 
and, consequently, the retinal image is distorted. Many metrics have been developed to 
evaluate the degradation of the perceived image. While some of them consider optical 
parameters only, others also consider perceptual aspects of vision.  
 
From the point of view of the processing of visual information, the visual system can be 
considered a Fourier analyzer, which decomposes an image in its spatial frequencies. 
The PSF describes the image of a point through the optical system. The Fourier 
transform of the PSF defines the Optical Transfer Function (OTF), which measures both 
the shift of the phase and the loss of contrast of the image25. The module of the OTF 
defines the MTF. The MTF describes the contrast passing through the optical system 
across spatial frequencies, which is, essentially, the relationship between the final and 
the initial contrast once the image has passed through the optical system. 
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Figure 1.6. Optical aberrations of the eye of one subject (left eye of the author of the thesis) and 
typical metrics for estimating the optical quality. A. Wavefront aberration. B. Point Spread Function 
(PSF). Above, the PSF of the visual optical system of the subject. Below, the PSF of the optical system 
limited by diffraction and without aberrations. C. Modulation Transfer Function (MTF). Contrast as a function 
of the spatial frequency for the aberrated optical system (in blue) and limited by diffraction and no aberrations 
(in black). 
 
Different metrics derived from the wavefront aberration can be used to estimate the 
optical quality of an optical system. Apart from the PSF and the MTF, the most common 
metric is the Root Mean Square (𝑅𝑀𝑆) wavefront error, calculated using Zernike 
coefficients (𝑐𝑛𝑚) 
 

𝑅𝑀𝑆 = √∑ 𝑐𝑛
𝑚2

𝑛,𝑚

 1.4 

 
The metrics described, PSF, MTF, and 𝑅𝑀𝑆, refer to the optical quality of the eye and 
describe the objective quality of the retinal image. Other metrics consider perceptual 
aspects of vision and provide a more complete description of the subjectively perceived 
quality. Thibos et al.25 analyzed 33 metrics (optical and perceptual) to estimate 
objectively the visual performance of the visual system, with some of them arising as 
suitable candidates for predicting visual performance. For the purposes of this thesis, the 
Strehl Ratio (𝑆𝑅) and the Visual Strehl, also called Visual OTF (VSOTF) are the most 
important49. The 𝑆𝑅 (Equation 1.5) is defined as the ratio of the maximum of the PSF 
aberrated through the optical system (𝑃𝑆𝐹) and the maximum of the PSF limited by 
diffraction (𝑃𝑆𝐹𝐷𝐿), and therefore estimated in the spatial domain. 
 

𝑆𝑅 =
𝑚𝑎𝑥(𝑃𝑆𝐹)

𝑚𝑎𝑥(𝑃𝑆𝐹𝐷𝐿)
 1.5 

 
The VSOTF approximates the 𝑆𝑅 but in the frequency domain and has been reported to 
have a high correlation with the visual acuity49,50. This metric also considers the neural 
contrast sensitivity function, which describes the spatial frequencies that the neural visual 
system, removing the effect of the optics system. It is estimated using Equation 1.6 
 

𝑉𝑆𝑂𝑇𝐹 =
𝑠𝑢𝑚(𝐶𝑆𝐹𝑁 · 𝑂𝑇𝐹)

𝑠𝑢𝑚(𝐶𝑆𝐹𝑁 · 𝑂𝑇𝐹𝐷𝐿)
 1.6 

 
where 𝑂𝑇𝐹 is the optical transfer function and, 𝑂𝑇𝐹𝐷𝐿 is the optical transfer function 
limited by diffraction, and 𝐶𝑆𝐹𝑁 is the neural contrast sensitivity function. The next section 
will discuss in detail the contrast sensitivity. 
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1.2.2.1. Spatial Contrast Sensitivity Function (SCSF or CSF) 
Contrast is the difference in luminance that makes a stimulus distinguishable from the 
background51. It can be defined in different ways, such as Weber contrast, preferred for 
letter stimuli, Michelson contrast, preferred for gratings stimuli, or RMS contrast, 
preferred in natural stimuli52. The mathematical description for each of them is shown in 
Equation 1.7. 
 

𝐶𝑊𝑒𝑏𝑒𝑟 =
𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛

𝐿𝑏𝑘𝑔
 

𝐶𝑀𝑖𝑐ℎ𝑒𝑙𝑠𝑜𝑛 =
𝐿𝑚𝑎𝑥 − 𝐿𝑚𝑖𝑛
𝐿𝑚𝑎𝑥 + 𝐿𝑚𝑖𝑛

 

𝐶𝑅𝑀𝑆 =
𝐿𝜎
𝐿𝜇

 

1.7 

 
where 𝐿𝑚𝑎𝑥, 𝐿𝑚𝑖𝑛, 𝐿𝑏𝑘𝑔, 𝐿𝜎, and 𝐿𝜇 are maximum luminance, minimum luminance, 
background luminance, mean luminance, and standard deviation luminance, 
respectively. 
 
Also, stimuli can be defined by their spatial frequency spectrum, measured in cycles per 
degree (cpd). Low-frequency components define the overall shape and form of an object 
and high-frequency components its fine details. Figure 1.7 shows the effect of filtering 
an image with a low-pass filter (only coarse details pass) and with a high-pass filter (only 
fine details pass) using a Gaussian-shaped filter with a cutoff frequency at half-height. 
Furthermore, it has been widely reported studied that natural images spectrum is made 
of low and high frequencies, with 1/f2 spatial frequency behavior53. Another important 
feature of the stimuli is their orientation, as our cells are programmed for processing 
oriented features. 

 

 
Figure 1.7. Low-pass and high-pass spatial filtering of a visual stimulus of 1x0.25 visual degrees with 
a Gaussian-shape filter. Above, from left to right, the original stimulus, filtered with a low-pass filter of a 
cutoff frequency of 2cpd and filtered with a high-pass filter of a cutoff frequency of 2cpd. Below, a graphical 
representation of the filters in one direction (horizontal or vertical), blue for low-pass and red for high-pass 
filters. 
 
The minimum detectable contrast is the contrast threshold, which determines the 
sensitivity (the inverse of the contrast). The Spatial Contrast Sensitivity Function (SCSF), 
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usually referred to only as Contrast Sensitivity Function (CSF), describes the sensitivity 
to different spatial frequencies and can be summarized as a band-pass filter where low 
and high spatial frequencies are stronger filtered than medium frequencies52,54. It has a 
maximum sensitivity at around 4 cpd and decreases at similar rates for low and for high 
frequencies. Beyond 40-60 cpd is considered the cutoff frequency, i.e., the minimum 
contrast spatial frequency visible when contrast is 1. 
 
CSF is an important feature of vision tested in the clinic54, mainly because it can reveal 
visual dysfunctions that are otherwise missed in the clinical practice routine, playing a 
role in pathologies such as cataracts55,56, multiple sclerosis57, post-refractive surgery58, 
age-related macular degeneration59. Measuring contrast sensitivity is also useful for 
monitoring the changes after clinical interventions, such as age-related macular 
degeneration, cataracts, or optic neuritis54. 
 
Another variation of the CSF is the Neural Contrast Sensitivity Function (NCSF), which 
subtracts from the measurement of the CSF the impact of the visual optical system, i.e., 
the wavefront aberration. By doing so, the influence of the optics is eliminated and only 
the perceptual part remains. Equation 1.8 shows how to estimate the NCSF60.  
 

𝑁𝐶𝑆𝐹 =
𝐶𝑆𝐹

𝑀𝑇𝐹
 1.8 

 
1.2.2.2. Temporal Contrast Sensitivity Function (TCSF) 
On the other hand, the perception of temporally modulated contrast is defined in the 
Temporal Contrast Sensitivity Function (TCSF)61,62. When observing an object changing 
over time, the visual system might perceive said temporal change (flicker) or not (fusion). 
The TCSF is a similar curve to SCSF, although the maximum is found at around 10 Hertz 
(Hz), falling more rapidly for high than for low temporal frequencies with a higher ratio 
than the SCSF. The cutoff temporal frequency, which defines the boundary between 
flicker and fusion perception, is known as contrast Critical Fusion Frequency (CFF). The 
CFF is well known to be around 50-70Hz, depending on the features of the stimulus62. 
Another interesting example is that the visual system is not able to capture the movement 
of the minute and hour hands of a watch, because the frequency rate is remarkably low.  
 
The effect of the TCSF on clinical environments has not been so widely studied. 
However, it has been reported to be affected by age63–65 and by some pathologies, such 
as retinal degeneration66, age-related macular degeneration67, and age-related 
maculopathy68. The neural TCSF has also been studied before69. 
 
1.2.2.3. Spatiotemporal contrast sensitivity function 
Combining the SCSF and the TCSF, the spatiotemporal contrast sensitivity function 
(STCSF) defines what is visible in space and time domains. Robson70 measured STCSF 
for the first time, studying the contrast thresholds of a stimulus for different spatial and 
temporal frequencies. The limits of spatiotemporal perception define the ‘window of 
visibility’71, a region of the spatiotemporal domain that defines the boundaries for the 
perception of visible and fused images. For the STCSF, the model developed by Burbeck 
et al.72 and later refined by Lambretch et al.73 has been used in this thesis. 
 
1.2.2.4. Measuring spatial and temporal sensitivity functions 
Traditionally, psychophysical tests take a long measurement time and use cumbersome 
stimuli and procedures, which might prevent the implementation of straightforward tests 
in the clinic. Pelli et al.52 suggested practical advice about the psychophysical parameters 
to evaluate the CSF, which can also be extrapolated to the TCSF. In summary, they 
suggested using forced-choice tasks, many alternatives in the choice (at least 4), and an 
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adaptive algorithm for estimating the threshold. Within the same lines, there have been 
attempts to simplify traditional psychophysical procedures to fast and reliable 
measurements. For the CSF, the qCSF (quick CSF) algorithm uses the information of 
the CSF knowledge to estimate the threshold successfully74, significantly reducing 
measurement time. For the TCSF, Wooten et al.75 developed an easier test for 
measuring the TCSF, although it has not significantly reduced measurement time, but 
has improved the task. 
 
1.2.3. Optical blur 
The main perceptual consequence of an imperfect optical system is blur. Blur is inherent 
to every optical system and, although we usually take it for granted, it may be difficult to 
define. From the visual point of view, it can be defined as a smearing of the image76. 
From the theoretical point of view, blur is considered like a low-pass filter that eliminates 
high-frequency components of the image and maintains low- and medium-frequency 
components.  
 
Traditionally, blur has been defined as a Gaussian-shape filter76. For instance, for an 
edge stimulus, i.e., an abrupt change in luminance, the transition across the orthogonal 
direction is a step function. For a blurred edge with a Gaussian filter, the transition is not 
a step function anymore and the standard deviation of the Gaussian determines the 
amount of blur. Several studies have reported the sensitivity blur in these terms for 
different types of stimuli77–80. However, optical blur is more complex than a Gaussian 
filter. With the wavefront aberration measurement of the optical system, the optical blur 
can be defined by its PSF23, and the transition takes the form of the Line Spread Function 
(LSF), which provides a complete characterization of the optical system and a more 
accurate mathematical definition of blur. Other studies have also measured the 
sensitivity to optical blur41,81–83. 
 
Two main components regulate blur perception84. On one hand, blur detection refers to 
the ability to detect the presence of blur, i.e., the absolute threshold. On the other hand, 
blur discrimination refers to the amount of blur to discriminate changes in blur in an 
already blurred stimulus. To estimate blur discrimination, an additional blur is added over 
an amount of blur base (reference). Repeating the estimation for different reference 
blurs, the threshold vs. reference (TVR) curve reports the threshold blur increment as a 
function of the reference blur. 
 
Interestingly, the TVR curve shows a higher lower threshold (maximum sensitivity) to 
changes in blur when the image had already a particular amount of blur. Watson and 
Ahumada76 reviewed the studies that investigated the TVR curve to find a model that can 
describe better blur discrimination. Classically, Weber’s model was used to describe the 
TVR curve 
 

𝑎 = −𝑟 + √𝜔2(𝛽2 − 𝑟2)𝜌 − 𝛽2 1.9 
 
where 𝑎 represents the threshold blur and 𝑟 the reference blur in arcmin and 𝜔, 𝛽 and 𝜌 
are factors that represent the gain, the intrinsic blur, and the power, respectively. 
 
Watson and Ahumada76 developed a model called Visible Contrast Energy (ViCE), that 
accounts for the differences between two Gaussians with a different standard deviation 
(i.e., different amount of blur). The model was in high agreement with the data from those 
studies. They concluded that the main limitation of their model, for small amounts of blur, 
is that optical blur cannot be removed from the equation. 
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Figure 1.8. Blur discrimination curve (threshold vs. reference, TVR). Based on Weber’s model.  

Optical blur is used for several visual tasks. The most intuitive is for resolving the details 
of images, but blur is also used as a cue for depth perception84–87 and accommodation88. 
The interest in blur not only resides in its impact on perception itself but also in its clinical 
application. Blurry images are likely the most common and easily identified symptom to 
attend to for testing the state of vision. Although blur, as said before, can be represented 
by the aberrations, only the LOAs can be compensated using ophthalmic corrections. 
The next section of Chapter 1 will cover it in detail. 
 

1.3. Clinical evaluation of the visual function 
The assessment of visual function consists of performing different tests that evaluate 
different aspects of vision, from visual acuity to the perception of color. Typically, the 
most performed tests in the clinic include the evaluation of the refractive error, the visual 
acuity achieved with said refractive error compensated, color perception and the 
presence of color abnormalities, proper binocular fusion and depth perception, and eye 
dominance. In this section, a description of these tests will be provided, with special 
emphasis on the evaluation of refractive error. 
 
1.3.1. Refractive error 
The LOAs, that can be compensated with ophthalmic lenses such as spectacles glasses, 
contact lenses, intraocular lenses, or laser refractive surgery, are commonly known in 
clinical practice as refractive error. Refractive error is the condition where the optics of 
the eye does not focus the light on the retina, resulting in blurred images and reduced 
visual performance. It is estimated that 1 billion people worldwide suffer from near or far 
vision impairment due to non-corrected refractive error, resulting in the second most 
important cause of avoidable blindness89. 
 
Refractive error is one of the most important pieces of information required in eyecare 
practice, and its evaluation is likely the most frequent procedure performed. It is not only 
used for the prescription of ophthalmic corrections, but also as a method to obtain basic 
information about the state of the patient’s eyes (i.e., emmetropia, moderate or high 
myopia or hyperopia, etc.), before many other ophthalmology procedures. 
 
1.3.1.1. Types of refractive error and their compensation  
The condition where the eye can perfectly focus the incoming light is called emmetropia. 
On the other hand, ametropia, commonly known as refractive error, can be classified into 
four categories: myopia, hyperopia, presbyopia, and astigmatism. Myopia refers to the 
condition where the rays focus before the retina, i.e., the optical system has an excess 
of optical power. Hyperopia refers to the condition where the rays focus behind the retina, 
i.e., the optical system has an insufficiency of optical power.  
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The visual optical system is a spheroid, with two main principal axes. Astigmatism refers 
to the different refractive errors for different axes, and the optical difference between 
them provides the amount of astigmatism. Astigmatism can be classified into different 
classes. According to the principal axis, which is the most powerful (more optical power), 
astigmatism is classified as with-the-rule (principal axis is horizontal, 180±20º), oblique 
([45±20º, 135±20º), or against-the-rule (principal axis is vertical, 90±20º). According to 
the refractive error in each axis, astigmatism can be simple myopic or simple hyperopic 
if only one axis is myopic or hyperopic and the perpendicular is emmetropic; compound 
myopic and compound hyperopic when both axes are hyperopic; mixed when one axis 
and the perpendicular is either hyperopic or myopic. Finally, presbyopia is a refractive 
error in which the eye loses its ability to focus near objects, as defined in section 1.1. 
 

 
Figure 1.9. Types of refractive errors. A. Myopia. Rays focus before the retina. B. Hyperopia. Rays focus 
behind the retina. C. Simple astigmatism. Only one axis does not focus on the retina. In this case, is simple 
myopic astigmatism. D. Compound astigmatism. Both axes do not focus on the retina. In this case, is 
compound myopic astigmatism. E. Mixed astigmatism. Both axes do not focus on the retina, but one axis 
focus behind the retina (myopic) and the other beyond the retina (hyperopic). 
 
The compensation for refractive error varies depending on its type. Myopes need a 
divergent lens (negative) to reduce the extra optical power of the optical system of the 
eye. Hyperopes need a convergent lens (positive) to increase the lack of optical power 
in the optical system of the eye. However, due to the ability of the crystalline lens to 
increase the optical power of the visual optical system, some small amount of hyperopia 
may be naturally compensated with the accommodation90. Unfortunately, when the 
accommodation begins to malfunction with age, small hyperopias arise as early 
presbyopes. Astigmatism requires a toric lens, with different optical powers for each axis, 
depending on the type of astigmatism. The compensation for these refractive errors can 
be delivered by spectacles (the most frequent), contact lenses, refractive surgery, or 
intraocular lenses, mainly depending on the lifestyle of the patient. 
 
The compensation for presbyopia requires a lens that focuses near objects again, 
therefore requiring an additional (positive) lens. Depending on the age, a tentative 
addition could be +1.00D for 45 years old, +1.50 for 50, +2.00D for 55 and +2.25D for 
6091. Above that age, the addition depends on the activities that the patient most 
demands to focus on objects. However, the types of corrections for presbyopia are more 
diverse, with different solutions depending on the patient’s lifestyle.  
 
In clinical practice, the prescription to compensate for the refractive error is provided in 
a spherocylindrical approach, which refers to the combination of spherical and cylindrical 
lenses, usually selecting the axis of the cylindrical lens to make negative the astigmatism 
amount. However, the comparison between different corrections to perform statistical 
analysis or to evaluate repeatability is difficult using this approach. Many computational 
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tools have been developed to tackle this problem. The most popular and used approach 
is the power vectors24, which uses Fourier analysis to transform a spherocylindrical 
prescription (sphere, cylinder, axis) into a three-dimensional vector of spherical 
equivalent (𝑀), vertical astigmatism (𝐽0) and oblique astigmatism (𝐽45). 
 

𝑀 = 𝑆 + 𝐶 2⁄  
𝐽0 = −𝐶 2⁄ (𝑐𝑜𝑠2𝜃) 
𝐽45 = −𝐶 2⁄ (𝑠𝑖𝑛2𝜃) 

𝐵 = √𝑀2 + 𝐽0
2 + 𝐽45

2  

1.10 

 
where 𝑆 is the sphere, 𝐶 is the cylinder, and 𝜃 is the principal axis of the more myopic 
foci. Figure 1.10 shows the refractive error as a three-dimensional vector. Besides, the 
length of the power vector, 𝐵, can be used as a measure of the blurring strength92. In 
this thesis, power vectors are usually used to compare different refraction methods. 
 

 
 

Figure 1.10. Power vector notation representation. 
 
1.3.1.2. Optical corrections for presbyopia 
Apart from a pair of glasses with the addition needed for focusing near objects, 
alternating vision is the most spread compensation for presbyopia. The correcting lens 
has different powers throughout its structure, and the patient must move their gaze 
(moving the head or the eye) to see through the desired power to focus at different 
distances. The first type of lens fabricated with this approach was the bifocal lens, with 
two differentiated zones, the upper region for distance vision and the lower region for 
near vision, with an abrupt change in the transition between them. An evolution of the 
bifocal lens is the progressive lens, which provides a smooth transition between the 
distance and the near regions, with many intermediate distances in between. The 
drawback of progressive lenses is that the smooth transition produces peripherical 
regions with severe optical quality decrease and, because of that, the fitting process may 
require time for neuroadaptation to the change93. Alternating vision strategies are usually 
delivered in spectacles.  
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Figure 1.11. Presbyopia corrections using alternating vision approaches. 
 
Another type of correction is monovision. With monovision, each eye is fitted with a lens 
that sharply focuses light from different distances, providing near vision to one eye and 
far vision to the other. For patients in which the correction is successful, it has been 
suggested that the visual system suppresses the lower quality image and preferentially 
processes the higher quality image94–96. However, the adaptation or not to monovision 
corrections has not been fully demonstrated97. The selection of the eye to compensate 
for far or near distance is based on the dominant eye, which can be obtained with 
different tests, although the process is not standardized. Section 1.3.6 will tackle more 
detailed eye dominance tests. Unfortunately, although monovision has a high 
acceptance ratio, it has drawbacks: degrades stereoacuity98,99 and contrast sensitivity96, 
hampering fine-scale depth discrimination and reading in low light. Monovision is also 
thought to cause difficulties in driving100 and has been implicated in an aviation 
accident101. Despite these drawbacks, many people prefer monovision corrections to 
other corrections or no corrections at all102, being the most popular prescription for 
presbyopia spectacles-free103.  
 
The usual amount of addition for monovision corrections ranges from 1.50D to 2.50D, 
depending on the degree of the presbyopia. Lenses for monovision have the drawback 
of not only inducing the difference in optical power but also a difference in retinal image 
magnification between the eyes due to the distance of the lens to the pupil of the eye, 
clinically called anisocoria. A typical monovision correction of 1.50D could cause an 
anisocoria of 2%, which may produce discomfort and clinical issues104. Therefore, the 
most common method for delivering monovision corrections is contact lenses, and then 
surgery97. It also exists mini-monovision corrections, with a smaller addition than 
1.50D105,106. 
 
Unlike monovision corrections or bifocals, which only provide two foci, simultaneous 
vision corrections provide foci for many different locations, similar to progressive lenses, 
but independent of the gaze position. Simultaneous vision creates a unique image on 
the retina conformed of superimposed images corresponding to different visual 
distances. Thus, the perception is a sharp image coexisting with a background of 
defocused images, reducing the overall contrast of the perceived image. There are 
different types of simultaneous vision corrections, bifocals (two main foci), trifocals (three 
main foci), and extended depth of focus (EDOF, providing close to perfect vision for far 
and intermediate distance107). Currently, more than 70 multifocal designs exist in the 
ophthalmology market108. As in progressive spectacles, a neural adaptation process is 
key for a successful simultaneous vision prescription109,110.  
 
Simultaneous vision is usually delivered in contact lenses (CLs) or intraocular lenses 
(IOLs). Simultaneous vision is achieved by modifying the spatial structure of the lens, 
and the design is classified based on the optical principle. Refractive designs use the 
principle of refraction, and a different curvature in different regions of the lens creates 
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different foci111. Diffractive designs use the principle of diffraction to create different steps 
in the lens that produces different foci112. 
 
Instead of spatial modifications, new technologies use temporal changes in optical power 
to create simultaneous vision corrections. SimVis technology was developed in the 
Visual Optics and Biophotonics Laboratory, Institute of Optics (IO-CSIC), representing 
an evolution from an on-bench monocular optical system to a miniaturized, portable, and 
binocular system113. Briefly, SimVis uses the principle of temporal multiplexing to create 
simultaneous vision images, using an optotunable lens to produce fast temporal changes 
in the optical power, faster than the integration time of the visual system, producing the 
perception of a static multifocal retinal image. Liquid optotunable lenses usually are liquid 
lenses with a deformable surface and an actuator that allows programmable changes in 
the optical power. In the case of SimVis, the optotunable lens is a liquid-filled lens with 
an elastic membrane and a magnetic actuator that pushes the liquid and deforms the 
membrane, allowing changes in optical power in timeframes of milliseconds. SimVis 
Gekko is now commercially available to show patients different presbyopia corrections 
before surgical implantation or fitting, allowing them to try the visual experience of 
different corrections in a short period of time. Chapter 2 describes in detail this 
technology and its use in this thesis.  
 
Other presbyopia corrections include the combination of monovision and simultaneous 
vision, such as modified monovision, with one eye corrected with monofocal and the 
other with multifocal114, and different types of multifocal corrections between both eyes, 
varying the type (bifocal, trifocal, EDOF) and the amount of the additions (from 0.75D to 
1.75D)114–119.  
 
Finally, the ultimate goal in presbyopia corrections is the restoration of the misfunctioning 
of the aged crystalline and recovering the accommodation function typical of young eyes. 
This type of correction relies on the maintenance of the muscle contraction of the ciliary 
muscle, which drives the accommodation process, remaining in presbyopic subjects120 
and can only be delivered in IOLs. The zonules of the crystalline lens, attached to the 
capsule bag, are still able to apply force. The main working principles of these 
accommodative lenses are pushing and pulling a lens changing the axial position and 
therefore changing the optical power; or modifying the curvature of a lens attached to 
the capsule bag, aiming at mimicking the functioning of the healthy crystalline lens121. 
Several attempts to develop Accommodating IOLs have been carried out, using different 
working principles, although only one of them has reached the market122. 
 
Before considering the most appropriate prescription for each patient, clinicians must 
find out the refractive error. The following sections will cover the different techniques for 
that purpose. 
 
1.3.2. Objective refraction 
In an attempt to reduce the measurement time and facilitate both the task of the patient 
and the complexity of the procedure followed by the practitioner, many objective 
refraction technologies, without the need for subjective responses from the patient, have 
been improved throughout the years.  
 
Autorefractors provide a direct measurement of the refractive error of the patient. Classic 
autorefractors project optical objects (typically dots or rings) onto the eye and obtain the 
refractive state of the eye from the analysis of the retinal image (typically the size or the 
blur of the image), using different technologies such as infrared lasers, LEDs, 
superluminescent diodes, Badal systems, CCD or CMOS cameras123. Many of them also 
incorporate fogging algorithms. Moreover, new technologies based on wavefront 
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analysis have emerged over the years25. Several studies have reported very high 
repeatability of autorefractometers, with a standard deviation of repeated measurements 
ranging from ±0.12 to ±0.37D124–127.  
 
Other studies have reported significant differences in spherical equivalent between 
autorefractometers and subjective refraction. Thibos et al.25 studied the precision of 33 
different metrics derived from the wavefront aberration map of the eye, to predict the 
spherical equivalent of the refractive error. They found mean absolute differences on the 
spherical equivalent, compared with the subjective refraction, ranging from 0.25 to 
0.48D, giving birth, in 2004, to wavefront autorefractometry, a discipline that has 
provided several autorefraction technologies over the years125,127–133. Modern 
autorefractometers provide mean absolute differences ranging from ±0.55 to ±0.24D, 
depending on the autorefractometer129,134. A recent review135 analyzed four portable 
autorefractors and reported that QuickSee provides the lowest mean absolute difference 
(±0.21D)136. Many other studies have compared subjective refraction with different types 
of autorefractors, reporting similar differences126,128,130–133. To summarize, both classic 
autorefraction and wavefront-based autorefraction provide high repeatability, with 
wavefront autorefractors providing better predictions of the spherical component of the 
subjective refraction (mean absolute deviations between 0.25 and ±0.50D). Other 
objective tools, such as deep-learning algorithms137, have been used to predict the 
spherical refractive error from retinal fundus images, but their outcomes are still far from 
other objective techniques (0.91D with respect to the subjective refraction). 
 
Over many years, aiming at increasing efficiency by eliminating the subjective and 
iterative approach of traditional refraction, different objective techniques have been 
developed. Except for traditional retinoscopy, a technique that requires years of expertise 
to master and additional time with each patient, all other objective techniques, even 
modern autorefractometers using sophisticated technologies such as aberrometry, are 
fast and easy to use. Because of that, the use of modern objective refraction instruments 
-many of them open-field, wavefront based, portable, or combined with keratometry- has 
been extended to almost every clinic. However, except for remarkable exceptions138, 
objective autorefractors are not considered to provide a result interchangeable with 
subjective refraction but are a valuable starting point for the subjective refraction 
procedure. 
 
1.3.3. Subjective Refraction 
Objective refraction techniques are normally fast measurements and do not require the 
input of the patient. Subjective refraction techniques generally require repeated 
responses of the patient during letter identification, blur comparison, or blur minimization, 
which are often cumbersome. Although objective refraction techniques are improving, 
clinicians still rely on traditional subjective refraction as the gold standard method to 
evaluate refractive error91. This method consists in testing different lenses until maximum 
visual acuity (the minimum size of recognizable letters on a chart) is achieved. Traditional 
subjective refraction is often performed with a trial frame and a set of trial lenses, but 
also with a phoropter. The stimuli have evolved from static eyecharts to dynamic 
optotype projections and digital displays fully programmable and controlled by software. 
 
Accommodation is the main issue while evaluating the refractive error, particularly in 
children and young adults where the accommodation process is elicited very easily, 
producing overcorrection of myopes and undercorrection of hyperopes (that are often 
not detected and therefore left uncorrected). To minimize its impact, cycloplegic agents 
are widely used, although this approach is not always possible because it entails some 
medical risks and, in most countries, requires the presence of an ophthalmologist. The 
most used approach is the fogging technique, carried out by adding positive lenses to 
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induce myopic blur in the retinal image and then reducing the addition step by step. 
Because this process increases the duration of the procedure, it tends to be tedious and 
can cause fatigue in the patient. Furthermore, other refinement techniques, such as the 
duochrome or cross-cylinders tests, are often included in the final adjustments of 
subjective refraction. Most importantly, despite its status as the gold standard, traditional 
subjective refraction delivers measurements of refractive error that are marred by long 
measurements with low repeatability. 
  
Subjective refraction is time-consuming. It entails, for each patient’s eye, the full 
dedication of a well-trained eye care professional for more than 6 minutes on 
average123,139–142 and can be much more in some patients. Subjective refraction 
represents, for many eye care practitioners, a considerable portion of every workday. 
The scarce availability of optometrists represents one of the main causes of non-
corrected refractive errors in developing countries, representing a bottleneck in many 
vision care services. The time constraints in optometry practice reduce the number of 
more thorough eye examinations and visual tests.  
 
In practice, variability is tightly related to the restrictions in measurement time. The 
intraoptometrist repeatability, which is the standard deviation across repetitions 
performed by the same optometrist evaluating the same eye, has been reported to range 
in the spherical component from ±0.20 to ±0.32D124,127,143–145. The interoptometrist 
variability, which is the standard deviation across repetitions performed by different 
optometrists evaluating the same eye, is slightly higher than the intraoptometrist 
variability, ranging from ±0.20 to ±0.38D127,128,143,145,146.  
 
One might think that this error is small, subclinical, and thus non-significant. Atchison et 
al.147 found that differences of just ±0.25D away from the best refraction can produce 
visual problems like headaches or distortions. Also, Freeman et al.148 reported that most 
intolerances to prescriptions could be corrected by modifying the prescription by less 
than 0.50D. In addition, Bist et al.149 have recently reported in a meta-analysis a 
significant non-tolerance to spectacles (between 1.6% and 2.7%), and that almost 50% 
of them are due to errors in the estimation of refractive error. Ravikumar et al.150 reported 
significant perceptual preferences between different corrections, all of them producing 
the same maximum visual acuity, highlighting the perceptual importance of the residual 
refraction caused by the variability of the subjective responses of the patients, present in 
all subjective refraction procedures.  
 
1.3.4.  Beyond traditional subjective refraction 
The combination of autorefractometers and traditional subjective refraction has been the 
standard clinical practice workflow for decades, reducing time compared to subjective 
refraction alone, but maintaining the outcomes. There is still strong demand to reduce 
the variability and time involved in subjective refraction.  
 
This section reports recent progress in technologies and methodologies to subjectively 
evaluate refractive error and provides an overview of the advances and trends in this old 
field dominated by a universal gold standard, the traditional subjective refraction, that 
conceptually has not evolved much over decades, if not centuries. A summary of the 
new technologies can be found in Table 1.3. 
 
1.3.4.1. Programmable phoropters 
Otero et al.141 transformed an existing manual phoropter into an automatic phoropter, 
using 8 motors and custom software. Automatic phoropters have been available for 
years, but the authors automatized the whole process to drive the phoropter in 
combination with a psychophysical procedure to perform subjective refraction. Their 
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results, in terms of repeatability and time (see Figure 1.12 and Table 1.3 for a comparison 
with other approaches), were similar to traditional subjective refraction but with a higher 
degree of automation and standardization. 
 
Digital Infinite Refraction is a new concept implemented in a recent commercial 
automatic phoropter (Vision-R 800, Essilor, Charenton-le-Pont, France) that 
incorporates tunable lenses and allows changes in sphere and cylinder as precise as 
0.01D. This instrument also includes an algorithm that evaluates spherical and cylindrical 
power at the same time and at each step, instead of separating both tasks in consecutive 
phases as in traditional subjective refraction. Venkataram et al.142 compared this 
instrument with two different algorithms (one used fogging, the other did not) with the 
traditional subjective refraction. They found no statistical differences in spherical 
equivalent and the mean deviation was 0.0D (Limits of agreement (LOAs): [-0.80, 
+0.80]D) with fogging, and -0.20D (LOAs: [-1.00, +0.60]D) without fogging. The 
measurement time was significantly lower (5.4±1.0min with fogging; 3.1±0.6min without 
fogging) than with traditional subjective refraction (9.5±1.6min in that study). The 
combination of a very precise technology with a methodology unifying all the components 
of refraction within the same commercial instrument, providing measurement time 
reductions, makes this instrument a powerful clinical option. 
 
Nidek TS-610 (Nidek, Gamagori, Japan) is a compact tabletop refraction system that 
provides subjective refraction using a programmable phoropter and a digital eye chart 
embedded within the same instrument. The clinical studies of this commercial 
instrument, which can be remotely controlled and aims at substituting a full refraction 
unit, are still ongoing. 
 
VisionFit (Adaptica, Padova, Italy) is a head-mounted automatic phoropter that can be 
remotely controlled. In a recent study, Curtis et al.151 showed that VisionFit was also able 
to provide a remotely controlled subjective refraction, with a high agreement in the 
spherical equivalent with the traditional subjective refraction (LOAs: 0.12±1.53D). 
However, the sample was comprised of elder and low vision patients. This feature of the 
sample population may contribute to the increased variability.  
 
1.3.4.2. Self-refraction instruments 
Leube et al.152 proposed a quick subjective self-refraction procedure based on adjusting 
the shift of pair of Alvarez lenses until the refractive error is compensated. As in other 
self-refraction techniques (see later), the results show poor agreement compared to 
traditional subjective refraction (LOAs: ±1.20D). 
 
A more sophisticated self-refraction tool is Netra (EyeNetra, Cambridge, USA), a 
portable device based on a smartphone that can perform subjective refractions without 
supervision153. Their method projects onto the eye a stimulus presented on a smartphone 
that retrieves the subjective response of the patient. Compared with traditional subjective 
refraction, Netra shows a lack of control of accommodation that results in statistically 
significant differences (more myopic by -0.53D), and high variabilities (spherical 
equivalent LOAs: ±1.40D).  
 
Easee eye test (Easee, Amsterdam, Netherlands) is a web-based online tool to evaluate 
refractive error with only a smartphone and a computer screen, that was designed to 
facilitate access to visual care and does not require phoropters, trial lenses, or other 
devices154. The results were different from traditional subjective refraction, (LOAs: 
±1.35D in spherical equivalent), especially for hyperopes (mean difference of -0.50D in 
spherical equivalent). The measurements took much more time (22±10 minutes on 
average). Similarly to the Netra, this tool could be useful in environments where the lack 
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of clinicians prevents appropriate measurements of refractive error, but it still needs 
much more development. 
 
Delegating blur-detection tasks to patients seems to result in inaccuracies that are higher 
even than those obtained with objective refraction, and with longer measurement times. 
 
1.3.4.3. Hybrid technologies combining objective and subjective refraction 
As mentioned, combining objective and subjective measurements is probably the most 
common workflow in the clinic. Doing it within the same instrument represents an efficient 
approach that optimizes chair time. 
 
The first instrument that included objective and subjective refraction within the same 
instrument, and also an automatic method to obtain subjective refraction, was the 
Topcon BV1000 (Topcon, Tokyo, Japan) in 2004155. It was able to provide high 
agreement with traditional subjective refraction (LOAs in spherical equivalent: 
0.05±0.69D) although with a high measurement time (9.75±0.18min). The company is 
now commercializing an evolution, Chronos (Topcon, Japan), a compact instrument 
combining autorefraction and subjective refraction with an automatic phoropter and an 
integrated display. 
 
The i.Scription (Zeiss, Oberkochen, Germany), combines the information of wavefront 
aberrometry with the result of a conventional subjective refraction procedure performed 
by a practitioner. By considering the information on enlarged pupil sizes, it could provide 
more accurate prescriptions for night-time conditions, reducing night vision 
complaints156.  
 
The Voice-Assisted Subjective Refraction system (VARS, Vmax Vision, Maitland, USA) 
also uses a wavefront aberrometer, this time in combination with an unsupervised voice-
guided procedure controlled by an artificial intelligence algorithm to provide both 
objective and subjective refractions. The patient answers the questions of the algorithm 
using a remote controller while visualizing a letter chart embedded within the 
instrument123. This automatic refraction system has been demonstrated to provide (in a 
mostly young population) acceptable prescriptions (spherical equivalent LOAs: ±0.84D), 
but it takes one minute longer than the traditional subjective refraction (6.78min vs 
5.38min of the traditional subjective refraction in that study). 
 
The Eye Refract (Visionix, Pont-de-l'Arche, France), is an open-field aberrometer and 
phoropter, with the ability to measure both objective and subjective refraction, using an 
algorithm fed with the subjective responses of the patients. Carracedo et al.140 studied 
its performance versus the traditional subjective refraction and demonstrated in a 
heterogeneous population (including teenagers, adults, and presbyopes) that Eye 
Refract (EYER in their study) also produces acceptable results in spherical equivalent 
(LOAs: ±0.90D), although statistical differences in astigmatism. Remarkably, EYER 
reduced by several minutes the time needed for the evaluation to 3.42±0.63 min on 
average. 
 
The Visual Adaptive Optics instrument (VAO, Voptica, Murcia, Spain) is an adaptive 
optics visual simulator incorporating an aberrometer, that can be used to perform 
subjective refraction128. The authors report similar results to traditional subjective 
refraction and claim that it requires 60% less time (data not published). The system can 
use a fixed pupil size to evaluate the refractive error. As opposed to other hybrid methods 
described, the system is not binocular, nor open-view. 
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1.3.4.4.Subjective refraction beyond blur 
Lastly, other subjective techniques do not use the blur perceptual cue directly and avoid 
the traditional tasks used in subjective refraction (letter identification, blur detection, or 
blur minimization). They propose new visual tasks are based on the response of the 
patient to other physical attributes of the retinal image, caused by blur on specific stimuli, 
but not perceived as blur.  
 
The first precedent, the speckle refraction157, was described more than 50 years ago and 
related the refractive state of the eye to the apparent movement of laser speckle patterns.  
 
A more recent method within this category is the Optokinetic Nystagmus Refraction 
(ONR). This method exploits the fact that the speed and precision of the optokinetic 
nystagmus, the involuntary movement of the eye when tracking a drifting stimulus, is 
directly related to the amount of spherical refraction158. This method is particularly 
interesting in children that have not developed communication skills. 
 
This thesis (Chapters 4, 5, and 6) proposes a new method of subjective refraction called 
Direct Subjective Refraction (DSR), describes its development and evaluates its 
performance. As described later in this thesis, DSR does not use the blur as a main 
perceptual task, but flicker and chromatic effects in a stimulus observed through a 
temporal defocus wave that interacts with the chromatic aberration (LCA) of the 
eye159,160. 
 
Table 1.3. Comparison of important features of new subjective refraction technologies. Working 
principle means the task that the patients must perform to obtain the refractive error. Self-refraction means 
that the subject does not need clinician supervision and automatic means that the optical power changes 
are not induced manually. We compared Limits of Agreement (LOAs) with Traditional Subjective Refraction 
(TSR) for the spherical equivalent. *We selected the experiment without fogging (faster). **Compared with 
objective refraction. ***In these studies, time is reported for monocular measurements; we multiplied by two 
for a fair comparison with the rest of the technologies. Adapted from Rodriguez-Lopez et al.161. 

 
 

 

Characteristic Otero et al. 
141 

Vision R800 
142 

Vision 
Fit 151 

EyeNetra 
153 

Easee 
154 

BV-1000 
155 

VARS 
123 

EYER  
140 

VAO  
128 

OKN  
158 

DSR 
159,160 

Working 
principle 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Letter 
identification 

Optokinetic 
nystagmus 

Defocus flicker and 
chromatic effects 

Repeatability 
(D) 

M: ±0.26 
J0: ±0.06 

J45: ±0.11 
- - - - 

M: ±0.19 
J0: ±0.08 

J45: ±0.07 

M: ±0.10 
S: ±0.07 
C: ±0.03 

- - - 
M: ±0.17 
J0: ±0.13 

J45: ±0.13 
Comparison 

with TSR: 
LOAs (D) 

-0.05±0.57 -0.20±0.80* 0.12±1.53 -0.53±1.40 0.00±1.35 0.05±0.69 -0.10±0.84 0.05±0.90 -0.02±0.67 0.05±0.96** -0.28±0.42 

Time (min) 4.27±0.73 3.14±0.60 - - 22±10 9.75±0.18 6.78 3.42±0.63 - 7x2 = 14*** 0.78x2 = 1.56*** 
Self-

refraction ✓   ✓ ✓ ✓  ✓   ✓ 
Automatic ✓ Semi ✓ ✓ ✓ ✓ ✓ ✓  ✓ ✓ 

Own stimulus   ✓ ✓ ✓ ✓ ✓  ✓ ✓ ✓ 
Mono/ 

binocular Bino Bino Bino Bino Bino Bino Bino Bino Mono Mono Mono 

Objective + 
subjective      ✓ ✓ ✓ ✓   
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Figure 1.12. Comparison of subjective refraction methods. Gray bars represent the traditional subjective 
refraction method. Adapted from Rodriguez-Lopez et al. 2022161. 
 
1.3.5. Visual acuity 
Ideally, a complete eye examination should include more tests to provide a whole 
description of the visual function. However, it is not realistic in clinical practice, and only 
a couple of them are performed, depending on the patient and the available time. 
Although is usually evaluated while performing subjective refraction, visual acuity is key 
for confirming the result of the prescription. In fact, the traditional subjective refraction 
procedure ends when a maximum of visual acuity is achieved. Visual acuity (VA) 
measures the minimum resolvable detail, called Minimum Angle Resoluble (MAR), 
usually in letters. Figure 1.13 shows a graphical estimation of the VA. Traditionally, 
Snellen eye charts were used for more than 100 years, although they provide poor 
repeatability due to using a decimal scale, irregular spacing between letters, and varying 
the number of letters in each row162. Current trends position the LogMAR Bailey-Love163 
as more frequently used, especially with the increase of digital eye charts, because it 
provides more repeatable results than other scales164. Other modern optotypes use a 
dynamic measurement of the VA, providing highly repeatable results165, also in a 
pediatric population166. 
 

 
Figure 1.13. Estimation of visual acuity in a letter chart. Visual acuity is estimated as the angle between 
each feature of the letter (θ) and the distance of observation (d). 
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1.3.6. Eye dominance 
Eye dominance (or ocular dominance) is the preference for the information of one eye 
over the other. Eye dominance has high implications in clinical practice. Traditionally, 
eye dominance tests are sighting ocular dominance and sensory ocular dominance tests, 
which are controversial because their outcomes do usually not agree. 
 
As already described in this thesis, monovision is a widespread treatment strategy for 
presbyopia, the age-related loss of dynamic focusing of the eye from distance to near 
vision. Conventional monovision clinical practice involves correcting the dominant eye 
for distance167–169 and the non-dominant eye for near. 
 
Numerous tests for ocular dominance have been proposed in the literature and a few are 
performed clinically, yet it is not clear whether the dominance that they capture is relevant 
to the prescription of monovision. The tests used can be grouped into three categories170: 
1) binocular rivalry tests; 2) sensory dominance, determining the eye with better visual 
acuity, contrast sensitivity, or other measures of visual functioning; and 3) sighting 
dominance, which identifies the eye that is selected to look at a (distant) target (such as 
the ‘hole in the card’ test171). While results of tests within each category are generally 
matching, provided that the conditions of the tests are comparable, there is a high degree 
of disagreement across categories172–175. 
 
A typical assessment of sensory dominance test in the clinic is the introduction of 
monocular blur (normally +1.50D). The patient subjectively compares the comfort during 
right-eye vs. left-eye blurring while binocularly viewing an optotype at distance. The 
dominant eye is the one where the patient feels less comfortable with blur, or conversely, 
the non-dominant eye is the one where blur will be more easily suppressed. The extent 
to which this sensory eye dominance test matches, for example, the one based on 
binocular rivalry has not been established. In any case, this approach appears to be 
more directly related to monovision, as, ultimately, the comfortable left/right eye 
combination of plano/positive lens is sought in a monovision treatment. 
 
The clinical implementation of this sensory dominance test is either done using trial 
lenses (repeated three or four times) or using contact lenses. Trial lenses are held in 
front of the patient’s eyes, and (although blur is the main effect) are subject to bilateral 
differences in magnification and prismatic effects. Also, the lenses need to be changed 
manually. Contact lenses allow a more faithful representation of monovision, although a 
direct comparison of vision with blur imposed in one eye or the contralateral is not 
straightforward.  
 
This thesis tackles those issues and proposes different methods for estimating eye 
dominance in monovision corrections, compared with current methods. Therefore, 
Chapter 7 will cover the state of the art in ocular dominance measurements.  
 
1.3.7. Other tests 
Other supplementary tests performed in clinical practice are stereopsis, color perception, 
accommodation, cover test, or fusion tests. Stereopsis is a very important test in clinical 
practice which measures the minimum discrimination of depth and has implications for 
presbyopia corrections. It will be thoroughly covered in the following section. The other 
tests mentioned are also important and, depending on the pathology or optical condition 
of the patient, they can provide key insights for determining the treatment. However, 
these tests have not been covered in this thesis. 
 
 



Introduction 

 
25 

 

1.4. Depth perception 
The visual system integrates information from the two slightly retinal images captured by 
the right and left eye to reconstruct a single three-dimensional (3D) visual representation 
of the world.  
 
There are 3 hierarchical levels of binocular vision176: 1) simultaneous perception, which 
involves the motor system and includes the activities for aligning the eye with the object 
of interest; 2) fusion, which includes activities for the fusion of the images from both eyes; 
and 3) stereopsis, which includes the activities related to collect and transmit the visual 
information to the cortex. The last level depends on the healthy state of the others, 
although some anomalies may include problems at different levels at the same time. 
 
For depth perception, there are monocular cues, which only need the information from 
one eye, and binocular cues, which require the integration of the images from both 
eyes48. Monocular cues are size (known or unknown), relative distance, motion parallax, 
perspective, shading, overlapping, accommodation, or blur, among others177. Stereopsis 
(or binocular disparity) relates to the integration of the information from the two slightly 
retinal images captured by the right and left eye to reconstruct a single three-dimensional 
(3D) visual representation of the world. Binocular disparity is the strongest cue for depth 
perception. This thesis has focused on understanding binocular disparity as a depth cue 
and the impact of blur in both static and moving objects to understand its implication in 
ophthalmological clinical practice. 
 
1.4.1. Binocular disparity 
Stereoscopic acuity is the stereopsis threshold for depth discrimination. This threshold 
is the minimum depth that can be perceived when only binocular disparity is the cue. 
Normal values of stereoacuity range between 40 and 60 arc seconds176, although in 
optimal conditions it can be as small as 2 arc seconds48. Depth from binocular disparity 
can only happen if the images from both eyes lie within the horopter. The horopter is the 
region of the visual field where rays reach corresponding retinal points in the retina. In 
this region and its surroundings, images are fused. The maximum difference between 
the images of both eyes that can still be fused but reach non-corresponding retinal points 
is called the Panum’s area178,179. Figure 1.14 shows the geometrical estimation of the 
horopter and the Panum’s area. Depending on the difference between the eyes, images 
can be perceived with crossed disparity (the object is perceived closer) or uncrossed 
disparity (the object is perceived further). 
 
Another important cue for depth is blur. In the absence of any other cue for depth, a 
sharp image is perceived closer than the same blurry image, only because of blur85. 
Binocular disparity is the dominant cue when occurs close to the fixation point, and blur 
dominates at further distances when binocular integration fails. It has been reported that, 
when binocular disparity coexists with blur, the influence of blur at distances near the 
fixation point is negligible, mainly considering the information from binocular disparity to 
perceive depth180. 
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Figure 1.14. Horopter and Panum's area. Crossed disparity region is displayed in blue and uncrossed 
disparity region in red. 
 
1.4.2. Stereoacuity tests 
Stereoacuity measures the threshold of the visual system to discriminate objects in 
depth. Stereoacuity tests are usually used to identify problems in binocular vision, such 
as amblyopia48. Also, with some optical corrections, stereoacuity is affected98. During the 
development, stereoacuity appears in the initial stages, is maximum in adulthood, and 
degrades when we age181. 
 
Clinical stereoacuity tests are based on presenting a slightly different image to each eye 
using anaglyph filters, polarization filters, physical depth, or autostereoscopic methods 
(such as lenticular lenses or parallax barrier). Stereoacuity is usually measured at near 
distance, existing a smaller number of tests developed for far than for near distance. 
However, it has been reported that the distance of the test does not influence the 
measurement of stereoacuity in healthy patients182–184 (with no binocular vision 
dysfunctionalities).  
 

 
Figure 1.15. Conventional methods to create 3D images. Anaglyph (red/green) filter in the left, polarizer 
filters in the middle (arrows represent circular polarization), and physical depth in the right. 
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1.4.2.1. Conventional stereoacuity tests 
Many commercial tests that use different working principles are available in clinical 
practice. For physical depth, the most extended is Frisby and FD2 (Frisby-Davis 2) tests, 
which do not require filters as the depth is physical. The tests consist of a plate with four 
portions, each of them with a different depth. One might think that physical depth tests 
are more reliable instead of the image disassociation produced by filters. However, it has 
been demonstrated that dissociating filters do not influence the measurement of 
stereoacuity185,186.  
 
Among the tests that use anaglyph (red/green) filters, the TNO, developed in 1975187, is 
the most extended. The test consists of red/green printed random dot stereograms. 
Although it has been reported its usefulness compared to other tests, some studies have 
shown poor reliability188 and it has been reported that the red/green filters affect the 
stereoacuity measured because the red filter effectively reduces contrast more than the 
green filter189. Red/green filters reduce contrast in both chromatic and luminance190, and 
even recent versions of the TNO test show differences due to slight differences in the 
transmittance of the filters191. The use of anaglyph filters has huge potential because 
current monitors have red, green, and blue (RGB) LEDs that can easily allow the creation 
of custom stereo tests. However, the emission and filtering characteristics of the glasses 
must be considered. An extreme version of anaglyph filters is Infitec, a new stereoscopic 
tool that uses very narrow emission spectra for the red, green, and blue wavelengths192. 
 
The Titmus/Fly test uses polarizer glasses to present different images to each eye and 
measure stereoacuity. This test is commonly used in clinics and laboratories 
worldwide177. The main reason refers to the initial test, which consists of a fly with 3000’’ 
of disparity, a large level that can be used as a screening tool. Failing in the fly test may 
probably indicate stereo blindness. It also contains circles and shapes with different 
levels of disparity for measuring the stereoacuity. The Randot Test also uses polarizer 
filters to present random-dot stereograms with different disparities. A pediatric version 
was developed in 1998193. 
 
1.4.2.2. Autostereoscopic techniques 
Autostereoscopic techniques show different images to each eye but do not require filters. 
Autostereoscopic techniques slice the resolution of the display into different views, each 
of them reaching only one eye. Recent advances in 3D displays report the development 
of novel types of technologies for creating autostereoscopic displays194,195. Among them, 
the most important for this thesis are lenticular and parallax barrier displays. 
 

 
Figure 1.16. Working principle of autostereoscopic displays. Adapted from Dogson 2005194. Parallax 
barrier approach on the left and lenticular lenses approach on the right. 
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Lenticular lenses approach is the most common type of autostereoscopic display. It uses 
vertical cylindrical lenses to show columns of pixels to each eye. Figure 1.17A illustrates 
the process. The main drawback is that only allows a limited number of views. Recent 
advances have proposed slanted lenses (instead of purely vertical or horizontal) to 
increase the number of views195. The Lang Stereo test developed in 1983196 uses a 
lenticular sheet to show random-dot stereograms with hidden figures, although it can 
only be used for screening48,197. A new clinical test called BEST was developed using 
lenticular lenses198, reporting results similar results to the Randot test. 
 
Parallax barrier technique uses vertical opaque regions to enable the view of only 
columns of pixels. The main drawback compared to lenticular displays is that, by design, 
parallax barrier is less bright as the barriers block some portion of the emitting light 
(Figure 1.17B). Slanting the barriers also allows the creation of more views195. There 
have been attempts to develop clinical tests using parallax barrier displays. ASTEROID 
(developed at Newcastle University, Newcastle, Great Britain) is a gamified stereo test 
that estimates the stereoacuity with an adaptive staircase procedure199,200 which has 
been also tested in a pediatric population with satisfactory results201. 
 
1.4.2.3. Agreement between stereoacuity tests 
There have been several studies investigating the agreement between different 
stereoacuity tests. In general, there is a low correlation among them48. The reasons 
behind this may be due to several factors, including the features of the stimuli (size, 
shape, figure familiarization), the presence of monocular cues, and the static nature of 
the tests, among others. In this thesis, Chapter 13 explores the stereoacuity measured 
using different methods to create depth. 
 
1.4.3. The Pulfrich effect 
Binocular vision is usually tested in the clinical environment for static stimuli. However, 
depth perception is more complex when moving stimuli are involved, as the signal that 
reaches each eye is constantly changing. Some authors compared static versus dynamic 
stereopsis, finding results not correlated at all, reporting that dynamic stimulus is more 
easily recognizable than static stimuli48,183. The most widely known stereoscopic effect 
involving moving objects is the Pulfrich effect. 
 
The Pulfrich effect is a well-known stereo illusion that occurs due to imbalances in the 
retinal images reaching each eye. Classically, the Pulfrich effect was described for 
interocular differences in the retinal illuminance, where the image with lower illuminance 
is processed slower than the image with higher illuminance. These differences are not 
problematic for static objects but are important for moving objects. The slower processing 
speed of the image of the dimmer eye with respect to the image of the brighter eye 
produces an effective binocular disparity, provoking the illusion of depth. Figure 1.17 
illustrates the effect. 
 
For example, if the left eye is dimmer and the object is moving from left to right, the left 
eye image is processed slower, and the object will be perceived further from its real 
position (Figure 1.17A). For the same object, but the right eye is dimmer and therefore 
its image is processed slower, the object will be perceived closer to its real position 
(Figure 1.17B). The depth illusion can be easily estimated using geometry202. 
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Figure 1.17. Pulfrich effect illusion. Object moving in front of the observer to the right (perspective from 
above). A. Reducing the incoming light of the left eye (using a filter) delays its processing speed and the 
object appears further than its real position. B. Reducing the incoming light of the right eye delays its 
processing speed and the object appears closer than its real position. 
 
The Pulfrich effect in its classical version has been extensively studied, from the factors 
that influence the effect, such as the overall light level203,204, the speed205, the prior light 
adaptation206–208 or the eye movements209–211, to its clinical relevance in pathologies such 
as optic neuritis, cataracts, retinal diseases, or anisocoria 212–217.  
 
Other psychophysical studies of the Pulfrich effect have shown that can also happen with 
interocular differences in contrast, where the image with lower contrast is processed 
slower than the image with higher contrast (similar to illuminance differences)218. 
However, the impact of interocular differences in blur, like those occurring in some 
presbyopia corrections such as monovision, where one eye is corrected for far vision 
and the other for near vision, has not been addressed and may influence the perceived 
depth. 
 
In this thesis, Chapter 8 describes the discovery of a new Pulfrich-related phenomenon, 
named the Reverse Pulfrich effect. It occurs when interocular blur differences occur, like 
those induced in monovision corrections, instead of the classical description with 
differences in luminance. Chapters 9, 10, 11, and 12 cover the progress on the scientific 
and clinical implication and applicability of the Reverse Pulfrich effect. 
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1.5. Motivation of this thesis 
Blurry vision is the main visual symptom perceived by patients and the most intuitive sign 
of malfunction of the visual system. The importance of blurry vision in clinical practice is 
crucial. For that reason, blur has been extensively studied, from the purely theoretical 
and optical point of view to its perceptual impact on human vision. This thesis further 
studies the applicability of blur to clinical instrumentation in ophthalmology and 
optometry. 
 
At the beginning of this thesis, the use of optotunable lenses had spread across several 
fields of optics, from microscopy to smartphone cameras. However, the implementation 
of tunable lenses in the vision field was still small, mainly due to limitations on the 
aperture size of most tunable lenses available in the market, with diameters below 2 mm. 
The release of tunable lenses with larger apertures, and therefore permitting the 
implementation of new applications in vision science, was very recent. Besides, some of 
the new lenses also had the capability of changing their optical power very quickly, 
allowing not only studying vision with static blur but also with dynamic blur. 
 
Furthermore, the use of tunable lenses for evaluating refractive errors had been already 
explored, but most conventionally: instead of manually changing trial lenses in a trial 
frame or a phoropter, tunable lenses were used to automatize and speed up the process. 
However, the full potential of the tunable lenses for the estimation of refractive errors had 
not been explored before.  
 
Finally, monovision, a presbyopia correction in which one eye is corrected for far vision 
and the other one for near vision, is a very common ophthalmic correction inducing 
important blur differences between the eyes. The implications of that interocular blur on 
vision, as well as the clinical performance of the patients, had been widely studied. 
However, the influence of monovision on moving-in-depth illusions had not been 
addressed before. In addition, the measurement of ocular dominance to select the 
laterality in monovision correction (which eye is corrected for near vision, and which eye 
is corrected for far vision) is not well standardized, and it is key for the success of these 
corrections. These gaps in the prescription and evaluation of monovision corrections are 
addressed in this thesis, also taking advantage of the new opportunities of using 
optotunable lenses to define new methods in visual optics research and, potentially, in 
eye care clinical practice. 
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1.6. Open questions 
Blur, both static and dynamic, is present in the daily life of most of the population in 
developed countries, who are affected by refractive errors and presbyopia. Blurry vision, 
with refractive errors, presbyopia, or ophthalmic corrections, alters perception differently 
at different distances. 
 
In this thesis we have designed, developed, and validated new setups and 
methodologies to tackle the following scientific and clinical questions: 
 

1. What are the spatial and temporal limits of the perception of defocus? Which 
are the clinical implications of those limits? How does the spatiotemporal 
defocus sensitivity function differ from the spatiotemporal contrast sensitivity 
function? 

2. Is it possible to use temporal changes in defocus to evaluate the refractive 
error, one of the most important and standardized methods in clinical optometry 
and ophthalmology? Is it possible to overpass the conventional methods of 
measuring refractive errors? 

3. Is it possible to develop a more precise test to establish the preferred laterality 
in the prescription of monovision correction? 

4. Does the interocular blur difference between the left and the right eye induced 
by monovision introduce interocular differences in processing speed?  

5. What are the implications of monovision in the perception of depth, and in the 
perception of moving objects? Does it introduce relevant perceptual illusions? 
How are they affected by the overall ambient luminance level, or by interocular 
differences in luminance? 

6. Is it possible to compensate for those perceptual illusions in depth induced by 
monovision? 
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1.7. Goals of this thesis 
The main goal of this thesis is to study blur perception and its potential application to the 
development of clinical instrumentation for eye care in clinical practice.  
 
Specific goals include: 

1. To evaluate the spatial and temporal fusion limits for defocus perception of the 
human visual system. 

2. To develop a model of the spatiotemporal defocus sensitivity function. 
3. To develop a new method, based on blur manipulation, for estimating the 

refractive error of an eye.  
4. To develop a portable prototype for exploring the clinical applicability of the new 

method for estimating the refractive error of the eye. 
5. To develop a metric for estimating the eye laterality and its strength for 

selecting the best eye in monovision corrections. 
6. To study the impact of differential blur caused by monovision corrections in the 

perception of depth in moving objects in different scenarios. 
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1.8. Hypothesis 
The hypotheses of the thesis are: 

1. Optotunable lenses are suitable for studying the limits of blur perception.  
2. The spatiotemporal limits of defocus and contrast perception follow similar 

trends and can be described with parallel models.  
3. Fast changes in defocus, programmed in optotunable lenses, allow the 

development of a new subjective refraction method, based on the definition of 
new visual tasks. 

4. Tunable lenses can also enable the development of new tests to prescribe 
monovision corrections, and in particular to determine the best eye for far vision 
and the best eye for near vision. 

5. Monovision corrections, interocular differences in blur, also produce interocular 
differences in processing speed, provoking depth misperceptions. 

6. Differences in processing speed caused by interocular blur differences can be 
nulled with those induced by interocular luminance differences. 

7. Differences in processing speed with monovision should be attributed to 
interocular blur differences and not to interocular magnification differences. 

8. Differences in processing speed affect patients after undergoing cataract 
surgery. 

9. Differences in processing speed are influenced by the ambient luminance light 
level. 
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1.9. Structure of this thesis 
The content is organized into 15 chapters, briefly described below. 
 
Chapter 1 covers major concepts regarding blur, optical aberrations, contrast, blur 
perception, evaluation of the visual function and, in particular, refractive error (evaluation 
and correction), ocular dominance, and 3D perception. In addition, the motivation, open 
questions, goals, and hypotheses of this thesis are detailed. 
 
Chapter 2 describes the experimental setups used in this thesis: commercial 
instrumentation, displays, psychophysical paradigms, perceptual models, and new 
developments including setups and protocols. 
 
Chapter 3 presents a study on the spatial and temporal limits of perception of defocus 
changes, obtaining the thresholds using an adaptive psychophysical procedure and 
different stimuli (Gabor patches of different spatial frequencies, natural images, and 
edges). Finally, this chapter also presents the development of a model for describing the 
spatiotemporal defocus sensitivity function of the human visual system. 
 
Chapter 4 presents the Direct Subjective Refraction, a new method developed in this 
thesis for estimating the refractive error of an eye using temporal defocus waves and a 
bichromatic stimulus made of blue and red components and taking advantage of the 
longitudinal chromatic aberration of the eye. This chapter reports, in volunteer subjects, 
the repeatability and measurement time of the new method for estimating the spherical 
equivalent, as well as a comparison with the traditional subjective refraction method and 
an unsupervised version of it.  
 
Chapter 5 describes the extension of the Direct Subjective Refraction method for 
estimating the astigmatic component of the refractive error. This chapter shows the 
psychophysical procedure to estimate astigmatism, including the evolution of the 
stimulus, and the measurement of astigmatism using the new refraction method. Results 
are also compared with the traditional subjective refraction method, in volunteer subjects. 
 
Chapter 6 reports the evolution of the Direct Subjective Refraction method for providing 
a full prescription to compensate for the refractive error. This chapter shows the evolution 
from the on-bench setup described in previous chapters (Chapters 4 and 5) to a portable 
clinical device. Pilot experiments refining the procedure, selecting the optimal 
parameters of the experiment, and the most suitable stimulus are also described. In 
addition, this chapter reports the measurements performed on real patients in different 
clinical sites compared with the traditional subjective refraction method, to explore the 
possibility of clinical measurements and to obtain feedback from their experience. 
 
Chapter 7 describes the eye dominance strength, a new method for estimating eye 
dominance, alternating the laterality of induced monovision corrections. The new metric 
does not only select the dominant eye but also provides a new numerical magnitude, 
dominance strength, describing how important is that dominance for each subject. The 
new method is relevant in monovision corrections, where the selection of the eye to be 
corrected for far vision is critical for the success of the correction. 
 
Chapter 8 reports the discovery of the Reverse Pulfrich effect, an optical illusion caused 
by interocular differences in blur, like those present in monovision corrections. This 
chapter shows the paradigm used for estimating differences in the processing speed; 
the first measurements of the Reverse Pulfrich effect; the description of the anti-Pulfrich 
monovision corrections and an estimation of the size of the misperception in depth 
caused by the illusion. 
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Chapter 9 presents a study on the Reverse Pulfrich effect and the anti-Pulfrich 
monovision corrections in contact lenses, the most common method for prescribing 
monovision corrections, comparing the results with those obtained with trial lenses, 
which induces induce interocular magnification differences besides blur differences. The 
suitability of anti-Pulfrich monovision corrections with contact lenses is also reported. 
 
Chapter 10 reports a unique case of a 45-years-old patient corrected with monovision 
after a unilateral cataract surgery that reveals a spontaneous Pulfrich effect mainly 
caused by the Reverse Pulfrich effect. The study also reveals an adaptation process to 
the Reverse Pulfrich effect, never reported before, and describes its timeframe. 
 
Chapter 11 describes the influence of the overall light level in the Classic Pulfrich effect 
(comparing with the literature) and in the Reverse Pulfrich effect (novel result). The 
influence of the high order aberrations and their implication on both versions of the 
Pulfrich effect is discussed. 
 
Chapter 12 presents a study on the estimation of the prevalence of the Classic and 
Reverse Pulfrich effects in a population of 15 young subjects and provides a 
technological and methodological framework for performing massive measurements in 
clinical environments. 
 
Chapter 13 reports the use of a new autostereoscopic display to measure stereoacuity, 
compared with conventional methods of producing 3D stimuli (commercial Titmus, 
anaglyph filters, and polarizers filters in a stereo 3D). In addition, this chapter reports the 
suitability of SimVis Gekko for measuring stereoacuity.  
 
Chapter 14 shows a set of 7 pilot experiments performed during this thesis that open 
new research lines for future investigation. For each experiment, besides a brief 
description, the chapter provides preliminary results, graphs, and a description of the 
possibilities and implications of the research line.  
 
Chapter 15 summarizes the main findings of this thesis and presents its main 
conclusions.  
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Chapter 2. Methods 

This chapter describes the experimental setups, commercial instrumentation, 
experimental and clinical procedures, psychophysical paradigms, perceptual models, 
and new developments including setups and protocols. The specific implementations 
and developments for each particular experiment and/or study are included in the 
corresponding chapter. 
 
The first section of this chapter describes the optical systems developed to measure blur 
perception, and in particular, the spatiotemporal defocus sensitivity function and the 
refractive error of the eye using a new refraction method. Both optical systems include 
an optotunable lens to allow fast changes in defocus. The second section describes the 
optical systems used and developed to measure the binocular function of the visual 
system, using haploscope systems, polarized filters, anaglyph filters, and 
autostereoscopic techniques (lenticular lenses and parallax barrier). Particularly, these 
setups were used to measure the Pulfrich effect and the stereoacuity. The third section 
describes the measurement of the optical quality using adaptive optics systems. The 
fourth section describes the protocol of the traditional subjective refraction method used 
in this thesis to measure the refractive error of the eye. The fifth section describes the 
psychophysical methods used in this thesis. The sixth section provides a technical 
description of the displays used in this thesis. The seventh section presents a summary 
of the setups used in the different chapters of the thesis. Finally, a detailed description 
of the perceptual models of contrast sensitivity used for this thesis is provided in the last 
section. 
 
The author of the thesis has developed, aligned, and calibrated the optical system to 
measure the perception of spatiotemporal changes in defocus and to estimate the 
refractive error of the eye using temporal defocus waves in collaboration with Carlos 
Dorronsoro. In the final stage, he developed a portable prototype in collaboration with 
Daniel Pascual, who assembled the electronics needed. Other specific contributions of 
the author of the thesis to the same project are the 3D modeling and 3D printing of the 
housing for the portable prototype, a servomotor system to allow the rotation of the 
stimulus, and the software to control the whole system. The author of the thesis has also 
developed and aligned two optical systems to allow measurements of the binocular 
vision function of the human visual system. One of them, a haploscope system, in 
collaboration with Johannes Burge and Benjamin Chin, and the other one, is a 3D display 
optical system, in collaboration with Carlos Dorronsoro. Moreover, the author of the 
thesis has developed a setup for measuring the stereoacuity using autostereoscopic 
devices, as well as alignment protocols. In addition, the author of the thesis has 
developed a complete toolbox in MATLAB to carry out the psychophysical experiments 
described in this thesis, as well as other functions to allow the storing and analysis of 
psychophysical data, plotting routines, stimuli creation, video creation, control of external 
devices, among others.  
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2.1. Measuring blur perception 
To measure different features of blur perception in Chapters 3, 4, 5, and 6, three 
laboratory setups were developed for different experiments. All those experiments and 
setups shared the same optical system, with small modifications for each particular 
experiment in terms of its combination with different stimuli, displays, visual tasks, and 
procedures. 
 
2.1.1. Optical system 
The optical system used to measure blur perception is conformed of two achromatic 
doublets of 50mm of focal length forming a 4f optical system, that creates conjugated 
pupil planes. Figure 2.1A shows a schematic representation of the optical system. 
Conjugated pupil planes have the particularity of being optically identical: with the same 
magnification and vergence of the rays. In this optical system, the use of conjugated 
pupil planes allowed the projection of an optotunable lens (Pupil Plane 2) onto the pupil 
of an observer’s eye (Pupil Plane 1), allowing changes of optical power without changing 
the magnification or position. The total length of the optical system is around 190 mm.  
 
Figure 2.1B shows a lateral view of the representation of the optical system in Optics 
Studio (ANSYS Inc., Canonsburg, USA), specialized software for designing and 
simulating optical systems. Figure 2.1D shows a 3D view of the optical system. This 
optical system requires a bite bar to align the pupil of the eye with the optical system and 
is monocular (Figure 2.1F).  
 
SimVis Gekko represents the evolution of the optical system to a compact and binocular 
system. To create a miniaturized version of the optical system, six flat mirrors were 
introduced in the optical path, measuring only 110 mm and therefore reducing the length 
by 42%. Further versions also replaced the achromatic doublets with aplanatic lenses 
which improved the optical quality both in the center and at the periphery, remarkably 
reducing the field of curvature and distortion. A custom housing was developed to allow 
the insertion of the optical modules both in a laboratory setup and in a wearable and 
commercial instrument. The alignment of the optical module only required a chinrest with 
the possibility of adjusting the horizontal and vertical positions of the head. The wearable 
system included a custom screw system to allow adjusting the position in horizontal and 
vertical directions of the optical axis with respect to the visual axis. Figure 2.1C shows 
the optical system and the location of the mirrors, Figure 2.1E is a 3D view of the optical 
system, and Figure 2.1G is a subject wearing SimVis Gekko. 
 
2.1.2. Spatiotemporal defocus sensitivity function 
To measure sensitivity to spatial and temporal changes to defocus, we used the linear 
optical system described above with an optotunable lens model EL-10-30-TC (Optotune, 
Dietikon, Switzerland) with 10 mm of effective aperture and a dioptric range between -
1.0D to +5.00D. The monitor used was HP EliteDisplay E240 23.8’’. The monitor was 
located 1 m away from the optotunable lens. In Chapter 3 there is a more detailed 
description.  
 
2.1.3. Direct Subjective Refraction 
To measure the refractive error of the eye using the Direct Subjective Refraction method, 
we used the linear optical system with an optotunable lens model EL-10-30-TC with 10 
mm of effective aperture and a dioptric range between -1.0D to +5.00D. The display was 
a combination of a projector with a white screen, described in more detail in Chapter 4. 
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Figure 2.1. Optical systems used in this thesis to measure blur perception. A. Schematic 
representation of the 4f projection optical system. In blue, the conjugated pupil planes created by the optical 
system. B. Linear optical system in a lateral view. C. Miniaturized optical system (SimVis Gekko) in a lateral 
view. D. Linear optical system in a 3D view. E. Miniaturized optical system in a 3D view. F. Observer looking 
through the linear optical system using a bite bar and a micrometric system for alignment. G. Observer 
looking through SimVis Gekko. 
 
In further developments, the Direct Subjective Refraction method was implemented to 
perform measurements in a clinical environment. For that purpose, the optical system 
used was the wearable SimVis Gekko, a commercial system implementing an optical 
system similar to that described in section 2.1.1. A custom display based on 
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monochromatic LEDs was also developed. The complete system is described more in 
detail in Chapter 6. 
 

2.2. Measuring binocular visual function 
To measure binocular vision function, in particular stereoacuity and the Pulfrich effect, 6 
laboratory setups were developed. They are described in the following subsections. 
 
2.2.1. Haploscope system  
A haploscope system is an optical system that shows independent images to each eye 
with a set of mirrors. The system, a variation of the Wheatstone stereoscope, allows the 
creation of 3D stimuli presenting slightly different images to each eye, which elicits 
binocular disparity. Two different versions of the haploscope system were used in this 
thesis to study the Pulfrich effect: Haploscope system I (HI) and Haploscope system II 
(HII). Both share the same optical system and display but differ in the optical distances, 
luminances, and extra channels. A schematic representation of both systems is shown 
in Figure 2.2. 
 

 
Figure 2.2. Haploscope system. A. Schematic representation of the Haploscope system I (HI). B. 
Schematic representation of the Haploscope system II (HII). 
 
2.2.1.1. Haploscope system I (HI) 
This system was already developed, and the contribution of the author of the thesis was 
the addition of a channel for defocus induction with trial lenses and luminance reduction 
with neutral density filters. Figure 2.2A shows a schematic representation of the optical 
system. This system was used in Chapter 8 to measure the Pulfrich effect with interocular 
blur difference. 
 
Stimuli were displayed on a custom-built four-mirror haploscope. Left- and right-eye 
images were presented on two identical VPixx VIEWPixx LED monitors. Monitors were 
calibrated (i.e., the gamma functions were linearized) using custom software routines. 
The monitors were daisy-chained together and controlled by the same graphics card to 
ensure that the left and right eye images were presented synchronously. The maximum 
luminance after light loss due to mirror reflections was 93.9cd/m2. Simultaneous 
measurements with two optical fibers connected to an oscilloscope confirmed that the 
left and right eye monitor refreshes occurred within ~5 microseconds of one another. 
Custom firmware was written so that each monitor was driven by a single-color channel; 
the red channel drove the left monitor and the green channel drove the right monitor. 
The single-channel drive to each monitor was then split into all three channels to enable 
grayscale presentation.  
 



Methods 

 
41 

 

Observers viewed the monitors through mirror cubes with 2.5cm circular openings 
positioned one inter-ocular distance apart. Heads were stabilized with a chin and 
forehead rest. The haploscope mirrors were adjusted such that the vergence distance 
matched the distance of the monitors. The light path from the monitor to the eye was 
100cm, as confirmed both by a laser ruler measurement and by visual comparison with 
a real target at 100cm. At this distance, each pixel subtended 1.09arcmin. 
 
To manipulate the amount of defocus blur in each eye, we positioned trial lenses at about 
12mm from each eye in two trial lens holders, centered on each optical axis, between 
each eye and the front of the mirror cubes of the haploscope. To manipulate the amount 
of luminance reaching the eye, mounts for 15x15mm squared neutral density filters were 
placed, centered on each optical axis, after the mirror cubes. 
 
2.2.1.2. Haploscope system II (HII) 
This system was a replication of HI but w extra channels. It was built by the author of the 
thesis in collaboration with Johannes Burge, including a channel for automatic defocus 
induction with a tunable lens, a channel for pupil diameter control, and a channel for 
luminance reduction with neutral density filters. functionalities. Figure 2.2B shows a 
schematic representation of the system. This system was used in Chapter 11 to measure 
the impact of overall light levels on the Classic and Reverse Pulfrich effects. 
 
We used a two-monitor, four-mirror haploscope system, and a custom 4-f optical system 
to present the experimental stimuli. The monitors were two identical VPixx VIEWPixx 
LED displays. To ensure the synchronous presentation of the left- and right-eye images, 
the monitors were daisy-chained together and controlled by the graphics card. The light 
from the monitors reached the eyes by first reflecting off a pair of large mirrors and then 
off a pair of small mirrors. The mirrors were adjusted such that the vergence distance 
matched the distance of the light path between the monitors and the eyes. The small 
mirrors were housed in mirror cubes having 2.5cm diameter circular ports that were 
positioned one inter-pupillary distance apart. Given the distance along the light path 
between the monitors and the eyes, each pixel subtended 1.36 arcmin of visual angle. 
The 4f optical system projected two optotunable lenses and precision-printed 
diaphragms of fixed sizes into the pupil planes of the eyes. This system provided a 
means to programmatically change the interocular focus difference on each trial, and to 
control the effective pupil size. Through the entire optical system, the maximum 
luminance was 12.8cd/m2. The optical distance from the eyes of the observer to the 
screen was 80 cm. 
 
2.2.2. Stereoscopic monitor (SM) 
The main disadvantage of a haploscope system is the use of several mirrors and two 
monitors to present 3D stimuli. This section describes the use of passive polarizers in 
combination with a 3D display to present 3D stimuli using only one monitor. The setups 
were built by the author of the thesis in collaboration with Carlos Dorronsoro. Figure 2.3 
shows a schematic representation of the optical system. It was used in Chapters 9 and 
10 to measure the Reverse Pulfrich effect and anti-Pulfrich monovision corrections with 
contact lenses and to monitor the process of readaptation to the Reverse Pulfrich effect 
in a patient after a cataract surgery procedure, respectively. In other scenarios, the 
screen was also used as a 3D display with anaglyph (red/green) filters, presenting the 
left image in red and the right image in cyan. This was carried out in Chapter 13 to 
measure the stereoacuity. Finally, the TV can be also used as a 2D screen, as it was 
performed in Chapter 7 to measure ocular dominance with monovision corrections. All 
these setups could be used in combination with trial lenses (Figure 2.3A) or in 
combination with the optical system for measuring blur perception, as described in 
section 2.1.1 (Figure 1B).  
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The stimulus was displayed on a stereoscopic UK UHD 49” monitor (LG49UH850V, LG). 
The monitor uses row-by-row spatial interlacing (e.g., pixels in even rows to the left eye 
and pixels in odd rows to the right eye) to present different temporally coincident images 
to the left and right eyes. Passive circular polarization glasses selectively passed the 
appropriate image to each eye. The observer viewed the monitor from 2m, with his/her 
head stabilized by a chin and forehead rest. At this viewing distance, each pixel 
subtended 0.46 arcmin of visual angle. When observers viewed the display through 
custom-built mounts for trial lenses, mounts were horizontally and vertically adjusted so 
that the optical element was centered along the line of sight of each eye. When observers 
viewed the monitor through tunable lenses, the optical system was adjusted horizontally 
and vertically with screws, so the optical elements were centered along the line of sight 
of each eye.  

 
Figure 2.3. Stereoscopic monitor (SM). A. Combination with trial lens holder to induce blur differences 
with trial lenses. B. Combination with 4f optical system and tunable lenses for automatic changes in defocus. 
 
2.2.3. Tablets and portable displays 
Using the previous 3D displays in a clinical environment entails issues in terms of size, 
space, and portability. To miniaturize and approach the evaluation of binocular vision in 
clinical environments, several optical setups involving portable displays were developed 
by the author of the thesis. Alignment was easier with the autostereoscopic tablets 
described below. 
 

 
Figure 2.4. Schematic representation of tablets and portable devices optical setups. A. Lenticular 
Lenses tablet (LLT). B. Parallax Barrier tablet I (PBI) and II (PBII). 
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2.2.3.1. Lenticular Lenses tablet (LLT)  
This system was built by the author of the thesis. Figure 2.4A shows a schematic 
representation of the optical system. This system was used in Chapter 12 to measure 
the prevalence of the Classic and Reverse Pulfrich effect in a young population. 
 
The stimulus was displayed on an iPad Pro 12.9’’ (iPad 3rd gen, Apple). The monitor was 
used in combination with a lenticular lenses sheet manufactured by MOPIC (Suwon, 
South Korea) that uses the lenticular approach to create an autostereoscopic display 
with row-by-row spatial interlacing (e.g., pixels in even rows to the left eye and pixels in 
odd rows to the right eye). The cylindrical lenses of the sheet are slanted 10 degrees to 
reduce crosstalk and increase the quality of the stereoscopic image. The display was 
held in a custom-built (3D designed and 3D printed) mount for optimum alignment 
purposes. According to the specifications of the manufacturer, 3D could be perceived 
between 30 and 80 cm, with an optimum distance of around 50-70 cm. The observer 
viewed the monitor from 67cm, with his/her head stabilized by a chin and forehead rest. 
Observers viewed the display through custom-built mounts for trial lenses. The mounts 
were horizontally and vertically adjusted so that the optical element was centered along 
the line of sight of each eye. 
 
2.2.3.2. Parallax Barrier tablet I (PBTI)  
This system was built by the author of the thesis. Figure 2.4B also shows a schematic 
representation of the optical system. This system was used in Chapter 7 to measure 
ocular dominance and in Chapter 13 to measure stereoacuity in pilot experiments. 
 
The stimulus was displayed on a Commander 3D 10.1’’ (Commander 3D, Toronto, 
Canada) driven by a PowerVR SGX544 Graphics card. The monitor used the parallax 
barrier approach to create an autostereoscopic display with row-by-row spatial 
interlacing (e.g., pixels in even rows to the left eye and pixels in odd rows to the right 
eye). The display was held in a custom-built (3D designed and 3D printed) mount for 
optimum alignment purposes. According to the specifications of the manufacturer, 3D 
could be perceived between 30 and 50 cm, with an optimum distance of around 40cm. 
The observer viewed the monitor from 40cm, with his/her head stabilized by a chinrest. 
Observers viewed the display through custom-built mounts for trial lenses which were 
horizontally and vertically adjusted so that the optical element was centered along the 
line of sight of each eye. In addition, observers viewed the display through SimVis Gekko, 
with its own alignment strategy. 
 
2.2.3.3. Parallax Barrier tablet II (PBTII)  
This system was built by the author of the thesis. Figure 2.4B shows a schematic 
representation of the optical system. This system was used in Chapter 13 to measure 
stereoacuity. 
 
See3D tablet (See3D Tablet Corporation, Toronto, Canada), was an evolution of the 
previous version, Commander3D. The display was loaned to the laboratory as a Proof 
of Concept by the company. The tablet is driven by an Adreno GPU 650 Graphics card. 
The display used the parallax barrier approach to create an autostereoscopic display 
with row-by-row spatial interlacing (e.g., pixels in even rows to the left eye and pixels in 
odd rows to the right eye). The display was held in a custom-built (3D designed and 3D 
printed) mount for optimum alignment purposes. The observer viewed the monitor from 
40cm, with his/her head stabilized by a chinrest. According to the specifications of the 
manufacturer, 3D could be perceived between 30 and 50 cm, with an optimum distance 
of around 40cm. Observers viewed the display through custom-built mounts for trial 
lenses which were horizontally and vertically adjusted so that the optical element was 
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centered along the line of sight of each eye. In addition, observers viewed the display 
through SimVis Gekko, with its own alignment strategy. 
 
The main improvement compared to the previous version was that the display could be 
used as a secondary screen, overcoming the limitations of creating ad-hoc fixed stimuli 
(e.g., images or videos) to be played in a specific application. 
 
2.2.3.4. Anaglyph filters 
Modern screens are based on three types of LEDs -red, green, and blue- to allow a 
polychromatic representation of images. Therefore, those screens have 3 color channels 
available, that can be used in combination with glasses with color filters, to show different 
images to each eye and generate the perception of a 3D image from a stimulus of 2 
different colors. To present different images to each eye, anaglyph (red/green) filters 
were used in this thesis, so that the left eye received the red image, and the right eye 
received the green image. Anaglyph filters approach was carried out in the SM display.  
 

2.3. Objective measurements of optical blur  
The optical quality of the visual optical system can be assessed objectively and 
subjectively. The objective measurement of the optical quality was evaluated using a 
commercial autorefractometer that provides an estimation of the spherocylindrical 
refractive error in Chapters 4, 5, 6, 7, and 13. Moreover, the measurement of the 
wavefront aberration was accomplished using a laboratory setup already developed in 
the Viobio Lab. Subjectively, the optical quality was measured using the traditional 
subjective refraction method that provides an estimation of the spherocylindrical 
refractive error in Chapters 3, 4, 5, 6, 7, 9, 10, and 13. 
 
2.3.1. Autorefractor 
The autorefractor used in this thesis was ARK1 (Nidek, Gamagori, Japan), which uses 
an approach of keratometry to measure the corneal curvature at several axes to estimate 
the refractive error of an eye. The stimulus shown is a hot-air balloon to prevent 
accommodation. The information from the autorefractometer was used as a first 
approximation of the refractive error of the subjects’ eyes in Chapters 4, 5, 6, 7, and 13. 
 
2.3.2. Optical aberration measurement 
The wavefront aberration was measured using a laboratory setup already developed in 
the lab. The system uses adaptive optics to measure and compensate within the same 
loop for the wavefront aberration of the observer’s eye. In the lab, there were two 
generations of a similar adaptive optics system, the Adaptive Optics 1st generation (AOI) 
which is described in detail in several manuscripts219–221, and the Adaptive Optics 2nd 
generation (AOII), also described in detail in other manuscripts222,223. The author of the 
thesis did not contribute to the development of the system and only used the AOII system 
as a user for measuring the wavefront aberration. 
 

2.4. Traditional Subjective Refraction 
As mentioned in section 1.3.3, traditional subjective refraction is the gold standard 
method to estimate the refractive error of an eye, especially due to the subjective input 
from the patient. The method followed for performing the subjective refraction is 
described below and is based on standard optometric techniques91.  
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First, traditional subjective refraction estimates the refraction monocularly, examining 
one eye and then the other. The starting point is usually the previous prescription of the 
subject, or the result obtained from the objective refraction. The process follows these 
steps: 

1. Occlusion of the eye not measured. 
2. Fogging technique: addition of +1.50D to the starting point refraction (Visual 

Acuity (VA) should be approximately 0.52 logMAR). Reduce the value of the 
added sphere progressively (in steps of 0.25D) until achieving 0.15 logMAR. 

3. Switch to Jackson’s Cylinder test. Refine the magnitude and axis of astigmatism 
using the Jackson Cross Cylinders (JCC) method. 

4. Once the amount of astigmatism has been adjusted, reduce the sphere value 
previously added at the beginning until reaching the highest visual acuity. The 
reduction must stop when the subject has reached a maximum visual acuity of -
0.2logMAR. 

5. Refinement of the value of the sphere employing the duochrome test. 
6. Record the maximum VA achieved. 

 
Finally, binocular refinement should be addressed to reduce the possible impact of 
accommodation. 
 

1. Biocular balance 
a. Starting from the subjective refraction found monocularly, defocus the 

image in both eyes with +0.75D. Isolation of a line of letters corresponding 
to 2 lines larger than the best VA achieved. 

b. Dissociation of the image using a 4-diopter prism (upper base) in the right 
eye and a 4-diopter prism (lower base) in the left eye. The patient will see 
vertically double "an image above perceived by the right eye, and the 
other below perceived by the left eye." One of them might be better 
perceived than the other. If not, increase the value of the sphere added in 
step 1. 

c. The goal is to worsen the one that sees better (since it is the eye in which 
a residual accommodation might be happening). Addition of a positive 
lens to that eye in steps of +0.25D until the same blur perception is 
achieved in both eyes (the positive spherical value that has been added 
should not exceed 0.75D. If so, the monocular refraction of that eye must 
be double-checked). 

d. When the same blur in both eyes is achieved, prisms must be removed. 
2. Binocular balance 

a. Progressively reduction, in both eyes at the same time, of the spherical 
value that was added during the biocular balance, until the maximum 
positive value that provides the best VA is achieved. 

 

2.5. Psychophysical methods 
In this thesis, different psychophysical experiments were developed to measure the 
relationship between the psychical properties of the stimulus and the perceptual 
experience to describe the visual function and visual quality224. A psychometric function 
describes the probability of a response as a function of the physical property of a 
stimulus225. Considering that the maximum probability is 1 and the minimum is 0, the 
thresholds can be found at 0.5, 0.625, or 0.75, depending on the particular task.  
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2.5.1. Classical methods 
There are three classical psychophysical methods classified into the method of limits, 
the method of constant stimuli, and the method of adjustment.  
 
The method of limits has two variants: the ascending and the descending. The ascending 
consists of showing a property of a stimulus so low that is undetectable, and gradually 
increasing that property until the observer perceives it. In the descending method of 
limits, the process is the opposite, the property of the stimulus is visible and decreases 
until the observer does not perceive it. Usually, the average across the ascending and 
descending results is considered the threshold. This method has some disadvantages, 
such as the error of habituation or anticipation. This method has not been used in this 
thesis.  
 
In the method of constant stimuli, several magnitudes of the property of the stimulus are 
shown randomly and the observer must indicate if it was perceived or not. The main 
disadvantage of this method is that it may test a broader range of magnitudes to find the 
threshold, with the subsequent extra time. On the other hand, this method allows a 
complete sampling of a psychometric function with the cumulative responses of the 
observer and overcomes the error of expectation and habituation of the method of limits. 
In this thesis, this method has been used in several experiments. The method of constant 
stimuli was used in this thesis in Chapters 8, 9, 10, and 12. 
 
In the method of adjustment, the subject has control of the magnitude of the psychical 
property, and they must vary the magnitude until is barely/not perceived (just noticeable 
or just noticeable difference)226. The main limitation of this method is that the subject 
must be aware to some extent of the nature of the physical property, which can add some 
complexity to the task. The method of adjustment has been used in this thesis in several 
experiments. 
 
2.5.2. Adaptive methods 
Classical methods are often considered inefficient as they must test several magnitudes 
of the physical property to complete the psychometric function and usually start far from 
the threshold227. The main objective of adaptive methods is to concentrate the magnitude 
as much as possible near the threshold. Among the many adaptive procedures 
developed, this thesis is focused mainly on two: up-down staircases and QUEST.  
 
In the staircase method, the magnitude changes in fixed steps. The magnitude of the 
physical property usually begins far from the prior thresholds. If the observer perceives 
the physical property, the magnitude decreases in one step. If the observer does not 
perceive the psychical magnitude, the magnitude increases one step. Then, the staircase 
converges to the threshold. There are variants of the staircase method, with different 
step sizes depending on the response227. In this thesis, the staircase method was used 
in a variant where the observer has coarse and fine steps. It was used in Chapters 4, 5, 
6, and 11. 
 
The QUEST (QUick Estimation by Sequential Testing) method estimates the threshold 
using Bayesian statistics228. The adaptive QUEST algorithm computes the magnitude of 
the next physical property that meets the maximum likelihood estimate of the threshold, 
with a prior estimation of the possible threshold. QUEST algorithms were used in this 
thesis in Chapters 3 and 13. 
 



Methods 

 
47 

 

 
Figure 2.5. Difference between classical and adaptive methods for estimating the threshold. White 
points represent correct responses and black points wrong responses. A. Staircase method. B. QUEST 
method. 
 
2.5.3. Scoring method 
In a scoring method, the subject grade the physical property of a stimulus. In some 
experiments of this thesis, observers judged the optical quality of different stimuli by 
seeing through different optical corrections.  
 
The MAS-2EV (Multifocal Acceptance Score to Evaluate Vision) method229 was used to 
evaluate the optical quality for different monovision corrections. In this method, observers 
provide a score from 0 to 10 on a set of natural images. This metric was used in Chapter 
7 as a measure of eye dominance. 
 
The Visual Analogue Scale (VAS) is a metric in which the subject graded their 
comfortability with different optical corrections by drawing a mark on a 10 cm length line, 
from 0 to 100. The proportion of the length of the mark in cm compared to 10cm is 
comfortability. This metric was used in Chapter 6 as a measure of comfort with the 
prescription using the Direct Subjective Refraction method. 
 

2.6. Displays 
To carry out the experiments described in this thesis, different displays were used. 
Below, there is a technical description of the different displays. The spectral emission 
was measured by the author of the thesis using a spectrometer (Ocean Optics, 
USB4000-Fiber Optic Spectrometer, 200-1100nm, Orlando, USA). Figure 2.6 shows the 
spectrum emission for red, green, and blue channels of each display. 
 
2.6.1.1.VIEWPixx 
VPixx VIEWPixx LED monitors (VPixx Tecnologies Inc., Saint Bruno de Montarville, 
Canada) have a size of 52.2x29.1cm, a spatial resolution of 1920x1080 pixels, a native 
refresh rate of 120Hz, and maximum luminance of 105.9cd/m2 in scanning backlight 
mode. 
 
2.6.1.2. HP EliteDisplay  
EliteDisplay E240 23.8’’ monitor (HP Inc, Palo Alto, USA) has a size of 55.72x34.22cm, 
a spatial resolution of the display was 1920x1080 pixels and a refresh rate was 60Hz. 
The maximum luminance of the monitor was 250cd/m2. 
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Figure 2.6. Spectral emission of the displays used in this thesis. The wavelength at maximum emission 
was displayed for each channel. Data was normalized with the maximum emission of each display. In red, 
the red channel emission, in green, the green channel emission, and in blue, the blue channel emission.  
 
2.6.1.3. DLP Projector 
A digital light projector (DLP PJD7820HD, ViewSonic, USA) was used in combination 
with a flat white reflecting screen to present stimuli. The distance from the projector to 
the screen was 0.4 meters, adjusted to provide the 1920x1080, the same number of 
pixels as the auxiliary screen, providing a sharp image with high luminance (500 cd/m2 
if set to white). 
 
2.6.1.4. 3D UK UHD LG  
The stereo-3D UK UHD 49” screen (LG49UH850V, LG, Seoul, North Korea) has a size 
of 110.4x64.5cm, a spatial resolution of the display was 3840x2160 pixels and a refresh 
rate was 60Hz (i.e., 60Hz/eye). The maximum luminance of the monitor was 400cd/m2. 
After filtering by the glasses, only 3840x1080 interlaced pixels reached each eye. The 
effective luminance of the monitor for each eye was slightly less than 200cd/m2. 
 
2.6.1.5. iPad Pro 12.9 (3rd generation) 
The iPad Pro 12.9’’ 3rd generation (Apple, Palo Alto, USA) has a Liquid Retina screen of 
28.06x21.49 cm size, a spatial resolution of 2732x2048 pixels, and a refresh rate of 120 
Hz. The maximum luminance of the screen is 600cd/m2. 
 
2.6.1.6. Commander 3D 
The tablet Commander 3D 10.1’’ (Commander 3D, Toronto, Canada) has a size of 
21.75x13.6cm, a refresh rate of 30Hz, and a spatial resolution of the display of 
1920x1200 pixels that was reduced to 960x1200 interlaced pixels for each eye in 
horizontal 3D mode. The maximum luminance of the screen is 8.75cd/m2 230. The tablet 
is driven by a PowerVR SGX544 Graphics card. 
 



Methods 

 
49 

 

2.6.1.7. See3D 
The tablet See3D 10.1’’ (See3D Tablet Corporation, Toronto, Canada) has a size of 
11.53x7.21cm, a refresh rate of 30Hz, and a spatial resolution of the display of 
1920x1200 pixels that was reduced to 960x1200 interlaced pixels for each eye in 
horizontal 3D mode. The tablet is driven by an Adreno GPU 650 Graphics card. The 
spectral emission of this display is the same as Commander 3D. 
 

2.7. Summary of the setups and experiment 
A summary of the setups used in this thesis is described in Table 2.1, along with the 
psychophysical procedure, the display, and the chapter of the thesis where it was used. 
 
Table 2.1. Summary of the setups used in this thesis, along with the experiment, psychophysical 
procedure, display, and chapter in which it was used. 

Setup Experiment Psychophysical 
procedure Display Chapter 

Lineal 4f system Blur 
perception 

QUEST HP Elite 3 
Staircase DLP projector 4 

Head-mounted 4f 
system 

Blur 
perception 

Staircase 
 

LG 49’’ UHK 5 

Custom developed 6 

Binocular 
vision 

Scoring LG 49’’ UHK 7 
QUEST See 3D 13 

Haploscope I (HI) Binocular 
vision Constant stimuli ViewPixx 8 

Haploscope II (HII) Binocular 
vision Staircase ViewPixx 11 

Stereoscopic 
Monitor (SM) 

Binocular 
vision 

Scoring LG 49’’ UHK 7 
Constant stimuli LG 49’’ UHK 9, 10 
QUEST LG 49’’ UHK 13 

Lenticular Lenses 
(LLT) 

Binocular 
vision Constant stimuli iPad 12.9’’ 12 

Parallax Barrier I 
(PBI) 

Binocular 
vision Scoring Commander 3D 7 

Parallax Barrier II 
(PBII) 

Binocular 
vision QUEST See 3D tablet 13 

 

2.8. Models of perception 
In this thesis, several models have been used to explain some features of human visual 
perception. This section describes their mathematical description and their use in this 
thesis. 
 
2.8.1. Spatial contrast sensitivity function (SCSF) 
The Spatial Contrast Sensitivity Function described the sensitivity to changes in contrast 
for different spatial frequencies. In this thesis, the model described by Mannos et al.231 
for the SCSF has been used. 
 

𝑆𝑠(𝑓𝑠) = 𝑑 (𝑎 +
𝑓𝑠
𝑓𝑠0
) 𝑒

−(
𝑓𝑠
𝑓𝑠0

)
𝑐

 11 
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where 𝑆𝑠(𝑓𝑠) is the CSF, 𝑎, 𝑐, and 𝑑 are parameters, 𝑓𝑠0 is the spatial frequency at the 
peak of sensitivity 𝑓𝑠 is the spatial frequency. Parameter 𝑑 modulates the gain of the 
curve, parameter 𝑎 the shape of the low-frequency region, and parameter 𝑐 the 
steepness of the high-frequency fall. Figure 2.7A shows the effect of varying parameter 
𝑎 while keeping the others constant (𝑐 = 1, 𝑑 = 10, 𝑓𝑠0 = 4) on the CSF. Figure 2.7B 
shows the effect of varying parameter 𝑐 while keeping the others constant (𝑎 = 0.01, 𝑑 =
10, 𝑓𝑠0 = 4) on the CSF. 
 

 
Figure 2.7. Spatial Contrast Sensitivity Function (SCSF). Based on Mannos et al.231 model. A. Influence 
of the parameter 𝑎 on the SCSF. B. Influence of parameter 𝑐 on the SCSF. 
 
2.8.2. Temporal Contrast Sensitivity Function (TCSF) 
The temporal contrast sensitivity function (TCSF) describes the sensitivity to temporal 
changes in contrast. The model developed by Watson62 considers the TCSF as the 
difference between two filters, one describing a sustained mechanism and the other a 
transient mechanism. The total filter, 𝑓𝑡(𝑡), is 
 

𝑓(𝑡) = 𝜀 · [𝑓1(𝑡) − 𝜁 · 𝑓2(𝑡)] 

𝑓1(𝑡) = 𝑢(𝑡) · (𝜏 · (𝑛1 − 1)!)
−1 · (

𝑡

𝜏1
)
𝑛1

· 𝑒−(𝑡 𝜏1⁄ ) 

𝑓2(𝑡) = 𝑢(𝑡) · (𝜅𝜏 · (𝑛2 − 1)!)
−1 · (

𝑡

𝜏2
)
𝑛2

· 𝑒−(𝑡 𝜏2⁄ ) 

12 

where 𝜀 is a gain factor, 𝜁 is the transience factor, 𝜏 is a time constant and 𝜅 is the ratio 
of the time constant for the second filter over the first filter, and 𝑛1 and 𝑛2 are the number 
of stages. The Fourier transform of the filter (𝑓(𝑡)) computes the amplitude and phase 
response in the frequency domain. The amplitude response represents the temporal 
sensitivity (𝑆𝑇(𝑓𝑡)) in temporal frequency (𝑓𝑡) of the human visual system 
 

𝑆𝑇(𝑓𝑡) = 𝐹𝑇(𝑓(𝑡)) 13 
 
The parameters of the model have a different influence on the TCSF. Parameter 𝜀 
modulates the gain of the curve, parameter 𝜁 influences the transient mechanism, 𝜏1 and 
𝜏2 the vertical and horizontal shift, and 𝑛1 and 𝑛2 the steepness of the transition band. 
Figure 2.8A shows the effect of varying parameter 𝜁 while keeping the others constant 
(𝜀 = 1, 𝜏 = 3, 𝜅 = 1.33, 𝑛1 = 8, 𝑛2 = 9) on the TCSF. Figure 2.8B shows the effect of 
varying parameter 𝜏1 while keeping the others constant (𝜀 = 1, 𝜁 = 1, 𝜅 = 4, 𝑛1 = 8, 𝑛2 =
9) on the TCSF. Figure 2.8C shows the effect of varying parameter 𝜏2 while keeping the 
others constant (𝜀 = 1, 𝜁 = 1, 𝜏 = 4, 𝑛1 = 8, 𝑛2 = 9) on the TCSF. Figure 2.8D shows the 
effect of varying parameter 𝑛1 while keeping the others constant (𝜀 = 1, 𝜁 = 1, 𝜏 = 3, 𝜅 =
1.33, 𝑛2 = 9) on the TCSF. Figure 2.8E shows the effect of varying parameter 𝑛1 while 
keeping the others constant (𝜀 = 1, 𝜁 = 1, 𝜏 = 3, 𝜅 = 1.33, 𝑛1 = 8) on the TCSF. 
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Figure 2.8. Temporal Contrast Sensitivity Function (TCSF). Based on Watson62 model. A. Influence of 
the parameter 𝜁 on the TCSF. B. Influence of parameter 𝜏 on the TCSF. C. Influence of parameter 𝜅 on the 
TCSF. D. Influence of parameter 𝑛1 on the TCSF. E. Influence of parameter 𝑛2 on the TCSF. 
 

2.9. Measurements with volunteer subjects and patients 
In this thesis, 100 volunteer subjects from research institutions and 33 patients from 
clinical sites participated in the experiments, a total of 133 people. Of the total, 77 of 
them participated in experiments in the CSIC, 22 at the University of Pennsylvania, and 
33 in Hospital Clinico San Carlos. These number does not include pilot measurements. 
 
Each study followed the protocol and experiments conformed to the tenets of the 
Declaration of Helsinki, and the approvals were granted by the corresponding Ethical 
Committee. In this thesis, the clinical studies got approval from the CSIC Biomedical 
Ethics Committee, the University of Pennsylvania Institutional Review Board, and the 
Research with drugs Ethical Committee of the Hospital Clinico San Carlos. Subjects and 
patients signed an informed consent after receiving an explanation of the nature and 
implications of the study and before starting the measurements. 
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Chapter 3. Spatiotemporal defocus 
sensitivity function 

This chapter reports, for the first time, the spatiotemporal defocus sensitivity function of 
the human visual system, which describes the spatial and temporal sensitivity, and 
therefore perceptual thresholds, to defocus changes. This new function is inspired by the 
very well-known spatiotemporal contrast sensitivity function. This chapter describes a 
model for the spatiotemporal defocus sensitivity function and both its scientific relevance 
and its clinical application. 
 
This chapter is based on the article by Victor Rodriguez-Lopez et al. “The spatiotemporal 
defocus sensitivity function of the human visual system” submitted to Journal of Vision 
(2022). The co-authors are William Geisler and Carlos Dorronsoro. 
 
The work was presented as a poster contribution at the International OSA Network of 
Students (IONS) conference in Barcelona in 2019, and partially as an oral contribution 
by Carlos Dorronsoro at the Association for Research in Vision and Ophthalmology 
Conference (ARVO), in Vancouver in 2019. 
 
The contribution of the author of the thesis was the conceptualization and design of the 
study with all co-authors, the literature research, the design of the experiments in 
collaboration with Carlos Dorronsoro, the collection and analysis of the data, the writing 
of the chapter in collaboration with Carlos Dorronsoro, and the editing of the chapter in 
collaboration with all co-authors. 
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3.1. Introduction 
Throughout the last decades, there has been a huge amount of research regarding the 
spatiotemporal properties of the human visual system, providing a good description of 
our limits of visibility, as well as invaluable fundamental scientific knowledge61,62,70,232. 
The Spatial Contrast Sensitivity Function (SCSF), known as CSF in the scientific 
literature, defines the sensitivity to modulation in contrast, i.e., the minimum contrast 
visible for different spatial frequencies. The typical SCSF is a curve with maximum 
sensitivity between 3-6 cycles per degree (cpd), and falling more rapidly in high than in 
lower spatial frequencies (see Figure 2.7 in section 2.8.1)52,54. Common cutoff spatial 
frequencies, i.e., the maximum spatial frequency visible at maximum contrast (1), lie 
between 30 and 40 cpd. 
 
On the other hand, the perception of temporally modulated contrast is described in the 
Temporal Contrast Sensitivity Function (TCSF)61,62. When observing an object changing 
over time, the visual system might perceive said temporal change (flicker) or not (fusion). 
The TCSF is a similar curve to SCSF, although in the temporal domain. The maximum 
of the TCSF is found at around 10 cycles per second (Hz), falling more rapidly for high 
than for low temporal frequencies with a higher ratio than the SCSF (see Figure 2.8 in 
section 2.8.2). The cutoff temporal frequency that defines the perceptual boundary 
between flicker and fusion is known as the contrast Critical Fusion Frequency (CFF). The 
CFF is well known to be around 50-70Hz, depending on the features of the stimulus62.  
 
The SCSF and the TCSF can be combined in the spatiotemporal contrast sensitivity 
function (STCSF), which defines what is visible, at the same time, in the space and time 
domains. Robson70 measured STCSF for the first time, studying the contrast thresholds 
of a stimulus for different spatial and temporal frequencies. The limits of the 
spatiotemporal perception define the ‘window of visibility’71, a region of the 
spatiotemporal domain that determine the limits for the perception of visible and fused 
images. 
 
Contrast sensitivity has been extensively described both in the temporal and the spatial 
domains because contrast is determinant in visual perception. Another important feature 
of vision is defocus. Defocus could be considered as a contrast modulation but affecting 
differently to different spatial frequencies76. Essentially, defocus filters high spatial 
frequencies more than mid and low spatial frequencies, and as the amount of defocus 
increases, more high frequencies are removed233. 
 
Some studies have measured the sensitivity to temporal changes in defocus, although 
only at low temporal frequencies. Walsh et al.234 found that the maximum sensitivity of 
0.1 D occurred for low spatial frequency stimuli, although their hardware limited the 
temporal frequency to 4Hz. Mathews et al.235 also measured the sensitivity to temporal 
changes of defocus, but for even lower temporal frequencies (from 0.2 to 0.8 Hz) and 
fixed peak-to-valley defocus changes of 0.5 D and 2.0 D. However, a complete study of 
the temporal sensitivity to defocus, including higher temporal frequencies, has not been 
addressed due to considerable limitations on the hardware, mainly restricted to the use 
of mechanical parts to induce the required changes in optical defocus. Other studies 
have evaluated changes in onscreen blur, by computationally manipulating digital 
images236. 
 
Fortunately, modern technologies such as optotunable lenses allow fast and precise 
changes in optical power, overcoming the limitations of traditional setups. Optotunable 
lenses are widely used in the field of artificial vision237, where temporal changes of the 
plane in focus are often needed. Autofocus systems are a representative example. Other 
emerging technologies use tunable lenses at high speeds. SimVis238 uses a temporal 
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multiplexing approach to simulate multifocal ophthalmic corrections by superimposing 
several images corresponding to different optical powers. If the temporal frequency is 
fast enough, the multifocal image is perceived as static. At the temporal frequency used, 
50 Hz, no flicker perception is perceived. Additionally, a new subjective refraction method 
to estimate the refractive error of an eye (i.e., myopia, hyperopia, and astigmatism), 
called Direct Subjective Refraction (presented in Chapter 4 of this thesis), produces 
flicker cues on purpose to guide the estimation of the refractive error159, producing 
changes in defocus at 15 Hz. These novel technologies invite further investigation of the 
spatiotemporal aspects of defocus sensitivity. 
 
In this study, we investigated the behavior of the visual system to changes in defocus for 
different temporal and spatial frequencies and natural and artificial stimuli. We report the 
Temporal Defocus Sensitivity Function (TDSF), and the Spatial Defocus Sensitivity 
Function (SDSF), and we combine both in the Spatiotemporal Defocus Sensitivity 
Function (STDSF), described for the first time. We also investigated the impact of 
accommodation in the measurement of the TDSF. 
 

3.2. Methods 
In this study, we measured the Spatiotemporal Defocus Sensitivity Function (STDSF), 
using an optotunable lens generating sinusoidal Temporal Defocus Waves (TDW). A 
two-interval forced-choice (2IFC) implemented in an adaptive QUEST psychophysical 
algorithm was used to determine the peak-to-valley defocus changes threshold for 
several temporal frequencies and spatial frequencies. 
 
3.2.1. Observers 
Seven observers participated in the experiment, aged from 22 to 28 years old (252.6 
on average). All of them had healthy stereovision (<40 arc seconds) and no color vision 
abnormalities. Their maximum visual acuity with their current prescription, measured with 
standard optometry techniques, was 0.0 logMAR or higher. Observers performed the 
experiments wearing their usual ophthalmic prescription if any. Three of the observers 
wore contact lenses, two wore glasses and two did not need any optical compensation. 
Only the left eye was measured. 
 
3.2.2. Experimental setup 
An optotunable lens, able to modify its optical power in response to an electric signal, is 
the active element generating sinusoidal TDW with different peak-to-valley defocus 
changes and temporal frequencies. To compensate for the dioptric distance to the 
display, the center of the TDW was always 1.00D, thus the defocus of the wave changed 
sinusoidally around that value (Figure 3.1A). We used a liquid-membrane optotunable 
lens (EL-10-30-TC, Optotune, Switzerland) that enables accurate variations in optical 
power in temporal regimes up to 100 Hz239. The optotunable lens is optically projected 
onto the pupil plane of the observer’s eye via a 4f-projection optical system (Figure 3.1A).  
 
The stimulus was displayed on an EliteDisplay E240 23.8’’ monitor (HP Inc, Palo Alto, 
USA) with a size of 55.72x34.22cm, a spatial resolution of 1920x1080 pixels, and a 
refresh rate of 60Hz. The monitor was driven by an NVIDIA Quadro P4000 dual Graphic 
card. The physical distance from the eye’s pupil to the first lens is 45 cm, and from the 
optotunable lens to the screen is 1m. While the actual distance from the pupil of the eye 
to the monitor is 1.25m, the effective optical distance is 1m. This optical setup allows 
changes in retinal blur (defocus) without displacements nor changes in magnification. 
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The maximum luminance of the monitor was 250cd/m2. The effective luminance of the 
monitor, after passing through the optical system, was around 25cd/m2. 
 

 
Figure 3.1. Setup for the experiment. A. Schematic representation of the optical system. It shows the 
retinal blur change produced by optical power change induce by the optotunable lens. The optotunable lens 
is projected onto the pupil’s eye using a 4f optical system. If the stimulus is defocused for the observer (in 
most situations) a large blur disk is produced on the retina (dark green). If the optotunable lens focuses the 
stimulus on the retina (light green), the blur disk produced is minimum. With this configuration, the optical 
power of the optotunable lens produces defocus blur in the image, without changing the position or the 
magnification. B. Stimuli for the experiment. All stimuli subtended 4 degrees of visual field. Stimuli 1-5: Gabor 
patches of 2, 4, 8, 16, and 32 cpd. The size of the Gabor changed across spatial frequencies. Stimulus 6: 
natural image patches of vegetables, fruits, bushes, and trees. An example of the patch used in this study 
is shown. Stimulus 7: gaussian edge of 0.5deg of standard deviation in X and Y. 
 
3.2.3. Stimuli 
Seven stimuli were used during the experiments all of them subtending 4 degrees of 
visual field. (Figure 3.1B). In stimuli 1-5, we used Gabor patches of 2, 4, 8, 16, and 32 
cycles per degree (cpd), equally spaced in a logarithmic scale of spatial frequency. 
Stimulus 6 was selected from a natural images database240 of well-focused images with 
the same contrast and luminance, conformed of fruits, vegetables, bushes, and trees. 
Stimulus 7 was a gaussian edge. During the experiments, all the stimuli were displayed 
on the monitor over a gray background. 
 
3.2.4. Experiments and procedures 
We used sinusoidal Temporal Defocus Waves (TDW; periodic sinusoidal variations in 
optical defocus) to measure perceptual thresholds to temporal changes in defocus, i.e., 
the minimum peak-to-valley defocus (change in defocus) producing a sensation of flicker. 
The measurements were repeated for different temporal frequencies and different 
stimuli.  
 
To find the threshold, we used a QUEST Bayesian adaptive procedure228 in a two-interval 
forced choice (2IFC) task over 30 trials. As illustrated in Figure 3.2, in each trial, two 
different TDW are displayed, a reference TDW and a testing TDW, randomly assigned 
to the first or the second interval. Both TDWs have the same defocus peak-to-valley 
defocus change and therefore produce the same amount of retinal blur, but the reference 
TDW has a reference temporal frequency of 62.5Hz, which is always perceived static, 
and the other one, the testing TDW, has the testing temporal frequency that may or may 
not produce flicker. 
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In each trial, the same stimulus was shown in both intervals of 1.7 seconds each. A gray 
screen was displayed for 0.5 seconds during a transition period between intervals. Sound 
cues were provided at the beginning of each interval. The task of the subject was to 
indicate, using a keyboard, in which of the two intervals the stimulus was perceived 
flickering: left-arrow for the first interval and right-arrow for the second interval. 
 
The response was considered correct if the subject selected the testing TDW, and 
incorrect if the subject selected the reference TDW. During the experiment the QUEST 
algorithm suggested the peak-to-valley defocus change of the next trial, based on all the 
previous responses of the observer. The peak-to-valley of the TDW was changed in 
variable steps ranging from a maximum peak-to-valley change of 4.5D (determined by 
the range of the tunable lens) to a minimum of 0.0D (no change in defocus) and precision 
of 0.01D. Completing each QUEST staircase took about 3 minutes. 
 
For each stimulus (the 5 Gabor patches, the natural image, the gaussian edge), seven 
testing temporal frequencies logarithmically spaced between 1.4 to 45Hz were measured 
in random order (1.4, 2.8, 5.5, 11, 22.1, 31.3 and 44.2 Hz). The number of cycles within 
the interval duration was always an integer number. The reference temporal frequency 
TDW was set to 62.5Hz in all cases, because i) the critical flicker frequency of the 
temporal contrast sensitivity function, for similar experimental luminance conditions, is 
always below 60 Hz62; and ii) pilot experiments with maximum TDW peak-to-valley 
observing a laser spot providing high luminance and contrast, as well as an expanded 
defocus Point Spread Function (due to coherence), showed no defocus flicker perception 
above 50 Hz.  
 

 
Figure 3.2. Trial sequence for the experiment. For a particular condition (stimulus 1 shown as an 
example), reference temporal frequency is displayed in the first interval and the testing temporal frequency 
in the second interval (in the experiment is randomized). Miniature speakerphones represent sound cues. 
Peak-to-valley defocus change threshold is found after 30 trials. 
 
We defined the Defocus Critical Fusion Frequency (DCFF) as the threshold separating 
defocus flicker perception and defocus fusion. For temporal frequencies beyond the 
DCFF, defocus flicker is not perceived, and the image is observed fused, perceived as 
static. We considered that the DCFF should be calculated with a peak-to-valley defocus 
change of 3.D, the maximum defocus in a conventional visual scenario with objects at 
different distances: from optical infinite to near vision -considered at 33cm-. 
 
Stimuli were generated with MATLAB (Math-works Inc., Natick, USA). Custom firmware 
was developed to control the electronics driving the optotunable lens. PsychToolbox 3241 
was used to synchronize the control of the tunable lens with the randomized stimulus 
presentation and the auditive signals, capturing the response of the subject and 
calculating the peak-to-valley change of the TDW for the next iteration. 
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The position of the subject was stabilized with a bite bar. Subjects aligned themselves in 
X and Y axes with the entrance pupil of the optical system using a micrometric system, 
a square TDW changing defocus between 0 and 2D at 15Hz, and a white cross over a 
gray background as an alignment stimulus. The alignment task is finding the XY position 
of the pupil producing minimum flicker (maximum superposition between images for 
different optical powers), corresponding to the optical axis of the projection system. As 
mentioned, subjects wore their optical correction to compensate for their refractive error 
during the experiments. The accommodation was free, except in control experiment 2. 
To remove acoustic cues (sounds produced by the optotunable lens), subjects wore 
earphones and listened to music during the experiments. 
 
We performed one main experiment and two control experiments. 
 
3.2.4.1. Experiment 1. Spatiotemporal defocus sensitivity experiment 
We measured the peak-to-valley defocus change threshold for seven temporal 
frequencies ranging from 1.2-45 Hz and for all stimuli (Figure 3.1B). Pupil size was not 
fixed. 
 
3.2.4.2. Control Experiment 1. Pupil size reduction 
Other residual cues besides defocus introduced by the tunable lens, such as 
magnification or image displacement, might potentially contribute to the perception of 
defocus flicker. To isolate the impact of those residual cues, we reduced the pupil size 
of the eye to 1 mm using a diaphragm projected onto the pupil of the eye, substantially 
reducing the retinal blur induced by defocus due to the decrease of the defocus disk. 
The peak-to-valley defocus change threshold was then measured for the same seven 
temporal frequencies as in the main experiment. This control experiment was only 
performed for stimulus 6 (natural images, Figure 3.1B). 
 
3.2.4.3. Control experiment 2. Paralyzed accommodation 
As accommodation was functional during the main experiment, small fluctuations of the 
accommodation may affect defocus flicker perception. In this control experiment, we 
instilled cycloplegic drugs (tropicamide 1%, second drop instilled 10 minutes after a first 
drop, and 30 minutes before the experiment) to paralyze the accommodation. To reduce 
the increase in pupil size due to the cycloplegic drugs, we kept a 4-mm pupil diameter 
by using a diaphragm projected onto the pupil of the eye. Control experiment 2 was 
carried out for stimulus 6 (natural images, Figure 3.1B). 
 
3.2.5. Spatiotemporal defocus sensitivity function 
To fit our experimental data, we considered well-established models of contrast 
sensitivity (see section 2.8). On the one hand, we considered the spatial model described 
by Mannos et al.231 for the Spatial Contrast Sensitivity Function (SCSF). In their model, 
spatial sensitivity is defined as 
 

𝑆𝐶𝑆𝐹(𝑓𝑠) = 𝑑 (𝑎 +
𝑓𝑠
𝑓𝑠0
) 𝑒

−(
𝑓𝑠
𝑓𝑠0

)
𝑐

 3.1 

 
where 𝑓𝑆 spatial frequency, 𝑑 is a gain factor, 𝑎 controls the shape of the curve, 𝑐 
determines the steepness of the curve for high frequencies and 𝑓𝑠0 is the peak frequency. 
In our experiments, instead of luminance contrast for different spatial frequencies, we 
use the peak-to-valley defocus change for different spatial frequencies (Gabor patches). 
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In this study, we define for the first time the spatial defocus sensitivity function (𝑆𝐷𝑆𝐹(𝑓𝑠)) 
of the human eye, as the sensitivity to the presence of defocus for different spatial 
frequencies. 
 
To describe 𝑆𝐷𝑆𝐹(𝑓𝑠), we used a model similar to the one used by Mannos for 𝑆𝐶𝑆𝐹(𝑓𝑠) 
(Equation 3.1), but with different parameters ( 𝑑𝐷, 𝑎𝐷, 𝑓𝑠0,𝐷, and 𝑐𝐷) that are now adapted 
to the presence of defocus and to the sensitivity of the observer to that defocus:  
 

𝑆𝐷𝑆𝐹(𝑓𝑠) = 𝑑𝐷 (𝑎𝐷 +
𝑓𝑠
𝑓𝑠0,𝐷

)𝑒
−(

𝑓𝑠
𝑓𝑠0

)
𝑐𝐷

 3.2 

 
On the other hand, we considered the temporal model described by Watson for the 
TCSF62. The temporal sensitivity is modeled as the difference between two temporal 
filters, one corresponding to low temporal frequencies and the other to high temporal 
frequencies, modulated by a gain factor. The total filter, 𝑓𝑡(𝑡), defines the impulse 
response in the temporal domain with the following equation 
 

𝑓𝑡(𝑡) = 𝜀 · [𝑓1(𝑡) − 𝜁 · 𝑓2(𝑡)] 3.3 
 
where 𝜀 is a gain factor, 𝜁 is the transience factor, and 𝑓1(𝑡) and 𝑓2(𝑡) represent each 
filter. 
 

𝑓1(𝑡) = 𝑢(𝑡) · (𝜏 · (𝑛1 − 1)!)
−1 · (

𝑡

𝜏
)
𝑛1

· 𝑒−(𝑡 𝜏⁄ ) 

𝑓2(𝑡) = 𝑢(𝑡) · (𝜅 · 𝜏 · (𝑛2 − 1)!)
−1 · (

𝑡

𝜅 · 𝜏
)
𝑛2

· 𝑒−(𝑡 𝜅·𝜏⁄ ) 
3.4 

 
where 𝑢(𝑡) is the unit step function, 𝜏 is a time constant, 𝜅 is the time constant ratio, and 
𝑛 is the number of stages of each filter. 
 
Computing the Fourier transform (FT) of the impulse response (Equation 3.4), the 
amplitude and phase responses can be estimated in the temporal frequency domain. 
According to Watson62, the amplitude response represents the temporal sensitivity 
(𝑆𝑇(𝑓𝑡)) of the human visual system (for luminance contrast): 
 

𝑇𝐶𝑆𝐹(𝑓𝑡) = 𝐹𝑇(𝑓(𝑡)) 3.5 
 
In this study, we define for the first time the temporal defocus sensitivity function 
(𝑇𝐷𝑆𝐹(𝑓𝑠)) of the human eye, as the sensitivity to defocus changes at different temporal 
frequencies. To describe 𝑇𝐷𝑆𝐹(𝑓𝑡), we used a model similar to the one used by Watson 
for 𝑇𝐶𝑆𝐹(𝑓𝑡) (Equations 3.4 and 3.5), but with different parameters (𝜀𝐷, 𝜁𝐷, 𝜏𝐷, 𝜅𝐷, 𝑛1𝐷, 
𝑛2𝐷) that are now adapted to the presence of defocus and to the sensitivity of the 
observer to that defocus: 

𝑓𝐷(𝑡) = 𝜀𝐷𝑢(𝑡)𝜏𝐷𝑒
−
𝜅𝐷(𝑡+1)
𝜅𝐷·𝜏𝐷 [((𝑛1𝐷 − 1)!)

−1
(
𝑡

𝜏𝐷
)
𝑛1𝐷

− 𝜁𝐷(𝜅(𝑛2𝐷 − 1)!)
−1 (

𝑡

𝜅𝐷 · 𝜏𝐷
)
𝑛2𝐷

] 

𝑇𝐷𝑆𝐹(𝑓𝑡) = 𝐹𝑇(𝑓𝐷(𝑡)) 

3.6 

 
where 𝑓𝐷(𝑡) is the total filter for defocus.  
 



Methods 

 
60 

 

In this study, both in the spatial and temporal domains, what we measured were the 
defocus detection thresholds, which are the inverse of defocus sensitivity. Figure 3.3 
shows the process of fitting the models to the experimental data (only TDSF is shown, 
but we used a similar approach for the SDSF). We used the Nelder-Mead simplex 
optimization algorithm (direct search) for each subject and stimulus, to obtain the curve 
of temporal defocus thresholds in D units (minimum peak-to-valley defocus change 
perceived) and, by inverting it, the TDSF (in D-1 units).  
 

 
Figure 3.3. Fitting model. Process of fitting the experimental data to the model described by Watson 198662. 
The impulse response of the system (black line in the left graph) is the difference between two filters: one 
for low temporal frequencies (blue line) and one for high temporal frequencies (red line). Applying a Fourier 
transform, we obtain the amplitude response, corresponding to the Temporal Defocus Sensitivity Function 
(TDSF). The inverse of the TDSF can be fitted to the experimental data. 
 
In this study, we measured combinations of the different spatial (Gabor patches) and 
temporal (TDWs) conditions. To construct the spatiotemporal defocus sensitivity function 
(STDSF), defined as the sensitivity to the presence of defocus in the spatial and temporal 
domain, and to compare it with the well-known spatiotemporal contrast sensitivity 
function (STCSF), we used the model proposed by Lambretch et al.73 that considers the 
spatiotemporal sensitivity as a non-separable function of spatial and temporal 
information. According to Lambretch et al: 
 

𝑆𝑇𝐶𝑆𝐹(𝑓𝑠, 𝑓𝑡) = 𝛼 (𝑆𝐶𝑆𝐹𝑓𝑡1
(𝑓𝑠) · 𝑇𝐶𝑆𝐹𝑓𝑠1

(𝑓𝑡) + 𝛽 · 𝑆𝐶𝑆𝐹𝑓𝑡2
(𝑓𝑠) · 𝑇𝐶𝑆𝐹𝑓𝑠2

(𝑓𝑡)

+ 𝛾 · 𝑆𝐶𝑆𝐹𝑓𝑡2
(𝑓𝑠) · 𝑇𝐶𝑆𝐹𝑓𝑠1

(𝑓𝑡) + 𝛿 · 𝑆𝐶𝑆𝐹𝑓𝑡1
(𝑓𝑠)

· 𝑇𝐶𝑆𝐹𝑓𝑠2
(𝑓𝑡)) 

3.7 

 
where 𝛼, 𝛽, 𝛾 and 𝛿 are normalization factors, 𝑆𝐶𝑆𝐹𝑓𝑡1  and 𝑆𝐶𝑆𝐹𝑓𝑡2  are the spatial 
sensitivities for particular temporal frequencies (𝑓𝑡1and 𝑓𝑡2) and 𝑇𝐶𝑆𝐹𝑓𝑠1 and 𝑇𝐶𝑆𝐹𝑓𝑠2  are 
the temporal sensitivities for particular spatial frequencies (𝑓𝑠1and 𝑓𝑠2), obtained 
previously in Equations 3.1 and 3.5, respectively. In Lambretch’s model, the spatial and 
temporal sensitivities were selected based on the original Burbeck’s description72, 
selecting the spatial sensitivities for 1 and 19 Hz (𝑆𝐶𝑆𝐹1 and 𝑆𝐶𝑆𝐹19) and the temporal 
sensitivities for 0.5 and 10 cpd (𝑇𝐶𝑆𝐹0.5 and 𝑇𝐶𝑆𝐹10). We used this same model with 
different parameters to describe the spatiotemporal defocus sensitivity function 
(𝑆𝐷𝐶𝑆𝐹(𝑓𝑠, 𝑓𝑡)) of the human eye:  
 



Spatiotemporal defocus sensitivity function 

 
61 

 

𝑆𝑇𝐷𝑆𝐹(𝑓𝑠, 𝑓𝑡) = 𝛼𝐷 (𝑆𝐷𝑆𝐹𝑓𝑡1
(𝑓𝑠) · 𝑇𝐷𝑆𝐹𝑓𝑠1

(𝑓𝑡) + 𝛽𝐷 · 𝑆𝐷𝑆𝐹𝑓𝑡2
(𝑓𝑠)

· 𝑇𝐷𝑆𝐹𝑓𝑠2
(𝑓𝑡) + 𝛾𝐷 · 𝑆𝐷𝑆𝐹𝑓𝑡2

(𝑓𝑠) · 𝑇𝐷𝑆𝐹𝑓𝑠1
(𝑓𝑡) + 𝛿𝐷

· 𝑆𝐷𝑆𝐹𝑓𝑡1
(𝑓𝑠) · 𝑇𝐷𝑆𝐹𝑓𝑠2

(𝑓𝑡)) 

3.8 

 
where 𝛼𝐷, 𝛽𝐷, 𝛾𝐷, and 𝛿𝐷 are referred now to defocus sensitivity, 𝑆𝐷𝑆𝐹𝑓𝑡1  and 𝑆𝐷𝑆𝐹𝑓𝑡2  
are the spatial defocus sensitivities for particular temporal frequencies (𝑓𝑡1and 𝑓𝑡2) and 
𝑇𝐷𝑆𝐹𝑓𝑠1  and 𝑇𝐷𝑆𝐹𝑓𝑠2  are the temporal defocus sensitivities for particular spatial 
frequencies (𝑓𝑠1and 𝑓𝑠2), obtained previously in Equations 3.2 and 3.6, respectively. In 
our experiment, we used the spatial defocus sensitivities 𝑆𝐷𝑆𝐹𝑓𝑡1  and 𝑆𝐷𝑆𝐹𝑓𝑡2 measured 
for 1.1 and 22.2 Hz and the temporal defocus sensitivities 𝑇𝐷𝑆𝐹𝑓𝑠1  and 𝑇𝐷𝑆𝐹𝑓𝑠2  
measured for 2 and 8 cpd.  
 
The window of visibility, a concept defined for contrast sensitivity71, describes the 
spatiotemporal boundary of contrast perception. Spatial and temporal components that 
lie outside the window are invisible, and those within the window are somewhat visible, 
depending on the spatiotemporal contrast sensitivity function. Similarly, we can define a 
window of defocus visibility, the spatiotemporal limits of defocus perception. We 
considered the boundary between visible and invisible when defocus sensitivity is below 
0.3D-1. 
 
3.2.6. Statistical analysis 
To analyze the statistical significance between stimuli (Gabor patches, natural images, 
and edge) and main between also experiment (for natural images) and control 
experiments (pupil reduction and paralyzed accommodation) paired t-tests were used. 
We analyzed differences for each temporal frequency measured (seven in total). The 
statistical level to achieve statistical significance was set to 5% (p=0.05). 
 

3.3. Results 
Figure 3.4 shows a representative example of the results obtained for one subject. Figure 
3.4A shows the progress of the QUEST procedure along trials for seven temporal 
frequencies (each one indicated with a different color) for subject 1 (S1) and a Gabor 
patch of 32cpd. The peak-to-valley defocus change threshold (in D) is indicated as a dot 
at the end of each QUEST staircase. A peak-to-valley defocus change threshold above 
3.00 D (indicated with a dashed line) is considered perception without flicker, i.e. 
complete fusion of the temporal defocus wave. The threshold obtained for each temporal 
frequency and the fitting described in Equation 3.6, the inverse of the Temporal Defocus 
Sensitivity Function (TDSF), are shown in Figure 3.4B. The minimum threshold (i.e., 
maximum sensitivity) and the Defocus Critical Fusion Frequency (DCFF) are indicated 
with a blue and red cross, respectively. For this subject and condition, flicker is not 
perceived at high temporal frequencies (31.2 and 44.2 Hz). The minimum threshold is 
0.25 D (corresponding to a maximum sensitivity of 4.00 D-1) at 11 Hz. Figure 3.4C shows 
the inverse TDSF, the DCFF, and the minimum threshold for S1 and all spatial 
frequencies measured. The DCFF ranged from 28 to 34 Hz and the threshold from 0.21 
to 0.59 D (corresponding to maximum sensitivity of 4.76 to 1.69 D-1) at 8.4 to 11.6 Hz. 
Overall, the DCFF is around 30 Hz, and the maximum sensitivity is around 10 Hz. 
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Figure 3.4. Temporal sensitivity to changes in defocus. A. Progress of the Quest procedure for different 
temporal frequencies, for Subject S1 and a Gabor patch of 32cpd. The endpoints of each curve represent 
the defocus amplitude threshold estimated after 30 trials. B. Thresholds obtained for each temporal 
frequency. The black line represents the fitting of Watson’s model (see Equation 3.6). Minimum threshold 
peak-to-valley defocus change (i.e., maximum sensitivity) is displayed as a blue cross. The Defocus Critical 
Fusion Frequency (DCFF) is displayed as a red cross. C. Thresholds were obtained for each temporal 
frequency and all spatial frequencies measured for S1. 
 
Figure 3.5 and Table 3.1 show the results averaged for all subjects and all stimuli 
measured. In Figure 3.5A, the results for the Gabor patches with different spatial 
frequencies. Figure 3.5B shows the results averaged across subjects for the natural 
images stimulus. Similarly, Figure 3.5C shows the results averaged across subjects for 
the edge stimulus. In Table 3.1 we show the minimum threshold, maximum sensitivity, 
temporal frequency of the maximum sensitivity, and the DCFF, averaged across 
subjects. Comparing the Gabor of spatial frequency with maximum sensitivity (16cpd) 
with natural images and edge stimulus, there is a non-significant statistical difference for 
any temporal frequency (paired t-test p<.05 in all comparisons). 
 
Table 3.1. Temporal sensitivity function results for all stimuli. Average across subjects.  

Stimulus Minimum 
Threshold (D) 

Maximum 
Sensitivity (D-1) 

Temporal Frequency 
of the Maximum (Hz) 

DCFF 
(Hz) 

2 cpd 0.55 1.81 10.2 40.0 

4 cpd 0.40 2.50 10.5 33.7 

8 cpd 0.25 4.00 9.4 32.3 

16 cpd 0.22 4.54 8.6 32.2 

32 cpd 0.43 2.33 7.7 31.0 
Natural 
Image 0.32 3.13 11.8 40.9 

Edge 0.29 3.44 11.6 41.9 
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Figure 3.5. Average across subjects. A miniature of each stimulus is displayed in the left corner of each 
subplot. A. Gabor patches. Defocus temporal sensitivity function for Gabor patches of different spatial 
frequencies. Circles represent the data and lines the fitting. Red color indicates 2 cpd, red 4 cpd, blue 8 cpd, 
magenta 16 cpd, and gray 32 cpd. B. Natural Images. Defocus temporal sensitivity function for natural 
images condition averaged across subjects. Red squares represent the data and the red line the fitting. C. 
Edge. Defocus temporal sensitivity function for edge condition averaged across subjects. Red diamonds 
represent data and the red line the fitting. 
 
Control experiments 
Figure 3.6A shows the results averaged across subjects for the normal experiment (in 
red), for control experiment 1 (pupil reduction, in green), and control experiment 2 
(paralyzed accommodation, in dark yellow). The DCFF for pupil reduction and paralyzed 
accommodation is found at 22.3 and 36.1Hz and the minimum threshold is found at 
0.50D (2.00D-1) at 3.6Hz and 0.34D (2.94D-1) at 7Hz, respectively. For low temporal 
frequencies, the minimum threshold is slightly lower (higher sensitivity) for both control 
experiments, and for medium and high temporal frequencies the minimum threshold is 
higher (lower sensitivity) for control experiments. For control experiment 1, paired t-tests 
report non-significant differences for low temporal frequencies (1.4 and 2.8Hz, p>.05) 
but significant differences for temporal frequencies higher than 2.8Hz (p<.05). For control 
experiment 2, paired t-tests report non-significant differences for all temporal frequencies 
(p<.05). 

 

 
Figure 3.6. Control experiments. It shows the results for the main experiment for natural image stimulus 
and the control experiments. In red, the data for the main experiment, in green for the pupil reduction control 
experiment, and in dark yellow for the paralyzed accommodation control experiment. 
 
Spatial Defocus Sensitivity Function 
To obtain the Spatial Defocus Sensitivity Function (SDSF) we used the fitting described 
in section 3.2 and developed by Mannos et al.231. The results averaged across subjects 
are shown in Table 3.2 and plotted in Figure 3.7A (left plot). We did not show the results 
for 44.4Hz because the experimental data was above 3.0 D for all temporal frequencies 
and subjects. 
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Table 3.2. Spatial sensitivity function results for all stimuli. Average across subjects. 

Temporal 
Frequency (Hz) 

Minimum 
Threshold (D) 

Maximum 
Sensitivity (D-1) 

Spatial Frequency of 
the Maximum (cpd) 

DCFF 
(cpd) 

1.4  0.65 1.54 21.0 57.6 

2.8 0.35 2.86 17.8 47.8 

5.5 0.24 4.17 14.0 58.8 

11.0 0.22 4.55 13.8 51.4 

22.1 0.66 1.51 9.0 56.0 

31.2 0.60 1.67 6.0 28.8 
 
Spatiotemporal Defocus Sensitivity Function 
To obtain the SDSF in (Figure 3.7A, left plot), the TDSF (Figure 3.7A, middle plot), and 
the spatiotemporal defocus sensitivity function (STDSF, Figure 3.7A, right plot) we used 
Equation 3.2, Equation 3.6, and Equation 3.8, respectively. Figure 3.7A (right plot) shows 
the STDSF. The parameters of the model where 𝛼𝐷, 𝛽𝐷, 𝛾𝐷, and 𝛿𝐷 are 1, 10, -5, and 
3.74, respectively. The maximum sensitivity is 4.55D-1 at 13.6cpd and 9.6Hz. The window 
of visibility for defocus (displayed as a red line) is defined as the boundaries for defocus 
perception and is found when sensitivity decreases to 0.3 (inverse of 3.0D), covering a 
region around 40 cpd to 40Hz. Table 3.3 shows the parameters of the SDSF for all 
temporal frequencies and the parameters of the TDSF for all spatial frequencies shown 
in Figures 3.7A and 3.7B. 
 
Table 3.3. Parameters of the models for SDSF and TDSF. The data for the fitting was obtained from the 
averages across subjects for Gabor stimuli. 

𝑺𝑫𝑺𝑭(𝒇𝒕) 

- 

Temporal 
Frequency (Hz) 𝒅𝑫 𝒂𝑫 𝒇𝒔𝟎,𝑫 𝒄𝑫 

1.38 3.27 0.01 31.36 1.77 
2.76 5.89 0.07 26.51 2.13 
5.52 10.53 0.03 17.4 1.27 
1.05 10.76 0.06 18.99 1.51 
22.1 3.40 0.14 5.62 0.67 

31.25 0.61 -0.54 0.36 0.37 
𝑻𝑫𝑺𝑭(𝒇𝒔) 

Spatial 
Frequency (cpd) 𝜺𝑫 𝜻𝑫 𝝉𝑫 𝜿𝑫 𝒏𝟏𝑫 𝒏𝟐𝑫 

2 2.05 0.81 6.6 0.43 8 9 
4 20.81 0.97 5.52 0.93 9 9 
8 49.81 0.99 6.47 0.84 8 9 

16 13.89 0.91 7.25 0.71 9 10 
32 3.22 0.62 8.17 0.45 8 9 

 
Figure 3.7B shows the spatial contrast sensitivity function (SCSF, left plot), temporal 
contrast sensitivity function (TCSF, middle plot), and spatiotemporal contrast sensitivity 
function, (STCSF, right plot), to compare with the defocus sensitivity. For the STCSF the 
maximum is 385 at around 1cpd and 10 Hz. 
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Figure 3.7. Spatiotemporal Sensitivity. A. Spatiotemporal Defocus Sensitivity Function (STDSF). It 
shows the spatiotemporal defocus sensitivity function from the experimental data obtained in this study, 
averaged across subjects and conditions. On the left, the spatial defocus sensitivity function (SDSF) for 
different temporal frequencies. In the middle, the temporal defocus sensitivity function (TDSF) for different 
spatial frequencies. On the left, the spatiotemporal defocus sensitivity function (STDSF) contour plot. In red, 
the defocus window of visibility. B. Spatiotemporal Contrast Sensitivity Function (SCDSF). On the left, 
the spatial contrast sensitivity function (SCSF) for 19 and 1 Hz temporal frequencies, based on Mannos et 
al.231. In the middle, the temporal contrast sensitivity function (TCSF) for 10 and 0.5cpd spatial frequencies, 
based on Watson62. On the right, the spatiotemporal contrast sensitivity function (STCSF), based on 
Lambretch et al.73. 
 

3.4. Discussion 
Spatiotemporal defocus sensitivity function 
In this study, we have measured and described, for the first time, the spatiotemporal 
defocus sensitivity function (STDSF). Our results report, on average across subjects, 
maximum sensitivity to changes in defocus at 13.6cpd and 9.6Hz. Compared with the 
spatiotemporal contrast sensitivity function (STCSF), the maximum sensitivity was found 
at a very different spatial frequency (1-2cpd) and similar temporal frequency (10 Hz). The 
shapes of both sensitivity curves follow the same trend and there is a shift in the spatial 
frequency providing the maximum sensitivity (2 cpd in contrast, 14 cpd in defocus). This 
result can be explained by the fact that defocus affects less at low spatial frequencies 
than at medium and high spatial frequencies, and therefore the detection of flicker at 
medium and high spatial frequencies is more sensitive. The absolute value of maximum 
sensitivity is much higher for contrast than for defocus (385 vs 5 D-1), but this is due to 
the different magnitudes and units involved (contrast vs diopters).  
 
The model described by Watson62 to explain the temporal contrast sensitivity function 
(TCSF) was adapted in this study to fit the temporal defocus sensitivity function (TDSF). 
We obtained different results when using the model with our experimental data and the 
new magnitude (defocus). First, in Watson’s model, the contrast Critical Flicker 
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Frequency (CFF) varied between 50-70 Hz, depending on the stimulus condition. 
However, our data yields Defocus Critical Fusion Frequencies (DCFFs) around 30-40Hz. 
At high temporal frequencies, the CFF is obtained at high contrast and the DCFF at high 
defocus values. While CFF is obtained with the maximum physical contrast (~1) DCFF 
is obtained at ~3D. Second, the limit for defocus changes was relatively low, as it was 
defined as the dioptric change between far and near vision (3.0 D). A higher dioptric limit 
may have shifted the DCFF to higher temporal frequencies, but 3.0D seems like a 
reasonable limit in vision as larger defocus changes are unusual.  
 
Mannos et al.231 described a model for spatial contrast sensitivity that was used in this 
study to find the spatial defocus sensitivity function (SDSF). After fitting, the model 
predicted our experimental data well. In addition, the model explained by Burbeck et al.72 
and lately refined by Lambretch et al. 73 was also used to describe the STDSF.  
 
Influence of the pupil  
For control experiment 1, reduced pupil diameter, the sensitivity at medium and high 
temporal frequencies (>2.8Hz) was significantly lower (higher threshold, Figure 3.6) than 
for the normal experiment. The result is explained by the overall reduction in retinal blur 
and the increase in depth-of-focus due to pupil reduction, which effectively reduces the 
differences in the retinal image with the different defocus levels, and therefore the 
sensitivity.  
 
Flicker-detection task and accommodation 
A physiological source of temporal changes in defocus is accommodation, the ability of 
the crystalline lens to change its optical power. Accommodation could be a very fast 
process, that can be activated in a few milliseconds (around 300ms242). However, it has 
been reported that the accommodative response is not able to follow changes in defocus 
faster than 2 Hz9,234,243. Beyond that frequency, the temporal response of accommodation 
is erratic and hardly accurate. This occurs in a blur-detection task, where the 
accommodation is elicited on purpose for focusing on the target (i.e., the evaluation of 
visual acuity). However, in this study, the task consists of flicker detection, and the 
accommodation response may differ. 
 
In the results reported for control experiment 2, where the accommodation was paralyzed 
by instilling cycloplegic drugs, we found slightly higher sensitivity at low temporal 
frequencies than in the normal experiment with free accommodation (Figure 3.6), but the 
differences were non-significant. Besides, in control experiment 2 for medium and high 
temporal frequencies, the results are statistically similar. Both results suggest that 
accommodation does not vary during the defocus flicker detection task, even at low 
temporal frequencies. The varying defocus seems to deactivate accommodation, and 
the eye keeps its optical power stable, probably in a relaxed position. 
 
Implications of the spatiotemporal defocus sensitivity function 
The STDSF not only provides basic scientific knowledge but a theoretical framework for 
new technologies that make use of temporal changes in defocus. SimVis Gekko is a 
visual simulator, used in other chapters of this thesis, that uses optotunable lenses under 
a temporal multiplexing approach. It induces fast changes in defocus to project in the 
retina of the patient a superposition of image components that are perceived as a static 
multifocal image, thanks to temporal fusion. In this way, the device can provide 
programmable simulations of existing multifocal lens models. SimVis Gekko works at a 
temporal frequency of 50Hz113,229, above all the Defocus Critical Flicker Fusions 
measured in this study for all conditions, and therefore defocus flicker should not be 
perceived. Additionally, the dynamic response of tunable lenses has been reported to be 
more erratic as speed increases239. Moreover, the temporal sensitivity to contrast 
decreases with age, with a shift of the maximum sensitivity to lower temporal 
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frequencies64. Further studies of defocus flicker might include presbyopes, the target for 
multifocal corrections and SimVis Gekko. 
 
Another recent application using fast changes in defocus, developed during this thesis 
(see Chapter 4), is the Direct Subjective Refraction. It is a new method for estimating the 
refractive error of an eye, which uses temporal changes of 15Hz to create flicker cues 
on purpose and to find the spherical equivalent of the eye159. The results of this study 
can be used to characterize the parameters of the new visual task that imply periodic 
changes in defocus.  
 

3.5. Conclusions 
In this study we have reported for the first time the spatiotemporal defocus sensitivity 
function of the human eye, finding a maximum of sensitivity around 14cpd and 10Hz 
(spatial frequency and temporal frequency) and limits of sensitivity, defined by the 
defocus window of sensitivity, at 40 cpd and 40 Hz. We have also demonstrated that 
accommodation is not stimulated while performing a defocus flicker-detection task. The 
spatiotemporal defocus sensitivity function described in this study has implications for 
new technologies that make use of fast changes in defocus in their working principles. 
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Chapter 4. The Direct Subjective 
Refraction 

This chapter describes the development of a new method for estimating the spherical 
equivalent of the refractive error of the eye, which we call the Direct Subjective Refraction 
(DSR). It uses an optotunable creating temporal defocus waves that interact with the 
longitudinal chromatic aberration of the eye, producing flicker and chromatic distortions 
that are minimum when the mean optical power of the wave matches the spherical 
equivalent of the eye. In this chapter, the DSR working principle is described and the 
result of the DSR method is compared with an unsupervised version of the traditional 
subjective refraction (UTSR) and with the traditional subjective refraction method (TSR).  
 
This chapter is based on the article by Victor Rodriguez-Lopez et al. “The Direct 
Subjective Refraction: Unsupervised measurements of the subjective refraction using 
defocus waves”, available as a preprint in BioXrv (2021) and submitted to Translational 
Vision Science Technology (2022). The co-authors of the article are Alfonso Hernandez-
Poyatos and Carlos Dorronsoro. 
 
The contribution of the author of the thesis was the conceptualization and design of the 
study in collaboration with Carlos Dorronsoro, the literature research, the design of the 
experiments in collaboration with Carlos Dorronsoro, the collection of the data in 
collaboration with Alfonso Hernandez-Poyatos, the analysis of the data, the writing of the 
chapter and the editing of the chapter in collaboration with Carlos Dorronsoro. 
 
This work was presented as an oral contribution at the Association for Vision and 
Research in Ophthalmology (ARVO) meeting in 2019 in Vancouver. The work was 
considered a hot topic at the meeting, among the best 1% of all the contributions to the 
conference. It also received media coverage during said conference. Also, it was 
presented as an invited talk in Optica Vision & Color Summer Data Blast Session (online) 
2022. 
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4.1. Introduction 
The previous chapter has explored the perceptual limits of the human visual system to 
spatial and temporal changes in defocus. During the experiments in that study, we found 
an unexpected illusion that happened at medium temporal frequencies on high contrast 
black-and-white edges: some colors, that were not in the stimulus, appeared on the black 
side of the edges. They looked like a flickering rainbow. We performed more experiments 
to test different hypotheses aiming at explaining the reason behind this phenomenon, 
and we found out that those effects were due to the longitudinal chromatic aberration of 
the eye, interacting with the defocus wave. Later, we improved the stimulus to maximize 
the chromatic effects generated, and to measure the refractive state of an eye. This 
chapter addresses the development of the technique and the first measurements in 
volunteer subjects. 
 
The gold standard to assess the refractive error of an eye is subjective refraction91,244. 
This procedure is probably the most frequent procedure performed in eye care clinics. In 
fact, subjective refraction is performed on most patients, both to identify the best optical 
correction for each eye, and to provide a first approach to the general state of the eyes 
and the visual system.  
 
Traditionally, objective refraction instruments (retinoscopes, autorefractors) are used to 
provide a first approximation to the patient’s refraction, which has to be subsequently 
refined91. The subjective refraction procedure thus begins by adding more positive 
power, usually +1.00 diopter (D), to the starting point to induce myopic defocus, and then 
reducing said addition in steps of 0.25D until the best visual acuity is reached. This 
method, known as fogging, is used to relax the eye, reducing the impact of 
accommodation in the measurement. Other subjective refraction techniques, such as the 
duochrome test or Jackson’s Cross Cylinders (JCC), can refine the result.  
 
Different technologies have been used to support subjective refraction procedures. The 
most common, trial frames, manual phoropters, and digital phoropters, provide high 
correlations and non-significant differences139. 
 
The subjective refraction procedure usually takes more than 6 minutes161 and can be 
much longer depending on the collaboration of the patient. The subjective nature of the 
subjective refraction implies deviations in the measurement result. The standard 
deviation across measurements performed by the same optometrist (the intraoptometrist 
variability) ranges between 0.20 and 0.32D124,127,143–145. The influence of the optometrist, 
determined by the standard deviation across measurements performed by different 
optometrists evaluating the same eye (the interoptometrist variability) has been reported 
to be as high as 0.38D127,128,145,146,245,246.  
 
In clinical practice, faster measurements imply increasing variability. New procedures 
and technologies have tried to displace this trade-off and provide faster measurements 
without affecting performance161. 
 
In an attempt to reduce the measurement time and facilitate both the task of the patient 
and the complexity of the procedure, many objective refraction technologies, that do not 
require subjective responses from the patient, have been improved throughout the years.  
 
Autorefractors provide a direct measurement of the refractive error of the patient. Classic 
autorefractors project optical objects (typically dots or rings) onto the eye and obtain the 
refractive state of the eye from the analysis of the retinal image (typically the size or the 
blur of the image), using different technologies such as infrared lasers, LEDs, 
superluminescent diodes, Badal systems, CCD or CMOS cameras123. Many of them also 
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incorporate fogging algorithms. Moreover, new technologies based on wavefront 
analysis have emerged over the years25. Several studies have reported very high 
repeatability of autorefractometers, with a standard deviation of repeated measurements 
ranging from ±0.12 to ±0.37D124–127.  
 
Other studies have reported significant differences in spherical equivalent between 
autorefractometers and subjective refraction. Thibos et al.25 studied the precision of 33 
different metrics derived from the wavefront aberration map of the eye, to predict the 
spherical equivalent of the refractive error. They found mean absolute differences on the 
spherical equivalent, compared with the subjective refraction, ranging from 0.25 to 
0.48D, giving birth, in 2004, to wavefront autorefractometry, a discipline that has 
provided several autorefraction technologies over the years125,127–133. Modern 
autorefractometers provide mean absolute differences ranging from ±0.55 to ±0.24D, 
depending on the autorefractometer129,134. A recent review135 analyzed four portable 
autorefractors and reported that QuickSee provides the lowest mean absolute difference 
(±0.21D)136. Many other studies have compared subjective refraction with different types 
of autorefractors, reporting similar differences126,128,130–133. To summarize, both classic 
autorefraction and wavefront-based autorefraction provide high repeatability, with 
wavefront autorefractors providing better predictions of the spherical component of the 
subjective refraction (mean absolute deviations between 0.25 and ±0.50D). Other 
objective tools, such as deep-learning algorithms137, have been used to predict the 
spherical refractive error from retinal fundus images, but their outcomes are still far from 
other objective techniques (0.91D with respect to the subjective refraction).  
 
Interestingly, the outcome of subjective refraction is better visually accepted than the 
outcome of autorefraction245,247 with higher visual acuity reported with subjective 
refraction than with autorefraction248,249.  
 
Some recent developments advance toward self-refraction and unsupervised subjective 
refraction. Sheedy et al.127 compared an automatic subjective refraction system, the 
Topcon BV-1000 with computerized forced-choice questions, autorefraction, and with 
traditional subjective refraction. The virtual subjective refraction141 was proposed as a 
semi-automatic subjective refraction method that combines wavefront-based objective 
refraction providing a starting point, and an algorithm driving a virtual-reality system and 
processing the responses of the subject. The EYER method140 combines a wavefront 
autorefractor and a phoropter to, based on the answers of the subjects to specific 
questions, change the lenses of a phoropter and obtain the refractive error subjectively. 
Leube et al.152 tested an unsupervised self-refraction procedure based on the shift of a 
pair of Alvarez lenses to compensate for the spherical refractive error. Rotation of the 
lenses also allows the compensation of astigmatism. Wisse et al.154 tested a web-based 
tool (different letter tests and algorithms) to measure the refractive error. These methods 
report mean absolute differences in subjective refraction between ±0.41 and ±0.21D. 
Furthermore, Elliot244 suggested questionnaires based on patient satisfaction and 
preference250. The main inconvenience is that this procedure is time-consuming because 
it implies testing different corrections for several days until the patient feels satisfied with 
the prescription 
 
As already mentioned, accommodation is an important issue in refractive error 
evaluation, common to objective and subjective refraction techniques, especially in 
young populations130. Different strategies aimed at reducing its impact. Even with the 
fogging method, traditionally used in subjective refraction, and later incorporated into 
certain objective methods, mild or higher hyperopias are often missed. Cycloplegic drugs 
can null the influence of accommodation, although they produce other unwanted effects 
such as pupil dilation, visual discomfort, or photophobia. Zadnik et al.124 reported a higher 
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standard deviation (lower repeatability) in cycloplegic subjective refraction versus non-
cycloplegic subjective refraction (±0.48 vs ±0.32D). Additionally, Choong et al.251 and 
Rauscher et al.252 reported, in a population of 117 and 201 children, respectively, that 
cycloplegic autorefraction was more accurate than non-cycloplegic, which gives more 
myopic outcomes (~0.5D). Overcorrection of myopia or undercorrection of hyperopia, 
mainly provoked by accommodation, can produce asthenopia and headache253. Those 
symptoms could be eliminated with a better estimation, insensitive to accommodation, 
of the refractive error. 
 
The current trend161 is to direct the evaluation of the refractive error toward automatic 
unsupervised methods, that minimize: 1) miscommunications between the clinician and 
the patient; 2) the measurement variability; 3) the measurement time; 4) the influence of 
accommodation (without the need of cycloplegic drugs). Subjective methods are likely to 
achieve results that are closer to the traditional subjective refraction, which is nowadays 
still considered the universal gold standard in the evaluation of refractive error. 
 

4.2. The Direct Subjective Refraction concept 
The Direct Subjective Refraction (DSR), a new concept proposed in this study, is a 
subjective method to obtain the spherical equivalent of an eye, i.e., the optical power 
needed to compensate for the spherical refractive error. It is based on inducing rapid and 
periodic temporal changes in the optical power of an eye (Temporal Defocus Waves; 
TDWs) and therefore producing periodic temporal changes in the focus state of the 
retinal image while maintaining its position and magnification254. These fast periodic 
changes in defocus produce periodic changes in retinal blur and the visual perception of 
flicker in the image, which is minimum when the mean optical power of the TDW 
corresponds to the spherical equivalent of the subjective refraction of the eye. The flicker 
increases as the mean optical power of the TDW moves away from the spherical 
equivalent becoming more and more myopic or hyperopic. 
 
In this method, the stimulus is made of different chromatic components, for example, 
blue and red monochromatic components and combinations of them. Due to the 
Longitudinal Chromatic Aberration (LCA) of the eye, each monochromatic component is 
focused at a different axial position relative to the retina. The TDW interacts with the LCA 
producing color distortions in the stimulus and differences in the flicker of the different 
chromatic components. These color distortions are minimum, again, when the mean 
optical power of the TDW matches the spherical equivalent of the eye. Interestingly, the 
color distortions are different on both sides of the focus. 
 
The task of the observer in the DSR method is to minimize 1) the flicker in the stimulus 
and 2) the color distortions. Both perceptual effects are dynamic, concurrent, and very 
apparent to the observer. As a result, the two perceptual effects used in the minimization 
task reinforce each other to converge to a common focus, making the task easy for the 
observer. Around the focus, flicker and color distortions are image features perceptually 
stronger than the static blur commonly used to guide the traditional subjective refraction. 
In other words, the dual minimization task used in DSR is more sensitive than the one 
used in the traditional subjective refraction (blur reduction) and less affected by 
accommodation. In this study, we will demonstrate that the results obtained with the DSR 
method are more robust, precise, and direct (providing faster and more repeatable 
measurements) than those obtained with the traditional method. 
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4.2.1. Working principle 
Figure 4.1 describes the working principle of DSR, based on the dynamic interactions 
between the LCA of the eye and the fast temporal variations of optical power induced by 
the TDW (Figures 4.1A, 4.1B, and 4.1C). The through-focus retinal images of the edges 
of a stimulus are very different across chromatic components due to LCA (as an 
example: red monochromatic edge through focus in Figure 4.1D; blue monochromatic 
edge in Figure 4.1E; magenta bi-chromatic edge -red plus blue- in Figure 4.1F). The 
periodic alternation in defocus generated by the TDW produces quick variations in blur 
that are perceived as periodic luminance changes, i.e., flicker. At a given defocus, the 
blur is different for each chromatic component, and the different spread of light produces 
energy unbalances, changing the color around the edges of the stimulus (Figures 4.1G 
and 4.1H). The observer subjectively selects their refraction by adjusting the mean value 
of the TDW (i.e., their refractive state) until those perceptual effects -flicker and color 
artifacts- are reduced to a minimum. 
 
Six representative through-focus planes are considered in Figure 4.1, numbered 1 to 6, 
and shown as dashed lines in Figures 4.1A, 4.1B, and 4.1C. The TDW is represented by 
two bold dashed lines indicating the two planes of alternating focus. Figures 4.1A, 4.1B, 
and 4.1C represent three different refractive states in which the TDW has different mean 
optical powers with respect to the retina. 
 
In Figure 4.1A, one of the alternating optical powers of the TDW corresponds to the blue 
focus of the eye (plane 2) -where the blue components of the stimulus are sharp-, and 
the other one places the stimulus in front of the retina (plane 1). In this situation, the best 
focus of the eye (in between the blue and the red foci) would lay behind the retina. This 
eye is, therefore, in a hyperopic refractive state. The alternation between planes 1 and 2 
induced by the TDW produces: i) More average blur in red image components than in 
blue image components; ii) More flicker perception in red image components -where blur 
is suprathreshold in both planes 1 and 2- than in blue image components -were blur is 
subthreshold in plane 2 and small in plane 1-, and; iii) A reddish halo within the dark side 
of magenta edges, and blueish halo within the bright side (Figures 4.1F, 4.1G and 4.1H) 
in both planes 1 and 2. The reason is that in an edge between magenta and black, the 
red light is spread more than the blue light. On the dark side of the magenta edge, the 
additional red produces a reddish halo (Figure 4.1G, planes 1 and 2), and on the bright 
side, the missing red produces a blueish halo (Figure 4.1H, planes 1 and 2). 
 
Figure 4.1C represents the opposite situation. It could represent the same eye, but with 
more average optical power in the TDW. One of the optical powers corresponds to the 
red focus (plane 5), and the other one projects the stimulus behind the retina (plane 6). 
Because the best focus of the eye would lay in front of the retina (between the blue and 
the red foci), this eye is in a myopic refractive state. In this other case, the observer 
experiences: i) More blur in blue than in red; ii) More flicker in blue than in red, and; iii) A 
blueish halo within the dark side of the magenta edge, and a reddish halo within the 
bright side (Figures 4.1G and 4.1H, planes 5 and 6).  
 
Figure 4.1B shows the particular situation in which the eye is in focus (it could represent, 
again, the same eye). In this perfectly corrected eye is focused in between the blue focus 
-in front of the retina- and the red focus -behind the retina-. The two optical powers of 
the TDW correspond to planes 3 and 4, very close and at either side of the best retinal 
focus. The mean optical power of the TDW matches the retinal plane and therefore the 
eye represented is in an emmetropic state. Consequently: i) blue and red components 
have similar amounts of blur, ii) similar small flicker in blue and red components, and iii) 
blue and red light are barely spread and the difference is hardly noticeable. The color 
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distortions in magenta edges disappear with the fast alternation because no color 
dominates the other. 
 
 

 
Figure 4.1. Working principle of the Direct Subjective Refraction. The perception of the stimulus 
depends on the mean optical power of the TDW, which changes the plane of focus in the retina. A. Schematic 
representation of an eye in a hyperopic state for a given mean value of the TDW. Six optical planes are 
represented with dashed lines (1 to 6). The two optical powers of the TDW are represented with bold dashed 
lines: one of them, plane 2, corresponds to the blue focus of the eye and the other one, plane 1, is defocused. 
B. Eye in an emmetropic state with respect to the TDW. It could be the same eye, but with more mean optical 
power in the TDW. The two optical powers of the TDW correspond to planes 3 and 4, very close and at 
either side of the retina, i.e., similarly defocused. C. Eye in a myopic state with respect to the TDW. It could 
be the same eye, but with even more mean optical power in the TDW. The two optical powers of the TDW 
correspond to planes 5, red focus of the eye, and 6, defocused. D. Representation of the through-focus blur, 
induced by defocus, for a red edge. Only plane 5 is in focus. E. Through-focus blur for a blue edge, with 
plane 2 in focus. F. Through-focus blur for a magenta edge (red plus blue). The different defocus in the blue 
and red components induce color distortions that are different on the hyperopic and myopic sides of the 
retina, and on the bright and dark sides of the edges. G. Images corresponding to planes 1 to 6 (and also to 
additional planes 0 and 7) of a magenta edge with high contrast and brightness, represent the vision of an 
eye not completely adapted to a bright display. The observers perceive color distortions on the dark side of 
the edges: reddish tint on the hyperopic side of the retina and blueish tint on the myopic side. H. Same 
images, but with lower contrast and brightness, corresponding to an eye not completely adapted to a dim 
display. Color distortions are now better perceived on the bright side of the edges: now the tint is blueish on 
the hyperopic side of the retina, and reddish on the myopic side. In this figure, for illustration purposes, the 
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amplitude of the TDW was only one-third of the chromatic difference of focus between the blue and the red 
wavelengths. However, the effect will be magnified by a larger amplitude, producing a bigger change in the 
image of the edges. 
 
 
Blur, flicker, or color artifacts keep increasing for higher amounts of myopia (position 0) 
or hyperopia (position 7). In summary, when the eye is defocused in a TDW scheme, not 
only does the amount of blur increase as defocus increases but also, more noticeably, 
the amount of flicker and color distortions. Even a slight residual defocus results in an 
increase in these effects. The color distortion is different at both sides of the focus of the 
eye (blueish tint of black objects if myopic defocus, reddish if hyperopic; Figure 4.1G). 
Therefore, color artifacts not only indicate the amount of defocus, but also an 
unambiguous cue of the defocus sign. Furthermore, the fast change in defocus produced 
by the TDW also has a beneficial effect on distracting accommodation. The 
accommodation system is no longer able to follow the (quick) changes in optical power 
and the image cannot be focused. Therefore, the unstable nature of the image does not 
provide a cue for the activation of the accommodation mechanism.  
 
This study proposes Direct Subjective Refraction as a new unsupervised subjective 
refraction method to overcome some of the limitations of the existing objective and 
subjective refraction methods. In this work, different stimuli have been designed and 
tested, in combination with the TDW (Figures 4.3 and 4.4), to maximize the perceptual 
effect and the sensitivity of the dual task (minimization of flicker and color distortions). In 
this method, the task is so straightforward for the patients that they can perform the 
minimization routine by themselves. The practitioner's intervention is reduced to 
explaining the perceptual task at the beginning of the test and supervising the result. 
This research also explores the limits of an unsupervised version of traditional subjective 
refraction, expected to result in a faster procedure, but inaccurate. 
 

4.3. Methods 
4.3.1. Optical System 
The active part of the optical system is an optotunable lens, a lens able to change its 
optical power in response to an electric signal. The optotunable lens used in this study 
is based on liquid-membrane technology (EL-10-30-TC, Optotune, Dietikon, 
Switzerland), enabling precise changes in optical power up to 100 Hz238,255. The TDW is 
produced by a SimVis simultaneous vision simulator that uses a 4f-projection optical 
system to optically conjugate the optotunable lens with the pupil plane of the eye of the 
observer (Figure 4.2A). The distance from the eye pupil to the first lens is 45mm. The 
distance from the optotunable lens to the stimulus is 1 meter. The total distance from the 
real position of the eye to the screen is 1.25m.  
 
The display was a combination of a digital light projector (DLP PJD7820HD, ViewSonic, 
USA) and a flat white reflecting screen. The distance from the projector to the screen 
was 0.4 meters, providing a sharp image with high luminance (500 cd/m2 if set to white). 
The spectral emission is shown plotted in Figure 4.2D. 
 
Custom routines were programmed in Matlab (Math-works Inc., Natick, USA) to operate 
the custom driver based on Arduino electronics (Arduino Nano 3; Arduino, Turin, Italy) 
controlling the optical power of the optotunable lens and implementing the TDW. Matlab, 
in combination with Psychtoolbox241, was also used to design and present the stimuli and 
to perform the perceptual task. 
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Figure 4.2. Setup of the study. A. Schematic representation of the optical system of the Direct Subjective 
Refraction. It shows how inducing optical powers with the optotunable lens changes the retinal blur. The 4f 
optical system projects the optotunable lens on the pupil plane of the eye. In most situations, the stimulus is 
defocused for the observer, producing a large blur disk on the retina (dark green). In the particular situation 
when the optotunable lens focuses the stimulus on the retina (light green), the blur disk is minimum. DSR 
uses fast variations in optical power. With this configuration, the optical power of the optotunable lens 
produces defocus blur in the image, without changing the position or the magnification. The sizes and 
distances displayed are not proportional to the real optical system. B. Stimulus used to perform the DSR 
task. C. Stimulus used to perform UTSR task. D. Spectral emission of the light source (DLP) for blue, green, 
and red components. 
 
4.3.2. Temporal Defocus Wave (TDW) 
We performed pilot experiments on experienced subjects to refine the design of the 
stimuli, and to find the parameters of the TDW that maximized the perceived flicker and 
the intensity of the chromatic distortions outside the best focus. The stimulus is described 
in the Experiments section (4.3.4 and 4.3.5) and is shown in Figure 4.2B. The temporal 
frequency of the TDW was set to 15 Hz, corresponding to the maximum perceptual 
sensitivity to defocus flicker256. The peak-to-peak amplitude of the TDW was set to 0.50D 
producing a good balance between measurement sensitivity and precision. 
 
With those optimal parameters of the TDW, flicker and chromatic distortions are almost 
negligible in focus (if the TDW oscillates between planes 3 and 4 in Figure 4.1), but very 
apparent out of focus. With smaller amplitudes, the two images of each pair are very 
similar, and the subject has difficulties perceiving flicker even outside the best focus. 
With larger amplitudes, the two images are very different in luminance and flicker is very 
noticeable, even in focus. 
 
4.3.3. Subjects 
Twenty-five subjects, 15 females and 10 males, between the ages of 48 and 23 (29.97.3 
on average), participated in the study. All participated in Experiment 1, and five of them 
also participated in Experiment 2. The average age of the subjects that participated in 
Experiment 2 was 29.2±8.8 years. No color abnormalities were found, tested with 
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Ishihara chromatic test. All subjects had normal visual acuity (VA; ≤0.0 logMAR) wearing 
their usual correction. Experiments were performed with the room lights switched off. 
 
Objective refraction was measured using an ARK-1 autorefractometer (ARK1, Nidek, 
Gamagori, Japan). The refractive error (in spherical equivalent) ranged from -6.75 to 
+1.50D (-1.622.32D on average) with a distribution of eight emmetropes (0.50D or 
refractive error), fourteen myopes (<-0.50D) and three hyperopes (>+0.50D). Subjects 
were free to accommodate, except in Experiment 2 where the accommodation was 
paralyzed using cycloplegic drugs.  
 
A bite bar provided centration stability during the experiments. Fixation was provided by 
the stimuli. Only the left eye was measured. The right eye was occluded with an 
eyepatch. 
 
The experimental protocols were approved by the Spanish National Research Council 
(CSIC) Bioethical Committee and were in compliance with the Declaration of Helsinki. 
Written informed consent was provided by all subjects. 
 
4.3.4. Experiment 1 
Figure 4.2B shows the stimulus used to evaluate DSR. This stimulus was designed to 
intensify the perception of flicker and chromatic artifacts at both sides of the focus. It 
comprises four circles arranged like the corners of a square, alternatively red (RGB 
coordinates [1 0 0]) and blue ([0 0 1]), on a black background ([0 0 0]). The diameter of 
the circles is 1º. They are surrounded by a thin magenta ring ([1 0 1]; 4.7º of visual angle). 
The stimulus also contains a magenta cross in the center, for fixation.  
 
The interaction between the DSR stimulus, the TDW, and the LCA of the eye, produces 
flicker and chromatic distortions depending on the mean optical power of the TDW. The 
flicker of the blue dots is preponderant when the mean power of the TDW changes the 
refractive state of the eye to myopia, while the flicker of red dots becomes more visible 
in hyperopia. In emmetropia, flicker is minimum and similar to red and blue dots. In the 
DSR stimulus, chromatic artifacts appear in the magenta components (the fixation cross 
and the surrounding ring), which are shifted to blue in myopia and red in hyperopia. 
 
The DSR task consisted in simultaneously minimizing the two concurrent effects in the 
image induced by the TDW: the flicker and the chromatic distortions. Subjects increased 
or decreased the mean power of the TDW using a keyboard, in coarse or fine steps of 
0.25D or 0.10D, respectively. 
 
To compare with the DSR, subjects also performed an Unsupervised Traditional 
Subjective Refraction (UTSR) task, a version of the Traditional Subjective Refraction 
(TSR) used in clinical practice. The stimuli designed for UTSR (Figure 4.2C; UTSR) is a 
black-and-white version of DSR (Figure 4.2B), in which magenta, blue and red colors are 
replaced with white ([1 1 1]). The task of the subject was to minimize the blur (defocus) 
of the stimulus, changing the optical power of the optotunable lens via keyboard (same 
steps as in DSR) until the stimulus was perceived sharp. In this case, the explanation of 
the task did not require a video presentation and therefore it was faster than in DSR. 
 
The explanation preceding the experiment took about 1 minute for the DSR task and 0.5 
minutes for the UTSR task. The time elapsed between the explanation and the 
conclusion of the unsupervised tasks was recorded in both methods. 
 
Subjects wore their current prescription throughout the experiments (delivered by 
spectacles or contact lenses). Both in DSR and UTSR, the spherical equivalent was 
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estimated averaging across 10 repetitions, each one following a staircase procedure with 
a different starting point: 5 of them myopic, from -0.20D to -1.00D, and the other 5 
hyperopic, from +0.20D to +1.00D. The precision of the method was estimated as the 
standard deviation across repetitions. As subjects wore their spectacles or contact 
lenses, both tasks measure residual refraction, i.e., deviations regarding their current 
correction. But the results, obtained from different myopic and hyperopic starting points, 
are representative of arbitrary refractive errors. After the measurements, visual acuity 
was checked with the spherical equivalent obtained with the DSR task. 
 
4.3.5. Experiment 2 
In Experiment 2, five subjects performed the same procedure and using the same 
experimental setup as in Experiment 1, but with the accommodative response paralyzed 
after the instillation of cycloplegic drugs (tropicamide 1%, three drops instilled in intervals 
of 10 minutes each). Experiment 2 was performed after Experiment 1, beginning 10 
minutes after the instillation of the third dose (around 45 min after Experiment 1). 
 
Statistical Analysis 
To analyze the statistical significance of the differences between the results of the 
different experiments, we used Wilcoxon signed-rank tests to compare the results of 
Experiment 1 vs 2. Additionally, to compare groups with different refractive errors 
(myopes, hyperopes, and emmetropes), we also used a Mann-Whitney U-test for 
different sample sizes.  
 
To evaluate the agreement between DSR and UTSR tasks versus the TSR, we used 
Bland-Altman plots. The statistical level to achieve statistical significance was set to 5% 
(p=0.05). For each subject, we considered each repetition of the DSR and UTSR task as 
a different measurement of residual refraction. Additionally, paired t-tests and correlation 
coefficients were also used to compare myopic and hyperopic starting points in the DSR 
and UTSR tasks. Matlab (Math-works Inc., Natick, USA) was used to perform the 
analysis. 
 

4.4. Results 
Figure 4.3 depicts a few representative examples of the measurements performed. Each 
panel shows the progress along trials (staircase) of every repetition for subject 1, 
Experiments 1 and 2, and both tasks, DSR and UTSR. Red lines represent hyperopic 
starting points and blue lines myopic starting points. The X-axis represents the trial 
number. The Y-axis represents the mean optical power of the TDW, in diopters, for the 
Direct Subjective Refraction (DSR; examples in panels A and C) and the optical power, 
for the Unsupervised Traditional Subjective Refraction (UTSR; example in panels B and 
D). Subjects wore their usual correction while performing the experiments (spectacles or 
contact lenses) and therefore the result of each repetition (red or blue dots), or the 
average (solid black line in the center of the gray band indicating the standard deviation), 
represent the residual refraction over their usual correction. 
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Figure 4.3. Progress of DSR and UTSR tasks one subject (S1) and Experiments 1 and 2. Each panel 
shows the progress of a subject while performing a visual task (DSR or UTSR) to obtain the subjective 
refraction. Blue lines represent repetitions with myopic starting points and red lines with hyperopic starting 
points. The filled dot at the end of each line indicates the residual refraction for that repetition. The gray bar 
indicates the mean and the standard deviation of the residual refraction across repetitions. These values are 
indicated in the left-bottom corner of each panel. A miniature of the stimulus used in each example is shown 
in the upper-right corner. A. Evolution of the mean optical power of the TDW (in D) versus the trial number 
for S1 performing the DSR task in Experiment 1. B. Optical power (in D) versus the trial number for 
Experiment 1 while performing the UTSR task. C. DSR task in Experiment 2 (paralyzed accommodation). 
D. UTSR task for Experiment 2. 
 
Figure 4.3A illustrates the DSR task for subject S1 performed in Experiment 1. All 
repetitions converge to the best spherical equivalent with a standard deviation of ±0.10D. 
This value is lower than the finest optical power step available in eyecare clinics 
(±0.25D). Figure 4.3B shows the corresponding UTSR task for the same subject and 
experiment. In this case, there is no convergence, and the standard deviation is much 
higher ±0.65D, indicating that the unsupervised blur-detection task is dramatically 
affected by accommodation: hyperopic defocus (red lines) can be compensated with 
accommodation and the subject (25 years old) perceives the stimulus instantly sharp. 
Due to the depth of focus of the eye, myopic defocus is also very soon perceived as 
sharp. Figure 4.3C shows the results of the DSR task for the same subject (S1) for 
Experiment 2 (cycloplegic drugs). Paralyzing the accommodation results in an even 
lower standard deviation ±0.04D) with the same spherical equivalent (-0.03D in 
Experiment 2 vs 0.01D in Experiment 1). This suggests that, at least in this subject, 
accommodation was barely influencing the outcome of the DSR task in Experiment 1 
(where the accommodation was free). Figure 4.3D shows the results for the UTSR task 
for S1 and accommodation paralyzed. Now, hyperopic defocus, which was 
accommodated when accommodation was free (Figure 4.3B), cannot be compensated. 
Therefore, the standard deviation of UTSR with cycloplegic drugs is much lower 
(±0.35D). Further analysis will show the result for all the subjects measured with and 
without paralyzed accommodation.  
 
The convergence of the subject to a unique result in the DSR task, regardless of the 
starting point for each repetition (myopic and hyperopic), is consistent across subjects 
and experiments and proves that the accommodative response, although functional, is 
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not elicited during the DSR task. The quick and abrupt changes in optical power 
produced by the TDW seem to unfasten the accommodation mechanism from the 
stimulus. The DSR visual task does not require paying attention to blur and concentrates 
the attention of the patient on luminance flicker and chromatic distortions. Besides, the 
task takes place in presence of a dynamic baseline blur that cannot be eliminated, and 
that seems to make accommodation unproductive. On the contrary, as already 
mentioned and shown in the examples of Figures 4.3B and 4.3D, which are 
representative of the responses of all subjects, the UTSR task is severely affected by 
accommodation. 
 
Figure 4.4 shows the spherical equivalent obtained from the DSR (red) and the UTSR 
(blue) tasks, for all subjects in Experiment 1 (free accommodation) and Experiment 2 
(cycloplegia). The position of the bar indicates the mean across repetitions and the 
length, with one standard deviation at each side of the mean. The average spherical 
equivalent obtained with the DSR task, across subjects shows a myopic shift of -0.33D. 
The DSR method detects significant residual refractions in 80% of the subjects 
(measurements significantly different from zero, the usual correction of the subjects, 
using a 0.9 significance level, i.e., red bars not touching the zero). UTSR average 
spherical equivalent has a lower myopic shift (-0.15D) and captures significant residual 
refractions in only 12% of the subjects. 
 

 
Figure 4.4. Spherical equivalent and standard deviation for all subjects and experiments. Each bar is 
centered on the spherical equivalent and its length represents twice the standard deviation. Red bars 
correspond to the DSR task and blue bars to the UTSR task.  
 
Analyzing separately the results of DSR from the two experiments, the average spherical 
and average standard deviation equivalent across subjects are -0.33±0.17D for 
Experiment 1 and -0.19D±0.15D for Experiment 2. Interestingly, when accommodation 
is paralyzed (Experiment 2), the average absolute residual error for UTSR (0.41D) is 
comparable to that found in DSR (0.36D on average across experiments, 0.52D in 
Experiment 2). For DSR measurements, a Wilcoxon signed-rank test for the same 
subjects in Experiment 1 vs 2 reports that the differences in mean spherical equivalent 
were not statistically significant (p>.05), indicating that, in our sample, paralyzing the 
accommodation does not induce significant differences. 
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Figure 4.5 directly plots the standard deviation across repetitions for each subject and 
experiment, providing a closer look at the repeatability of the DSR and UTSR tasks. The 
horizontal dashed lines indicate the average standard deviation across subjects. To 
compare with the literature, we also plotted the intraoptometrist variability (averaged 
from124,127,143) with a dark green line and the interoptometrist variability (averaged 
from125,127,128,146,245,246) with a light green line. On average, the standard deviation for the 
DSR task (±0.17D) is 64% lower than that of the UTSR task (±0.47D), 57% lower than 
the traditional interoptometrist variability (±0.39D), and 39% lower than the 
intraoptometrist variability (±0.28D). Across the four experiments, the standard deviation 
for the DSR task is lower than that for the UTSR task in 96.7% of the subjects, lower 
than the interoptometrist variability in 93.3% of the subjects, and lower than the 
intraoptometrist variability in 90% of the subjects. These results evidence the higher 
repeatability (i.e., precision) of the DSR task compared to the corresponding UTSR task 
in the same conditions and compared to the traditional subjective refraction methods. 
Minimizing flicker and chromatic distortions happens to be more precise than judging 
blur.  
 

 
Figure 4.5. The standard deviation for all subjects and experiments. The standard deviation for the DSR 
(red curve) and UTSR (blue curve). The horizontal dashed red and blue lines indicate the average standard 
deviations across subjects for the DSR task and the UTSR task, respectively. The horizontal light green line 
indicates the interoptometrist variability (traditional subjective refraction) and the dark green light the 
intraoptometrist variability, both extracted from the literature. 
 
To compare the results obtained with the DSR task and the UTSR task with the 
Traditional Subjective Refraction (TSR), we performed different Bland-Altman analyses. 
Figure 4.6A shows the Bland-Altman plot for the DSR versus the TSR, pooling the data 
of all repetitions for Experiment 1 (non-cycloplegic subjects). We found a strong 
correlation (r=.99; p<.05) and an offset of -0.33D. Figure 4.6B shows the corresponding 
plot for UTSR (r=.98; p<.05). For UTSR we found similar correlations, and a lower offset 
(-0.15D), but these results could be artifactual. As we already know from Figures 4.3B 
and 4.3D, the result of each UTSR repetition is strongly affected by the starting point. 
Since the set of starting points is uniformly distributed within the ±1D range at both sides 
of the TSR of the subject, the average UTSR outcome could be artificially determined by 
the average of all starting points and therefore matching the TSR. To explore this 
potential effect, we performed additional Bland-Altman analyses with subsets of samples 
on the myopic and hyperopic sides. Figures 4.6C and 4.6D correspond to starting points 
within the +0.8 to +1.0D range (maximum myopia; DSR and UTSR), and Figures 4.6E 
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and 4.6F to starting points within the -1.0 to -0.8D range (maximum hyperopia; DSR and 
UTSR). The correlation coefficients are high in all cases (r=.99, p<.05). However, while 
the DSR offset only changes 0.14D from myopia to hyperopia, the UTSR offset changes 
as much as 1.23D. The superimposed Limits of Agreement (LOAs, 95% Confidence 
Interval) along the interval of starting points for DSR are -1.19 to +0.59D (difference 
1.78D) and for UTSR -1.53 to +1.20D (difference 2.73D).  
 

 
Figure 4.6. Bland-Altman analysis for Experiment 1. Each panel shows a Bland-Altman plot, indicating 
the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the sample. A. 
Plot comparing DSR and TSR for all starting points. B. Plot comparing UTSR and TSR for all starting points. 
C. Plot comparing DSR and TSR only for highly myopic starting points (+0.8 to +1.0D). D. Plot comparing 
UTSR and TSR only for highly myopic starting points (+0.8 to +1.0D). E. Plot comparing DSR and TSR only 
for highly hyperopic starting points (-1.0 to -0.8D). F. Plot comparing UTSR and TSR only for highly hyperopic 
starting points (-1.0 to -0.8D). 
 
Removing the offset (-0.33D) between DSR and TSR provides a comparison closer to 
the final implementation of the technique: a similar analysis to Figure 4.6A, averaging 
across repetitions and compensating the offset, provides a standard deviation in the 
residual refraction of ±0.45D and LOAs of ±0.87D. But the variabilities across subjects 
and between DSR and TSR reported in this study (standard deviations and LOAs) are 
not only attributable to variability and disparities in the DSR but also include all sources 
of residual refractive error for TSR (used as a baseline): interoptometrist variability, 
tolerances of glasses and contact lenses, under or overcorrections in the subjects, 
refraction changes with time, etc. However, the comparison between DSR and UTSR 
confirms the enormous dependence of the UTSR results on the starting point, due to the 
well-known detrimental effect of accommodation (in the absence of fogging strategies), 
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which was free and fully functional during Experiment 1 (except for two subjects, S1 and 
S19, that were partially functional due to presbyopia). 
 
The DSR refraction provided higher or similar values of visual acuity in all the subjects 
than the usual refraction of the patients (TSR refraction), but it was not significantly 
different (paired t-test p>.05). 
 
The spherical equivalent obtained from the TSR and the objective refraction are strongly 
correlated, and not statistically different (paired t-test p>.05). Bland-Altman analysis of 
the objective refraction compared to the TSR reports a slightly positive deviation of 
+0.12D and a mean absolute difference of ±0.54D. The LOAs are -0.93 to +1.17D 
(difference of 2.1D).  
 
Figure 4.7A explores the effect of accommodation further. The results of the DSR task 
for all hyperopic starting points (average of all hyperopic repetitions) are directly plotted 
against the results for all myopic starting points (average of all myopic repetitions), both 
for DSR (each red symbol indicates a subject) and UTSR (blue symbols). For DSR, the 
correlation between hyperopic and myopic starting points is very high (r=.94, p<.05) and 
there is a small but significant statistical difference between them (0.08D on average; 
paired t-test p<.05). On average, the residual refraction and the standard deviation 
obtained with myopic starting points is -0.27±0.15D and with hyperopic starting points is 
-0.35±0.14D. The similarity of the results obtained with hyperopic and myopic starting 
points with the DSR task demonstrates that this task is barely affected by 
accommodation and that the method is very precise both for small amounts of myopia 
and hyperopia. In contrast, for the UTSR method, the correlation is low (r=.03, p>.05) 
between myopic and hyperopic starting points, which provide radically different results 
(0.17±0.23D and -0.47D±0.30D, an average difference of 0.47D, paired t-test p<.05). As 
expected, the unsupervised UTSR method, consisting of a blur-detection task without 
fogging, with a comparable stimulus, and in the same setup, is severely affected by 
accommodation, which not only affects repeatability, but also the final spherical 
equivalent measured, especially in hyperopic patients.  
 

 
Figure 4.7. Comparison between DSR and UTSR tasks. A. Analysis of myopic and hyperopic starting 
points for DSR and UTSR. Spherical equivalent obtained from the average of all hyperopic starting points 
versus the spherical equivalent obtained from the average of all myopic starting points for DSR (red) and 
UTSR (blue) tasks and all experiments. The error bars indicate the standard deviation across repetitions. B. 
Precision and time to perform the tasks. Standard deviation across repetitions vs the time per repetition 
for DSR (red), UTSR (blue), and TSR. For TSR, the standard deviation is the intraoptometrist error and the 
average time is extracted from the literature. The filled diamonds indicate the average across subjects. 
 
Experiment 2 provides additional information about the effect of accommodation. Five 
subjects carried out the experimental session of Experiment 2 (including the DSR and 
the UTSR tasks), but under the effect of cycloplegic drugs, paralyzing their 
accommodation. Considering the low number of subjects, the correlation between 
Experiments 1 and 2 (in spherical equivalent) was very high for DSR (r=.92, p<.05), but 
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low and not significant for UTSR (r=.74, p>0.05). The slope (ideally 1) was 1.05 for DSR 
and 1.33 for UTSR). Interestingly, cyclopegia produced a constant shift (y-intercept) of 
0.23D in the DSR results, similar and opposite to the average spherical equivalent 
reported in Experiment 1. The standard deviation was lower for Experiment 2 than for 
Experiment 1, both for UTSR (on average ±0.35 vs ±0.41D), and DSR (±0.19 vs ±0.15D), 
but not significant (paired t-tests p>.05 in both cases).  
 
The ideal method to perform subjective refraction would provide a good balance between 
measurement time and variability. Figure 4.7B shows a scatter plot of the standard 
deviation in the measurement versus the average time per repetition for all subjects and 
experiments. We observe two clear clusters: the results for UTSR -blue open circles- 
have extremely low measurement times but high standard deviations, while the results 
for DSR -red open circles- have intermediate measurement times and low standard 
deviations. DSR is more precise than the TSR (intra-optometrist standard deviation 
±0.28D±0.06124,127,143–145) and, of course, the UTSR. On average, the UTSR task takes 
21±12 seconds per repetition with an average standard deviation of ±0.47±0.18D -solid 
blue diamond- and the DSR task takes 38±16 seconds per repetition with a standard 
deviation of ±0.17±0.10D -solid red diamond-. The DSR (also the UTSR) is much faster 
than the TSR (green diamond), which takes around 350 seconds (almost 6 minutes) 
according to previous studies123,139–142. However, the DSR method only provides the 
spherical equivalent of the refraction while the TSR provides a complete prescription 
(sphere and astigmatism) in both eyes. A fairer comparison of times should include the 
measurement of the spherical equivalent and astigmatism using the DSR method.  
 
Finally, we investigated if the refractive error of the subject influences the DSR method. 
We divided the subjects into three groups, based on their current correction: hyperopes 
(>+0.50D; 3 subjects), myopes (<-0.50D; 14 subjects), and emmetropes (±0.50 D; 8 
subjects). The results of a Wilcoxon rank-sum test do not show statistically significant 
differences between the three groups (p>0.05 in all comparisons). Therefore, in our 
groups of subjects, the refractive error is a statistical variable that does not influence the 
results. 
 

4.5. Discussion 
Direct Subjective Refraction 
Subjective refraction is a ubiquitous procedure in eye care clinics. Despite being 
cumbersome and time-consuming on some occasions, it has not advanced much in 
decades. Some technologies such as automated phoropters have made the procedure 
easier but have not improved significantly the methodology161. Objective refractors, as 
wavefront autorefractors, now provide good approximations to subjective refraction but 
have not been able to replace it248,249.  
 
Subjective visual tasks are inherently slow, they entail a large series of trials, each one 
requiring a perceptual judgment from the observer (blur detection, blur preference, or 
letter identification in the case of subjective refraction) and a decision by the practitioner. 
But the situation is worse in subjective refraction than in other visual tasks. Traditional 
Subjective Refraction (TSR) begins by displacing the starting point far away from the 
best estimation available, usually provided by objective refraction (or sometimes by a 
lensometer), to the myopic side. This long detour in the through-focus trajectory, called 
fogging, is inefficient in terms of trials, but allows to deal with accommodation, and also 
provides the direction of focus. An ideal method to measure the subjective refraction 
would provide a shortcut toward the final spherical equivalent of the patient, using the 
lowest number of perceptual judgments: only a few steps separating the patient’s 
subjective focus from the one measured objectively.  



The Direct Subjective Refraction 

 
85 

 

 
In this study we have presented the Direct Subjective Refraction (DSR), novel technology 
and methodology to measure the spherical equivalent of the refractive error of an eye, 
that disentangles, to a large extent, the accommodation mechanism, and that provides 
the patient with a visual hint of the direction of focus. The starting point can be the best 
estimation provided by objective refraction, and the spherical equivalent can be found 
directly. The number of trials (perceptual judgments) is reduced, and each one is 
straightforward and not supervised, producing faster measurement times than the TSR 
(Figure 4.7B). The DSR task is direct in the sense that color provides an unambiguous 
cue for the direction of the next step in the staircase (color distortions are different on 
both sides of the retina: blueish on the myopic side, and reddish on the hyperopic side). 
 
In the last steps of the TSR, the practitioner checks if power changes of ±0.25D improve 
the visual acuity or visual comfort, sometimes using colored backgrounds (such as the 
duochrome test). These final checks inspired the development of the DSR method. The 
DSR performs 15 of those optical power changes per second, during the duration of the 
measurement and in every step of the subjective staircase leading to the spherical 
equivalent. Besides, 15 Hz is a frequency providing maximum temporal sensitivity to 
flicker256, and therefore optimal for the task, although out of reach for the accommodative 
system. Hence, DSR provides a much stronger perceptual cue (in fact two concurrent 
and reinforcing signals: flicker and color) than TSR and is isolated from accommodation 
(because blur, the main clue for the accommodative system is no longer involved in the 
task), allowing straightforward measurements for the patients without requiring the 
guidance of the clinician. Our results show that the DSR method provides a precise, 
accurate, and fast estimation of the spherical equivalent of subjective refraction. 
 
To put the results of the DSR task in the appropriate context, we have confronted them 
with comparable data of TSR obtained from the literature, and with the UTSR 
(Unsupervised Traditional Subjective Refraction) task. UTSR is a quick version of TSR, 
also depending on blur judgments but unsupervised and without fogging techniques. 
UTSR can also be considered a black-and-white and static version of the DSR. In this 
study, TSR was the current prescription for the subjects. 
 
As seen in Figures 4.3-5, UTSR has more variability in the spherical equivalent (standard 
deviation ±0.47D) than TSR (±0.28D). At the same time, with DSR we found (Figure 
4.5A) subclinical variability across repetitions in the spherical equivalent (±0.17D) and 
an average offset -0.33D compared to the correction worn by the subjects. This offset, 
although small, is clinically relevant. However, it has minor importance because it 
represents a systematic shift in the measurements (as discussed below) that could 
ultimately be compensated with a correction factor. 
 
Accommodation and the Direct Subjective Refraction method 
Accommodation is a potential cause of variability and systematic shifts during any 
subjective refraction technique (also during objective refraction). To study the effect of 
accommodation in the UTSR and DSR tasks, we included different starting points in the 
different repetitions, simulating different amounts of myopia or hyperopia in the same 
subject. We found that UTSR is undoubtedly affected by dynamic accommodation. In 
contrast to the TSR procedures used in clinics, that implement different strategies to 
reduce the impact of accommodation and reach the center of the depth of focus interval, 
UTSR is not protected against accommodation and results in important variabilities due 
to offsets that depend on the starting point: between +0.41D if the starting point is 
myopic, and -0.82D if hyperopic (Figure 4.6). Hyperopic starting points can be 
accommodated (red points in Figure 4.3A and Figure 4.3C), bringing the image into focus 
and finishing the staircase prematurely, leaving a negative offset (underestimating the 
correction). Similarly, depth of focus produces positive shifts in myopic defocus 
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(overestimating the correction) because subjects judge the image sharply before 
reaching the maximum optical quality and stop the staircase fractions of a diopter in front 
of the best focus (blue points in Figure 4.3B and Figure 4.3D). A direct comparison of 
the different starting points simulating myopia or hyperopia (Figure 4.6, Figure 4.7A) 
reinforces the finding that DSR is unaffected by the accommodative response, which 
spoils the UTSR measurements.  
 
As seen in the examples in Figure 4.3, the DSR task forces the subject to reach the best 
focus and the staircases oscillate on both sides of it, removing the positive offset 
associated with myopic starting points. Figure 4.7A suggests that, at the same time, the 
accommodation mechanism is to a large extent deactivated during the DSR 
measurements. Defocus is present in the stimulus during DSR, as in UTSR, and is 
certainly perceived by the subject, but it is not part of the DSR task. The accommodation 
of the eye remains fixed because the fast change induced by the TDW prevents its 
activation. Other studies have shown that accommodation varies as much as 0.5D with 
flickering light at relevant frequencies for this study (between 10 and 20 Hz) in 
monochromatic stimuli257–259 and chromatic stimuli260. However, there are substantial 
differences in the methodologies of those studies. On the one side, the task of the 
subjects was to fixate the stimulus and therefore elicit on purpose the accommodation 
response. In the DSR method, flicker is the main cue and accommodation should not be 
elicited. On the other hand, these studies used stimuli flickering in luminance, not in 
defocus. Walsh et al.234 tested the threshold to defocus changes, but mechanical 
limitations only allowed temporal frequencies up to 4Hz and they did not find any 
influence of accommodation. The fast defocus alternation in the image does not provide 
a fixed reference to focus and does not elicit accommodation. Nevertheless, more 
research on the effect of accommodation for flickering defocus stimulus should be 
addressed.  
 
Offset in the outcome of the Direct Subjective Refraction method 
However, the small offset found could still be attributed to a small remaining residual 
accommodation (tonic accommodation). Being stable and largely unaffected by the 
stimulus, we could refer to this accommodative state as the ‘resting position’ of the eye, 
in a ‘dark focus’ of ‘tonic accommodation’ closer than infinity, previously reported in 
conditions where the accommodation is lost, for example in night myopia9,261,262.  
 
Experiment 2 corroborated these findings. Results before and after cycloplegia provided 
insignificant correlations with UTSR (and slope 1.33) but were highly correlated for DSR 
(and with slope 1.05). Paralyzing accommodation also had the effect of reducing the 
measurement variability to its lowest value (±0.15D on average; in DSR). Although 
promising, these findings should be confirmed in a higher number of patients. 
 
Accommodation to the stimulus can be discarded as an explanation for the offset found 
in DSR, but several other reasons could provide a plausible explanation. For example, 
DSR contains the implicit assumption that the spherical equivalent lies in the 
intermediate position (in diopters) between the red focus and the blue focus (Figure 4.1). 
Therefore, changes in the spectral composition of the stimulus (spectral width and 
position of the red and blue peaks) could shift the spherical equivalent measured with 
DSR. Besides, the relationship between wavelength and focus position in diopters (the 
LCA curve) is not lineal42,263, and the monochromatic wavelength-in-focus for subjective 
refraction changes with the subject264, predicting the polychromatic spherical equivalent 
from monochromatic measurements difficult to model265. Furthermore, even the gold 
standard, the polychromatic spherical equivalent measured with TSR, can change with 
the color temperature of the white light used. Moreover, the variability of any subjective 
measurement (TSR, DSR, UTSR) is extremely related to the subjective depth of focus, 
not only for optical reasons (aberrations) but for neuronal reasons266. 
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Instrument myopia (an effect also related to accommodation) or pupil size effects due to 
relatively low ambient light levels during the measurements, such as potential focus shifts 
due to spherical aberration or depth of focus increments, could also be blamed for this 
small but significant offset between DSR and TSR. The magnitude of most of the 
mentioned effects, separately, could be higher than the offset found in our 
measurements264–266. The calibration of the instrument and the fidelity of the TDW to the 
nominal power, as well as the distances involved in the optical setup, were checked 
before the measurements, and the potential deviations in optical power could be 
considered negligible237. Still, further research of all these hypotheses under clinical 
conditions in a large number of patients will allow the development of strategies to null 
or compensate for the offset. 
 
The fogging techniques required to reduce the influence of accommodation make TSR 
tiresome for the subject and the practitioner and increase the measurement time. TSR 
is indeed a time-consuming procedure, reported taking almost 6 minutes per subject, on 
average139–141. An unsupervised version of the traditional procedure, the UTSR, is very 
quick, taking about 21 seconds per repetition. However, it has low precision, with 
repeatability across subjects of ±0.47D, and systematic deviations that depend on the 
starting point. The DSR method, insensitive to accommodation by design, does not 
require fogging strategies. It is not only a very precise (±0.17D) and accurate procedure 
(-0.33D without offset compensation), but also fast: it takes less than 40 seconds to be 
performed, on average. The fastest subject took only 12 seconds per repetition, and the 
slowest, 90 seconds. The short measurement time (plus only 1.5 minutes of explanation) 
allows thorough training and would allow several repetitions, although only a few are 
needed (probably two, one for training and approximation and another one for 
refinement), given the high repeatability of the method. An assessment of the reliability 
of Experiment 1 supports these conclusions, as it reports a Cronbach's Alpha value of 
0.979 -with a reliability factor of 0.95- estimates that only the first 4 repetitions are not 
redundant. 
 
Further developments in the Direct Subjective Refraction 
In this study, we measured the spherical equivalent, but not the amount of astigmatism 
in the subjective correction. Moreover, we measured the subjects with their usual 
corrections on, therefore reducing the amount of astigmatism, if present, to a residual 
value. Pilot experiments have shown that the DSR task can be performed in presence of 
astigmatism267, at least up to one diopter but presumably more. This promising result 
suggests that the DSR approach described could also have the potential for fast and 
unsupervised measurement of subjective refraction including astigmatism. For that, the 
current method should be refined with new stimuli, oriented features, and new 
measurement protocols considering flicker and chromatic distortions in different 
orientations.  
 
Some autorefractors have achieved comparable repeatability in non-cycloplegic eyes as 
the one reported here with DSR, and are evolving into hand-held and binocular 
instruments268. But DSR is a subjective method to measure the spherical equivalent, and 
as such with true potential to replace TSR with a faster and more direct approach. The 
DSR technology is as simple as projecting an optotunable lens onto the eye and can be 
easily implemented in portable binocular devices, hand-held or even wearable229,255,269, 
potentially substituting phoropters or trial frames in clinical centers or screening 
campaigns outside the clinic. 
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4.6. Conclusions 
The Direct Subjective Refraction presented here is a straightforward and unsupervised 
new subjective method to obtain the spherical equivalent of an eye. Direct Subjective 
Refraction overpasses existing subjective methods in terms of accuracy, precision, and 
measurement time, with the potential to become a new paradigm in the measurement of 
subjective refraction. 
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Chapter 5. The Direct Subjective 
Refraction: measurement of 
astigmatism 

This chapter described the extension of the Direct Subjective Refraction method to 
measure the astigmatic component of the refractive error. Several pilot experiments were 
carried out to verify the suitability of the method to capture the astigmatism component 
of the refraction. Then, a comparison with the Traditional Subjective Refraction was 
carried out.  
 
The co-authors of this study are Eduardo Esteban and Carlos Dorronsoro. The 
contribution of the author of the thesis was the literature research, the conceptualization, 
and design of the study in collaboration with Carlos Dorronsoro, the design of the 
experiments in collaboration with other co-authors, the collection of the data in 
collaboration with Eduardo Esteban, the analysis of the data, and the writing and editing 
of the chapter. 
 
This work was presented as an oral contribution at the Association for Vision and 
Research in Ophthalmology (ARVO) virtual meeting in 2021. 
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5.1. Introduction 
The previous chapter described the Direct Subjective Refraction method, a new method 
for obtaining the refractive error of an eye. However, only the spherical equivalent could 
be obtained. In this chapter, we extend the method to the estimation of astigmatism, by 
changing the stimulus and the procedure. 
 
The Refractive error of the eye is fully described with the amount of spherical equivalent 
and the amount and orientation of astigmatism. As already mentioned in section 1.3.3, 
in clinical practice the workflow for evaluating the refractive error begins with objective 
refraction, providing a first estimation of the final refraction, which is later refined with the 
subjective refraction91,161. Of that first objective estimation, the angle of astigmatism is 
much more reliable than the amount of spherical equivalent or the amount of 
astigmatism144. 
 
Astigmatism is the difference in the refractive error in different axes, produced by the 
different curvature along two principal axes. Astigmatism is characterized by the dioptric 
amount of the difference (cylinder power) and the principal axis (the axis with more 
optical power, i.e., more myopic, usually called axis) and it is reported as the [cylinder @ 
principal axis]. The cylinder and axis of astigmatism are usually assessed by objective 
methods, based on keratometry, corneal topography, wavefront aberration, or 
Scheimpflug methods270, with high repeatability. Retinoscopy can also be used to 
evaluate astigmatism, with similar repeatability to other objective methods (±0.20 
standard deviation)271. Another study found that astigmatism estimation is more reliable 
with cycloplegic autorefraction (repeatability of ±0.14D of standard deviation), followed 
by non-cycloplegic autorefraction (±0.18D), while non-cycloplegic retinoscopy reported 
the lowest repeatability (±0.52D)272. Overall, the repeatability of astigmatism with 
different objective methods ranges from ±0.10D to ±0.52D138,270–273. 
 
Astigmatism can also be evaluated in traditional subjective refraction. On one hand, to 
find out the orientation of the astigmatism clinicians use the clock dial (Figure 5.1A). In 
the presence of astigmatism, some lines will appear thicker or with more contrast than 
others, indicating the orientation. The dial clock method can be useful if lacking an 
objective method. On the other hand, to refine the amount and orientation of astigmatism, 
the most extended method is Jackson’s Cross Cylinders (JCC) using the stimulus shown 
in Figure 5.1B. The repeatability of astigmatism found with the subjective refraction 
ranges from 0.10 to 0.35D144,145. 
 

 
Figure 5.1. Stimuli used for astigmatism estimation in the traditional subjective refraction method. 
A. Clock dial stimulus. B. Jackson's Cross Cylinders stimulus. 
 
The goal of this study is to adapt the Direct Subjective Refraction method to measure 
the astigmatic component of the refraction, and to demonstrate its use in pilot 
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experiments with voluntary subjects. Finally, an additional goal was to compare the 
results of the new method with the results of the traditional subjective refraction method 
in the same subjects. 
 

5.2. Methods 
The approach followed to find the amount of astigmatism with the DSR method, is to 
measure the refractive error in the two principal axes and compute the difference. To do 
so, some improvements in the stimulus used, the setup, and the procedure followed in 
the previous chapter were carried out. 
 
5.2.1. Developments 
 
5.2.1.1. Stimulus design 
The stimulus for the spherical equivalent was conformed of different circles of blue, red, 
and magenta components (Figure 5.2A). The new stimulus for the estimation of 
astigmatism contains similar arrangements and colors, but the features of the stimulus 
are now lines instead of circles, oriented to the angle of astigmatism that is being 
measured (Figure 5.2B). The new stimulus for astigmatism comprises 2 pairs of blue 
lines (4 lines) of 1.43x0.06º size located at both sides of the center and on the diagonal, 
and another 2 pairs of red lines (4 lines) of the same size located on the opposite position 
of the blue lines, and two magenta lines of 3.55x0.16º size located above and below the 
central lines. In total, the stimulus subtended 3.55x0.8º. The magenta fixation cross of 
the center in the stimulus for spherical equivalent (Figure 5.2A) was replaced by a fixation 
dot, which subtends 0.18º, to avoid the impact of astigmatism (Figure 5.2B).  
 

 
Figure 5.2. Stimuli used in the DSR method. A. Stimulus used for the measurement of the spherical 
equivalent described in Chapter 4. B. Stimulus used for the measurement of astigmatism. In this case, 
oriented at 90º. 
 
5.2.1.2. Setup 
The setup also improved compared to the one used in Chapter 4. The Temporal Defocus 
Wave (TDW) generator was now SimVis Gekko (same optical system but miniaturized 
with mirrors and head-mounted, see Figure 2.1 in Chapter 2) that allowed measurement 
procedures closer to those expected in a clinical environment. The subject's head 
position was stabilized with a chinrest, avoiding the need for a bite bar. Besides, being 
binocular, SimVis Gekko allowed measurements in both eyes without realignment. 
 
The stimulus was presented on a white flat screen by a DLP projector (PJD7820HD, 
ViewPort). Although this setup is not optimal due to the broad spectral emission of each 
chromatic channel (see Figure 2.6 in section 2.6.1.2), is ideal for designing and 
developing the stimulus, in particular regarding the position and shape of its components. 
Custom routines were programmed in MATLAB (Math-works Inc., Natick, USA) to control 
SimVis Gekko and the optical power of its optotunable lenses. In combination with 
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Psychtoolbox241, MATLAB was also used to design and present the stimuli and perform 
the perceptual task and collect data from subjects.  
 
5.2.2. Procedure 
The psychophysical procedure is the same that was described in Chapter 4. Objective 
refraction (OBR) using the ARK-1 autorefractometer (ARK1, Nidek, Gamagori, Japan) 
was considered the starting point of the DSR refraction. The axes to measure with the 
DSR method are determined by the principal axis (and the orthogonal) provided by the 
autorefractometer. The refractive error for each axis was estimated by averaging 4 
repetitions, each one following a staircase procedure with a different starting point 
(added to the outcome of the autorefraction): -1.00, -0.50, +0.50, and +1.00D. The high 
repeatability of the results for DSR described in Chapter 4 allowed us to reduce the 
number of repetitions from 10 to 4, based on a reliability estimation (see section 4.4). In 
total, astigmatism is found with the DSR method from 16 repetitions (8 for each eye, 4 
for each axis). The 8 repeated measurements for each eye (4 repetitions for each axis) 
were randomized. As in Chapter 4, the DSR task consisted in simultaneously minimizing 
the two concurrent effects in the image induced by the TDW: the flicker and the chromatic 
distortions. Chromatic distortions affected more the red components when the mean of 
the TDW was on the hyperopic side of the retina and affected more the blue components 
when the mean of the TDW was on the myopic side of the retina. The parameters of the 
TDW were 15Hz of temporal frequency and 0.25D of amplitude. Subjects increased or 
decreased the mean optical power of the TDW using a keyboard, in coarse or fine steps 
of 0.25D or 0.10D, respectively. The difference between the refractive error of both axes 
provides the amount of astigmatism, and the average across them provides the spherical 
equivalent. The experiment was performed without supervision (the experimenter only 
explained the task before the experiment), and accommodation was free. Figure 5.3 
shows the process, and an example measurement, for an amount of astigmatism of 
0.57D with its principal axis (myopic axis) at 160º.  
 

 
Figure 5.3. Estimation of astigmatism with the DSR method in a subject with mixed astigmatism. A. 
Evaluation of the hyperopic axis, oriented at 70º. B. Evaluation of the myopic axis, oriented at 160º. C. DSR 
results. Mean optical power at 0D represents the retina. The myopic axis lies below 0 (-0.23D, which means 
before the retina in A), and the hyperopic axis above 0 (+0.34D, which means behind the retina in B). The 
amount of astigmatism in this patient is -0.57D at 160º. 
 
5.2.3. Pilot experiments 
One trained researcher (27 years old) participated in pilot experiments to refine the 
parameters of the TDW and the stimuli. Three pilot experiments were performed, 
including 1) induction of an extra 0.75D amount of astigmatism in the principal axis to 
find out if the method is sensitive to changes in astigmatism; 2) changes in the 
monochromatic colors from blue and red (Blue/Red; B/R stimulus), to red and green 
(Red/Green; R/G stimulus) and; 3) test with cycloplegic drops to evaluate the impact of 
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the accommodation on the DSR method for estimating astigmatism. Three cycloplegic 
drops (tropicamide 1%) were instilled every 10 minutes and measurements began 10 
minutes after the third instillation. The astigmatism component of the refraction obtained 
with the DSR method was used to compare across experiments. 
 
5.2.4. Experiments  
Four patients participated in this study (age 31.0±11.4 years old). The astigmatic 
component of the refraction of the subject was obtained with the DSR method. The final 
refraction reported was the combination of the sphere obtained with the autorefraction 
and the additional amount of astigmatism obtained with the DSR method. 
 
We also measured the traditional subjective refraction (TSR) following the procedure 
described in Chapter 2 (see section 2.4). The starting point of the TSR was also the 
measurement of the autorefractometer. The refraction obtained with TSR was the 
combination of the sphere of the autorefraction and the amount of astigmatism obtained 
with the TSR method. 
 
To compare between refractions, the astigmatic component in power vector notations24 
was compared (J0, J45) using Bland-Altman analysis. We also evaluated the visual 
function provided by the DSR and the TSR refractions measuring the visual acuity (VA), 
the stereoacuity using the Titmus test, and a direct comparison of the perceived comfort 
between both refractions. This comparison was carried out by testing the refractions with 
trial lenses in two different trial frames. Additionally, we compared the time taken for DSR 
and TSR to be performed. To obtain a refraction from the DSR method, at least one 
measurement for both axes and both eyes is needed. To calculate the total amount of 
time for the DSR refraction, we considered the time taken on average across repetitions 
for each axis and for both eyes and the time measured for explaining the task to the 
subject. For the TSR method, we measured the time since the clinician began the 
evaluation of the first eye until the binocular adjustment. 
 
5.2.5. Statistical analysis 
To evaluate the agreement between the astigmatism obtained with the DSR and TSR 
refractions we used Bland-Altman analysis for the J0 and J45 components of the 
refraction. For each subject, we considered each repetition of the DSR task as a different 
measurement. Paired t-tests were used to compare the J0, J45, VA, and stereoacuity for 
both refraction methods. The statistical level to achieve statistical significance was set to 
5% (p=0.05). 
 

5.3. Results 
 
5.3.1. Pilot experiments 
Effect of inducing astigmatism 
In this pilot experiment, we measured the effect of inducing astigmatism in one axis to 
evaluate the capability of the Direct Subjective Refraction method to capture that extra 
amount of astigmatism. Figure 5.4 shows the result for one subject and both eyes. Figure 
5.4A shows the results without any induced astigmatism (the refraction obtained with the 
DSR method adapted to the measurement of astigmatism). The DSR measurement 
detects a subclinical amount of residual astigmatism in both eyes of the subject (-0.08D 
in LE and -0.11D in RE). Figure 5.4B reports the result with 0.75D of induced astigmatism 
in the myopic axis (170º for the left eye and 20º for the right eye for this subject). As can 
be observed, astigmatism measured increases to -0.70D in LE (0.62D increment) and -
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0.81D in RE (0.70D difference). Moreover, the main change is produced in the myopic 
axis, the one in which the astigmatism was induced (from -0.14 to -1.01D in the left eye 
and from 0.21 to -0.54D in the right eye). This result suggests that the DSR method can 
successfully capture differences in astigmatism. In addition, the standard deviation for 
all axis was lower than ±0.15D (±0.09D on average across axis, eyes, and conditions). 
However, these were pilot experiments on one experienced subject. The performance of 
this visual task must be demonstrated in more subjects and eventually in patients. 
 

 
Figure 5.4. Effect of inducing astigmatism in the result of the DSR method. The plots show the mean 
optical power of the TDW for each trial number. The endpoint of each staircase is indicated as a white dot 
and represents the refraction obtained in each repetition. The shaded horizontal bars represent the average 
and the standard deviation across 4 repetitions for each axis (in red, hyperopic axis; in blue, myopic axis). 
Left plots indicate the results for the left eye and right plots for the right eye. A. DSR method without induced 
astigmatism. B. DSR method with induced astigmatism of 0.75D in the myopic axis (extra +0.75D at 170º in 
the left eye and +0.75D at 20º).  
 
Effect of the chromatic components of the stimulus 
In this pilot experiment, the goal was to test if changing the stimulus developed originally 
from Blue/Red (B/R) to Red/Green (R/G) resulted in a different outcome. In Figure 5.5 
we show the difference between the B/R and R/G for one subject. The difference found 
in terms of astigmatism was negligible -0.19 to -0.10D in the left eye and -0.36 to -0.30D 
in the right eye for B/R and G/R. In terms of standard deviation, both B/R and G/R provide 
highly repeatable measurements (±0.05D and ±0.02 on average across axes and eyes). 
However, in terms of the spherical equivalent, the difference between B/R and R/G was 
around 0.4D in both eyes, with B/R providing more myopic results. 
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Figure 5.5. Effect of changing the chromatic components of the stimulus in the result of the DSR 
method. A. Results using B/R stimulus. B. Results using R/G stimulus. 
 
Effect of accommodation 
In Figure 5.6 we show the result of paralyzing the accommodation with the DSR method 
for both eyes and the same non-presbyopic subject (27 years old), with the B/R stimulus 
(upper plots, Figures 5.6A and 5.6B) and the R/G stimulus (lower plots, Figures 5.6C 
and 5.6D). For the B/R stimulus, the amount of astigmatism barely changes with 
accommodation free (from -0.19 to -0.08D in the left eye and -0.36 to -0.34D in the right 
eye, for free and paralyzed accommodation conditions, respectively), although there is 
a change in the spherical equivalent of the right eye higher than 0.3D, similar to the 
findings in Chapter 4 (see Figure 4.6). For the R/G stimulus, the astigmatism amount 
changes more pronouncedly in the right eye (from -0.3 to -0.06D, free and paralyzed 
accommodation conditions, respectively) although with subclinical importance, but 
barely changes in the left eye (from -0.10 to -0.09D, free and paralyzed accommodation). 
Similarly, there is a small hyperopic shift in the spherical equivalent of the right eye (0.3D) 
but no change in the left eye. Remarkably, the standard deviation for each axis is kept 
low: ±0.05D on average across axes, eyes, stimuli, and conditions, and below ±0.12D in 
all cases.  
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Figure 5.6. Effect of paralyzing accommodation in the result of the DSR method. A. Results with free 
accommodation using B/R stimulus. B. Results with paralyzed accommodation using B/R stimulus. C. 
Results with free accommodation using G/R stimulus. D. Results with paralyzed accommodation using G/R 
stimulus. 
 
5.3.2. Comparing the Direct Subjective Refraction with the Traditional 
Subjective Refraction 
Figure 5.7 shows the result of the DSR method for all subjects. The DSR method 
captures the amount of astigmatism with high repeatability. On average across eyes and 
subjects, the amount of astigmatism was 0.28±0.21D. In terms of performance, the 
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average standard deviation across axes and eyes were 0.14, 0.09, 0.27, and 0.18D for 
S1, S2, S3, and S4, respectively.  
 

 
Figure 5.7. Results of the DSR method. A. Subject 1. The angle of astigmatism of the myopic and 
hyperopic axis for the left eye was 170º and 80º, respectively. The angle of astigmatism of the myopic and 
hyperopic axis for the right eye was 20º and 110º, respectively. B. Subject 2. The angle of astigmatism of 
the myopic and hyperopic axis for both eyes eye was 55º and 145º, respectively. C. Subject 3. The angle 
of astigmatism of the myopic and hyperopic axis for the left eye was 110º and 20º, respectively. The angle 
of astigmatism of the myopic and hyperopic axis for the right eye was 75º and 165º, respectively. D. Subject 
4. The angle of astigmatism of the myopic and hyperopic axis for the left eye was 155º and 65º, respectively. 
The angle of astigmatism of the myopic and hyperopic axis for the right eye was 25º and 115º, respectively. 
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Figure 5.8 shows the Bland-Altman plots of the DSR method vs. the TSR method for 
horizontal and oblique astigmatism components in power vector notation (J0 and J45, 
respectively). In the DSR, 4 repetitions are performed for each axis, while for TSR we 
only performed it twice. We have included the result for all repetitions and both eyes in 
the analysis. For the J0 component (Figure 5.8A), the difference is close to 0 (-
0.05±0.13D) between TSR and DSR (Limits of Agreement (LOAs) of [-0.29, 0.20]D) 
being non-significantly different (paired t-test p>.05). For the J45 component (Figure 
5.8B), the difference is -0.01±0.06 between methods (LOAs of [-0.12, 0.10]D), without 
any statistical difference (paired t-test p>.05). 
 

 
Figure 5.8. Bland-Altman analysis for TSR vs OBR refractions. Each panel shows a Bland-Altman plot, 
indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the 
sample. A. Plot comparing J0 component for both eyes. B. Plot comparing J45 component for both eyes.  
 
In terms of time and repeatability, however, both methods provide very different results. 
Figure 5.9 shows the repeatability as a function of time. The repeatability of the DSR 
measured was the average standard deviation across eyes and axis for each subject, 
and the repeatability for the TSR was obtained from the literature161. As shown in Figure 
5.9, DSR reduced measurement time, compared to the TSR, by a factor higher than x10, 
on average (2.48 vs 14.45min) and was almost twice more repeatable (standard 
deviation ±0.17 vs ±0.28D). 
 

 
Figure 5.9. Time vs. repeatability. Empty dots indicate the result for each subject and filled dots indicate 
the average across subjects. In red, the DSR method. In blue, the TSR method.  
 
We also evaluated the visual function with both methods (DSR and TSR) by measuring 
visual acuity (VA) and stereoacuity. The VA averaged across subjects for both DSR and 
TSR was -0.1 logMAR and was not statistically significantly different (paired t-test p>.05). 
Stereoacuity was also very similar for DSR and TSR (on average, 30±11.5 and 28±9.8 
arc seconds, respectively) and there was no statistically significant difference (paired t-
test p>.05). In the direct comparison of preference between correction, 50% of subjects 
preferred the DSR prescription and 50% of the subjects preferred the TSR prescription. 
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5.4. Discussion 
Direct Subjective Refraction for astigmatism 
In this study, we have demonstrated that the Direct Subjective Refraction (DSR) method 
could be used in the estimation of the amount of astigmatism, a key component of the 
refractive error not measured in previous versions of the DSR (Chapter 4). In this 
chapter, we have shown that the DSR method is very repeatable (±0.17D on average) 
and quick (each repetition taking 37 seconds), in agreement with the results of previous 
measurements, focused on the spherical equivalent (Chapter 4).  
 
In the comparison of the DSR method with the traditional subjective refraction (TSR) in 
terms of astigmatism, there is barely any difference between them (J0: -0.05±0.13D; J45: 
-0.01±0.06D). Other novel subjective refraction methods have reported higher 
differences compared to the TSR, ranging from ±0.07 to ±0.39D in the J0 component and 
from ±0.07 to ±0.31D in the J45

127,128,140–142,152. In this sample size, the encouraging results 
of the DSR overpass the outcomes of other subjective refraction methods but these 
results must be addressed in a higher sample size. 
 
With the refraction obtained with the DSR and the TSR in trial lenses in a trial frame, the 
visual function evaluated with the visual acuity and the stereoacuity was statistically 
similar in both methods (paired t-test p>.05) and the direct comparison between 
refractions showed that 50% of the patients preferred either DSR or TSR. A preference 
of 50% suggests that both TSR and DSR and undistinguishable and the results are 
encouraging. However, the sample size is small. A confirmation of these results in a 
larger sample size is needed to yield conclusions about the potential of the DSR. 
 
We have also shown that the influence of accommodation on the estimation of 
astigmatism is negligible. However, the amount of spherical equivalent with free 
accommodation is 0.3D more myopic than with paralyzed accommodation, in agreement 
with previous results (Figure 4.7, Chapter 4). Besides, pilot experiments have shown that 
the method can capture the amount of astigmatism very accurately when adding extra 
astigmatism to the refractive error of the subject’s eye (Figure 5.4).  
 
In addition, the change of the stimulus from a Blue/Red (B/R) version to a Red/Green 
(R/G) seems to not influence the astigmatism amount, although it changes the amount 
of spherical equivalent (Figure 5.5). We can speculate that the result, being undesirable, 
is not so unexpected. We assume that the spherical equivalent lies in between the two-
color components used in the stimulus. Changing one (or the two) color components 
induces an overall spectral shift and a potential change in the spherical equivalent. 
Considering the model described by Thibos et al.45 of the chromatic aberration of the eye 
and the maximum spectral emission of the red, green, and blue components of the 
projector (602, 552, and 490nm, respectively; see Figure 2.6, Chapter 2), the spectral 
shift is 0.15D, half the shift found. In this subject, the result does not match the model. 
However, the display used in this study (projector and white screen) has a broad spectral 
width for red, green, and blue components and therefore is not optimal for investigating 
the effect of the chromatic components. A display with customized RGB channels, with 
narrow spectral bandwidths, can help to understand the effect of different colors in the 
DSR task or even to perform the DSR task. 
 
Although with encouraging results, these pilot experiments were performed on only one 
experienced subject. Measurements in a larger sample size will help to better describe 
these results and to yield proper conclusions.  
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Limitations of the DSR method for astigmatism 
DSR method had been previously developed to measure the spherical equivalent 
component of the refractive error of an eye (Chapter 4). In this study, we have extended 
the procedure to also measure the astigmatism component. However, a complete 
prescription must include both spherical equivalent and astigmatism. The next step in 
the development of this method should aim at evaluating the whole refractive error to 
provide a complete prescription.  
 
In clinical practice, the refractive error is often evaluated with objective refraction as a 
starting point and then the traditional subjective refraction is performed. During this 
process, both the amount and orientation of the astigmatism are evaluated. In this study, 
the DSR method depends exclusively on the autorefraction to estimate the orientation of 
astigmatism. Although it has been reported that the angle of the axis provided by the 
autorefractometer is highly correlated with the angle estimated later with the TSR144, a 
DSR-based procedure for defining or refining the angle of astigmatism might help to 
provide a better estimation. However, it is a challenging goal and may be out of reach 
now, as autorefractors are fast and reliable in determining the angle of astigmatism and 
are widespread in eyecare clinics.  
 

5.5. Conclusions 
In this chapter of the thesis, we have demonstrated the feasibility of the Direct Subjective 
Refraction method to measure the astigmatic component of the subjective refraction 
using an oriented version of the stimulus previously designed for the estimation of 
spherical equivalent. The performance of the method for the measurement of 
astigmatism is very similar in terms of repeatability, accuracy, and measurement time to 
that obtained in Chapter 4 for the spherical equivalent. The results of this proof of concept 
in subjects with experience in visual studies is encouraging to develop a more 
sophisticated method to provide a complete prescription with the Direct Subjective 
Refraction method and to test it in real patients. 
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Chapter 6. Clinical measurements 
with the Direct Subjective 
Refraction 

This chapter covers further developments of the Direct Subjective Refraction method to 
provide a complete description of the refractive state of the eye, including spherical 
equivalent and astigmatism in the same measurement. In this chapter, the initial table-
top setup evolved to a portable prototype, based on a wearable device and miniaturized 
display, able to measure the full spherocylindrical eye prescription in clinical 
environments. 
 
This chapter is based on the article in preparation entitled “The Direct subjective 
refraction method: fast and accurate subjective measurements of the refractive error”, in 
which Victor Rodriguez-Lopez is the first author. Other co-authors are Eduardo Esteban, 
Daniel Pascual, Nerea Arejita and Carlos Dorronsoro.  
 
The contribution of the author of the thesis was the conceptualization and design of the 
study in collaboration with Carlos Dorronsoro, the literature research, the design of the 
experiments in collaboration with Eduardo Esteban, the collection of the data in 
collaboration with Nerea Arejita, the analysis of the data, the writing of the chapter and 
the editing of the chapter in collaboration with all the co-authors. 
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6.1. Introduction 
The Direct Subjective Refraction (DSR) method has been described in previous chapters 
for the isolated measurement of the spherical equivalent (Chapter 4) and astigmatism 
(Chapter 5). Preliminary results have demonstrated that this methodology allows self-
refraction of the spherical equivalent and astigmatism in less than one minute each, with 
unprecedented repeatability in both measurements (±0.17D). The potential of this new 
methodology has already been shown in laboratory studies with volunteer subjects, but 
the performance of real patients still needs to be demonstrated in clinical environments. 
This chapter describes the evolution of the setup to a portable device and the results of 
the first joint measurements of spherocylindrical error with DSR in clinical environments. 
 
The Direct Subjective Refraction (DSR) method used in previous chapters had important 
limitations. The main technological limitation refers to the setup, in which the optotunable 
lens creating the Temporal Defocus Waves (TDW) was part of an optical system 
mounted on an optical board, with all the complexities associated with on-bench 
systems, requiring continuous realignment and recalibration. Besides, the alignment of 
the eye with respect to the optical axis of the optical system was carried out with a bite 
bar, something very uncomfortable for the subjects as it requires big efforts to avoid any 
movement and frequent re-alignments. An RGB projector on a white screen was used to 
present the stimulus. This projector generates color components with large spectral 
widths and with low luminances, which can potentially make the task harder. 
 
Since its invention, the ultimate goal of this method has been its use in clinical 
environments. This chapter brings the method closer to the clinic by 1) reengineering the 
initial prototype (head-mounted TDW generator and LED-based display), 2) optimizing 
the parameters of the task and the psychophysical procedure, and 3) improving the 
measurement technique. Finally, measurements in two clinical environments were 
performed, exploring the clinical use of this technology and obtaining valuable feedback 
from real patients. 
 

6.2. Methods 
 
6.2.1. Estimation of the eye prescription 
The Direct Subjective Refraction (DSR) task remains the same as in Chapters 4 and 5: 
subjects (or patients, in some parts of this chapter) must minimize the flicker and 
chromatic artifacts guided by the reddish or blueish cues on the stimulus shown. The 
psychophysical procedure is the same as the one already described in previous 
chapters. However, in this chapter, the full spherocylindrical notation of the refractive 
error is directly obtained from DSR measurements in only two axes, the principal axes 
identified by autorefractometry, each measurement consisting of 4 repetitions of a 
staircase procedure. The spherical equivalent and the amount of astigmatism are 
subsequently obtained as the average and the difference across the results of axes, 
respectively.  
 
6.2.2. Clinical prototype 
6.2.2.1. Hardware improvement 
The hardware was improved from a table-top in-line monocular optical system with a 
projector-screen display to a miniaturized head-mounted and binocular optical system 
with a custom high-luminance monochromatic LED display.  
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The SimVis Gekko was used as the generator of Temporal Defocus Waves (TDW). The 
optical system of the SimVis Gekko uses mirrors to twist the optical path and reduce the 
overall length of the system, maintaining the optical path113. Additionally, SimVis Gekko 
is binocular, wearable, head-mounted, see-through, and has a large visual field (almost 
20º for each eye). Another advantage is that the connection is wireless. 
 
The display was changed completely compared to previous versions of the technology. 
The commercial DLP projector of the previous system was replaced by a custom display 
of LEDs, comprising high-luminance highly monochromatic LEDs (LUXEON Rebel Color 
Line series, Lumileds, Schiphol, The Netherlands). Considering the spectral sensitivity 
function of the human visual system274,275 and the LED peaks of emission from technical 
specifications, three LEDs were selected to create the Blue, Green, and Red stimuli, with 
peaks of sensitivity at 470, 530, and 627 nm, respectively. Figure 6.1 shows the spectral 
emission of the three selected LEDs, their spectral sensitivity, and the corresponding 
focus shift according to the LCA curve of the phakic human eye based on the chromatic 
eye model described by Thibos et al.45 (Equation 1.3, Chapter 1). 
 

 
Figure 6.1. LEDs used for the display. A. Normalized spectral emission of the Blue, Green, and Red LEDs. 
B. Photopic spectral sensitivity normalized (black line) and the position of the LEDs according to their 
maximum emission. C. Longitudinal Chromatic Aberration (LCA, black line) and the position of the LEDs 
according to their maximum emission.  

Figure 6.2 shows the clinical prototype developed. We developed a display for spherical 
equivalent measurements (Figure 6.2A) and another display for full prescription 
measurements (Figure 6.2B). In this chapter, we describe the technology development 
of both, although we did not perform measurements using the spherical equivalent 
display. The main component is the display made of narrow banded monochromatic 
LEDs soldered to a printed circuit board (PCB). The rectangular black housing contains 
the electronics needed to control the power of the LEDs. The display is held by a mount 
to allow changing the configuration of the stimulus and is mounted in a swing to allow 
slanting the angle of the display to match the visual axis of the observer. Besides, in the 
full prescription display (Figure 6.2B), the display is also joined to a servomotor to allow 
changing the orientation of the stimulus. Each component is described in detail below. 
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Figure 6.2. Image of the clinical prototype. A. For spherical equivalent. B. For full prescription. C. Patient 
performing the DSR experiment with the clinical prototype. During the measurements, the lights were off.  
 
The LEDs were assembled in a custom printed circuit board (PCB), designed specifically 
for this thesis (with the help of Daniel Pascual). The PCB for spherical equivalent 
measurements with LEDs soldered is shown in Figure 6.2A, and the PCB for full 
prescription measurements with LEDs soldered is shown in Figure 6.2B. The size of the 
PCB and the position of the LEDs were designed to match the dimensions of the stimulus 
displayed onscreen in previous studies (Figures 4.2 and 5.2), subtending the same visual 
degrees at 1m distance. The PCB allows controlling the power emission of the LEDs by 
groups, adapting the stimulus to the visual task. 
 
The PCB for the spherical equivalent was conformed of a group of 4 LEDs for each circle 
(4 circles in total, 2 of one monochromatic color and 2 of another monochromatic color) 
and a surrounding biochromatic ring with 18 alternating LEDs of the two monochromatic 
colors (Figure 6.3A). The PCB had 6 independent channels to control the LEDs: one 
channel to control the 2 inner monochromatic circles of one color, another channel to 
control the inner circles of the other monochromatic color, and another two channels to 
control each half of one monochromatic color of the bichromatic ring, and the remaining 
two channels to control each half of the other monochromatic color of the bichromatic 
ring. 
 
The PCB for the full prescription was conformed of a group of 7 LEDs for each line (4 
lines in total, 2 of one monochromatic color and 2 of another monochromatic color) and 
two surrounding bichromatic lines with 14 alternating LEDs of the two monochromatic 
colors (Figure 6.3B). The PCB had 6 independent channels to control the LEDs: one 
channel to control the 2 inner monochromatic lines of one color, another channel to 
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control the inner lines of the other monochromatic color, another two channels to control 
one monochromatic color of the bichromatic line, and the remaining two channels to 
control the other monochromatic color of the bichromatic line.  

 
Figure 6.3. PCBs for controlling the stimuli. A. PCB for the spherical equivalent experiment. B. PCB for 
the full prescription experiment. 
 
The fixed position of the LEDs limits the shape of the stimulus. Therefore, the mount for 
the PCB not only holds the PCB to a slanting system but also allows the creation of 
different stimulus designs using a diffusor filter and printed cardboards. Different design 
patterns for the spherical equivalent and the full prescription stimuli were modeled and 
laser-printed on cardboards, which allowed a high-precise definition of the edges of the 
stimuli. Figure 6.4 shows the three designs printed for the spherical equivalent (S) 
stimulus and the five designs printed for the full prescription (P) stimulus. 
 

 
Figure 6.4. Image of the laser-printed cardboard designs for spherical equivalent and full 
prescription. Designs S1, S2, and S3 correspond to the spherical equivalent display, and P1, P2, P3, P4, 
and P5 to the full prescription display.  
 
Different combinations of LEDs were configured to create different stimuli: Blue/Red 
(B/R), Red/Green (R/G), and Green/Blue (G/B). The PCB for each stimulus has the same 
structure and only the distribution of LEDs changes. The luminous power emission of 
each display was calibrated using a PowerMeter (Coherent, Santa Barbara, USA). 
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Figure 6.5. Stimuli designed with LED display. A. Spherical equivalent stimuli (from left to right, Blue/Red 
and Red/Green). B. Full prescription stimuli (from left to right, Blue/Red, Red/Green, and Green/Blue). 
 
The PCB received voltage controlled by an Arduino Nano 3 (Arduino, Turin, Italy). All the 
electronic components were soldered to a circuit board. For allocating the board, the 
housing was designed using 3D modeling and later 3D-printed in black plastic. Different 
housings were designed for the spherical equivalent stimulus and the full prescription 
stimulus. The main components of the housing were 1) a box for setting on the power 
source and the electronic circuit, 2) a tap with threads for placing a holder for the LEDs 
PCB which could slant the structure to align its center with the gaze of the observer (and 
for a servo motor for rotating the LEDs PCB for evaluating different axes of the refractive 
error in the full prescription stimulus), and 3) a holder for the PCB that also allowed to 
create specific patterns with laser-printed cardboards. Besides, the box had openings for 
wires of the power source and the USB connection and several parallel slits to avoid 
overheating the power source. Figure 6.6 shows the components of the clinical 
prototypes of the different components and an image of the assembled housing once 3D 
printed. 
 

 
Figure 6.6. Carving-up of the clinical prototype. A. Spherical equivalent. B. Full prescription. 
 
The different components of the housing were joined using metal screws in threads 
previously 3D modeled. To assure that the power source was as tight as possible to 
avoid undesirable movements while carrying it, polystyrene plastic was placed on both 
sides of the power source. 
 
Table 6.1. Comparison of the features of the starting optical system and the evolution to a clinical prototype 
for the Direct Subjective Refraction. 
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Feature On-bench Setup (previous 
chapters) 

Clinical Prototype 
(this chapter) 

Optical system In-line Miniaturized using SimVis 
Gekko 

Eye Monocular Binocular 
Alignment and fixation Bite bar Wearable 

Display Projector + white screen 
broad spectral bandwidth 

Custom board of LEDs with 
narrow spectral bandwidth 

and high luminance 
Connection USB Bluetooth 

 
6.2.2.2. Software improvement 
In terms of software, specific routines in MATLAB were developed to run the new display 
(the power supplied to the LEDs) and to rotate the display using the servo motor. 
Additionally, Psychtoolbox241 was used to collect the response of the subjects. A GUI 
(Graphical User Interface) was developed to facilitate the data collection in patients from 
the clinical environment. This GUI allowed us to introduce the objective refraction 
obtained from the autorefractometer and to calculate the final prescription based on the 
result of the DSR. 
 

 
Figure 6.7. Graphical User Interface (GUI) for performing the Direct Subjective Refraction method in 
a clinical environment using a clinical prototype. The functions included estimation of the average across 
repetitions of the objective refraction, the starting point for the DSR method, connection to the display, 
connection to SimVis Gekko, performing the spherical equivalent experiment, and the full prescription 
experiment, among others. 
 
6.2.3. Pilot experiments 
Several pilot experiments were carried out to refine the parameters of the TDW and the 
stimulus. The goal of these pilot experiments performed in the laboratory was to define 
the parameters of the experiment to be performed afterward in clinical sites. In these 
pilot experiments, we used the full prescription display. 
 
6.2.3.1. Parameters of the temporal defocus wave (TDW) 
The parameters of the TDW in the starting setup were 0.25D of amplitude and 15Hz of 
temporal frequency. This pilot experiment aims at optimizing the DSR task by maximizing 
the perceived flickering and the intensity of the chromatic distortions out of best focus. 
Five subjects judged qualitatively the differences perceived in changing the amplitude to 
0.25D, 0.375D, and 0.50D while keeping the frequency fixed at 15Hz, and the differences 
perceived in changing the temporal frequency to 10, 15, and 20 Hz while keeping the 
amplitude fixed at 0.50D, using the B/R stimulus.  
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6.2.3.2.Overall luminance of the stimulus 
The luminance of the new display could show many different light levels. The goal of this 
pilot experiment was to evaluate the influence of the overall luminance level on the 
performance of the DSR method. Five levels of overall luminance were measured: 10, 
20, 30, 40, and 50 lumens (lm). The parameters of the TDW were 15 Hz and 0.25D of 
temporal frequency and amplitude, respectively, using the R/G stimulus. The spherical 
equivalent of each condition was used to compare the results. Figure 6.8 shows an 
image of the overall luminance change for the R/G stimulus. 

 
Figure 6.8.Stimuli for the overall light level experiment. A. Stimulus with an overall luminance of 10 lm. 
B. Stimulus with an overall luminance of 30 lm. C. Stimulus with an overall luminance of 50 lm. 
 
6.2.3.3. Chromatic balance 
Chromatic balance refers to the luminance difference between the monochromatic colors 
in each eye, reducing the luminance of one monochromatic color while keeping the other 
monochromatic color unperturbed. The stimulus used was R/G with an overall luminance 
of 30 lm. Parameters of the TDW were 15Hz of temporal frequency and 0.50D of 
amplitude. Condition (or chromatic balance factor) is defined as the difference between 
the luminance of the monochromatic red and the monochromatic green (Equation 6.1). 
Negative values indicate that the monochromatic green dominates and positive values 
that the monochromatic red dominates. Conditions measured ranged from -0.50 (less 
red, more green) to +0.50 (less green, more red) in steps of 0.25. Spherical equivalent 
was used to compare across conditions. Figure 6.9 shows an image of the chromatic 
balance for the R/G stimulus. 
 

𝐶𝐵 = 𝐿𝑅 − 𝐿𝐺 6.1 
 
where 𝐶𝐵 means chromatic balance factor, 𝐿𝑅 luminance of red component, and 𝐿𝐺 
luminance of green component. 

 
Figure 6.9. Stimuli for chromatic balance experiment. A. Stimulus with a chromatic balance factor of -
0.50. B. Stimulus with a chromatic balance factor of 0.00. C. Stimulus with a chromatic balance factor of 
0.50. 
 
Different stimulus 
Three monochromatic LEDs were selected as candidates for the display. Theoretically, 
the dioptric difference between each of them varies, according to the LCA (Figure 6.1C), 
and may result in a different outcome. To test this hypothesis, 3 stimuli were designed: 
R/G, B/R, and G/B. The DSR method was performed with 15Hz of temporal frequency, 
0.50D of amplitude, and 30 lm of luminance. Seven subjects participated in the R/G and 
B/R and four of them also in the G/B. The average spherical equivalent across subjects 
was used to compare the difference between subjects. Figure 6.4B shows an image of 
the different stimuli. 
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As the stimuli were different, the perceptual effects also varied slightly. In the B/R 
stimulus, reddish chromatic distortions appear when the mean of the TDW is on the 
hyperopic side of the retina and bluish chromatic distortions appear when the mean of 
the TDW is on the myopic side of the retina. In the R/G stimulus, reddish chromatic 
distortions appear when the mean of the TDW is on the hyperopic side of the retina and 
greenish chromatic distortions appear when the mean of the TDW is on the myopic side 
of the retina. In the G/B stimulus, greenish chromatic distortions appear when the mean 
of the TDW is on the hyperopic side of the retina and blueish chromatic distortions appear 
when the mean of the TDW is on the myopic side of the retina. 
 
6.2.4. Experiment in clinical sites 
After the selection of the best parameters for the experiment in pilot experiments, 
patients were recruited and measured at two clinical sites, a public hospital (Hospital 
Clinico San Carlos, Madrid, Spain) and the optometrist office in the research center 
(Instituto de Optica, Madrid, CSIC). The inclusion criteria were age range 18-75 years 
old, no ocular pathologies different from refractive error, spherical refractive error range 
from +6.00D to -10.00D and astigmatism <3.50D, and ocular transparent media. The 
exclusion criteria included visual acuity lower than 0.30 logMAR, history of strabismus, 
diplopia, other binocular vision abnormalities, iris coloboma, ocular surface pathologies 
or scars, systemic diseases or current medical prescription affecting the ocular health, 
and aphakic subjects. Measurements took less than 1 hour and were performed by an 
optometrist with more than 2 years of experience. The study followed the tenets of the 
Declaration of Helsinki. Study protocols were approved by the Hospital Clinico San 
Carlos Ethical Review Board. Subjects signed a consent form after receiving an 
explanation of the nature and possible consequences of the study.  
 
6.2.4.1. Refraction methods 
The refraction was obtained by three methods, Objective Refraction (OBR), Traditional 
Subjective Refraction (TSR), and Direct Subjective Refraction (DSR). The visual function 
with the refraction of each of them was compared after the evaluation. 
 
The OBR was obtained using the autorefractometer BIO Huvitz Keratometer (Huvitz, 
Gunpo, South Korea). The average across 3 repetitions provided the final refraction and 
the standard deviation provided a measure of repeatability. The time taken to carry out 
all the repetitions was recorded with a chronometer. The measurement time of the OBR 
refraction was estimated as the average across three repetitions. As in clinical practice, 
the result of the OBR refraction was used as the starting point of the TSR and the DSR 
refractions. 
 
The TSR was obtained following the conventional method for obtaining the subjective 
refraction described in section 2.4. In summary, the TSR method evaluated first the left 
eye, then the right eye, and finally a binocular adjustment. The result of the OBR was 
the starting point. The time taken to evaluate each of the phases was recorded with a 
chronometer. Measurement time for the TSR refraction was estimated as the addition of 
the time taken in every three phases. The measurement was carried out in a trial frame. 
 
The DSR refraction was obtained using the setup described in the previous section for 
full prescription measurements. The DSR method requires alignment of the optical 
system, as well as a detailed explanation with demos that simulate the flicker effect 
before starting the measurement. To modify the TDW and perform the DSR method, 
patients were instructed in the DSR task and had the control of a keyboard. The average 
across 4 repetitions for each axis provided the refractive error, and the standard deviation 
provided the repeatability. First, the left eye was measured, then the right eye. The result 
of the OBR was considered the starting point. The time taken to explain the tasks and 
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the demos were recorded with a chronometer, and the time taken for the DSR method 
in each eye (average time across 4 repetitions, for each axis) was recorded using 
MATLAB. Measurement time for the DSR refraction was the addition of the explanation, 
the demos, and the time of the DSR method. 
 
6.2.4.2. Visual function 
Usually, the suitability of any refraction is evaluated using mainly visual acuity. In this 
study, visual acuity, stereoacuity, perceptual visual quality with two tests, and refraction 
preference were performed. 
 
Visual Acuity (VA) was measured using Sloan letters optotype in Stereoscopic Monitor 
(SM, LG49UH850V with a spatial resolution of 3840x2160 pixels) and the software 
Optonet (Cheshire, Reino Unido), in the left eye, the right eye, and in both eyes. For the 
TSR refraction, VA was already obtained during the method. The VA measurement was 
taken with the final refraction in trial glasses with trial lenses. 
 
Stereoacuity was measured using a custom test consisting of 4 squares of 2.5x2.5 visual 
degrees made of random dot white squares of 0.12x0.12 visual degrees over a gray 
background. Of the 4 squares, only one of them had disparity and was therefore 
perceived in depth with crossed disparity (in front of the screen). The test consisted of 
images with disparities ranging from 1000 to 100 arc seconds in steps of 100, from 100 
to 40 arc seconds in steps of 10, and from 40 to 0 in steps of 5 arc seconds. The test 
was presented on a TFT Toshiba monitor 13.3’’ (Toshiba Portege Z30, Toshiba, Tokyo, 
Japan) at 40cm distance. 
 

 
Figure 6.10. Custom stereoacuity stimulus using the anaglyph method. Green is perceived by the left 
eye and red by the right eye. A. Disparity of 60 arc seconds. B. Disparity of 300 arc seconds. 
 
Visual quality was tested by presenting a natural image with different daily visual 
scenes229 and was graded using the Visual Analogue Scale (VAS), where patients 
indicated their comfort from 0 to 100 on a black line 10cm long. The stimulus was 
presented in a TFT Toshiba at 1m distance.  
 
6.2.4.3. Refraction preference 
Overall satisfaction with the different refractions was directly compared using trial lenses 
in trial glasses looking at letters optotype of 0.2 logMAR size smaller than the maximum 
visual acuity of each patient. Refractions were compared in pairs: OBR vs. TSR, TSR 
vs. DSR, and DSR vs OBR. 
 
6.2.4.4. Feedback about the Direct Subjective Refraction method 
To obtain valuable feedback from patients about the DSR method, several questions 
were asked before finishing the visit: 

1. Overall, what do you think about the Direct Subjective Refraction method? 
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2. Would it be easier if I (the clinician) press the buttons on the keyboard instead of 
you (the patient), or you feel comfortable? 

3. Would you wear glasses prescribed with this new method? 
4. Did you find useful the simulation DEMOs showed before for understanding and 

then performing the task? 
5. Did you find it useful to perform a DEMO of the DSR task before beginning the 

actual measurement? 
 
6.2.5. Statistical analysis 
In the pilot experiments, the differences between conditions were evaluated with the 
spherical equivalent obtained in each. Besides, an ANOVA-n-way was used to evaluate 
the statistical significance of the condition, using the spherical equivalent average across 
subjects. In the experiment in clinical patients, the agreement among refraction methods 
was evaluated using Bland-Altman plots. Also, paired t-test was used to evaluate 
statistical differences. To analyze the statistical significance between groups of different 
sizes (age, clinical site), Mann-Whitney U-test was used. The statistical level to achieve 
statistical significance was set to 5% (p=0.05). 
 

6.3. Results 
6.3.1. Pilot Experiments 
Parameters of the temporal defocus wave (TDW) 
All subjects reported that, when varying the amplitude of the TDW between 0.25, 0.375, 
and 0.50D, at a temporal frequency of 15 Hz, the maximum flickering perception out of 
best focus was with 0.50D. Besides, while changing the temporal frequency to 10, 15, 
and 20Hz, subjects reported that the flicker was better perceived at 10Hz. Therefore, the 
optimum parameters of the TDW were 0.50D and 15Hz.  
 
Overall luminance of the stimulus 
Figure 6.11 shows the spherical equivalent (Figure 6.11A) and the amount of 
astigmatism (Figure 6.11B) obtained as a function of the overall luminance level for the 
left eye (circles) and right eye (squares) for one subject. The spherical equivalent 
averaged across luminance levels was -0.91±0.14 and -0.22±0.12D for the left and the 
right eye, respectively. The absolute amount of astigmatism averaged across luminance 
levels was 0.48±0.13D and 0.11±0.07D for the left and right eyes, respectively. There 
was no correlation between spherical equivalent and overall luminance (r=.27, p>.05) or 
astigmatism and luminance (r=.35, p>.05), suggesting that the overall luminance level 
does not affect the measurement. Besides, the subject subjectively preferred to perform 
the task at 30 lm, as it provided sufficient light without dazzle. Other subjects that did not 
perform this systematic study but evaluated the task with different light levels, also 
identified 30 lm as the preferred level. Thus, 30 lm was selected as the overall luminance 
level for the experiments. 
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Figure 6.11. Overall luminance pilot experiment. Spherical equivalent as a function of the luminance 
level. Error bars indicate the average standard deviation across repetitions for both axes (error bars in A and 
B for each datapoint are the same, although the y-axis limits differ). Circles mean left eye and squares mean 
right eye. A. Spherical equivalent. B. Astigmatism. 
 
Chromatic balance 
In this experiment, the luminance of one monochromatic color was changed while 
keeping the other fixed. Negative values of the chromatic balance factor indicate more 
amount of green than red and positive values that the amount of red was higher than 
green (Equation 6.1). Figure 6.12 shows the spherical equivalent (Figure 6.12A) and the 
amount of astigmatism (Figure 6.12B) as a function of the chromatic balance for the left 
(circles) and right eye (squares) and one subject. The spherical equivalent averaged 
across conditions is -0.62±0.12D and -0.3±0.06D for the left eye and right eye, 
respectively. There was no correlation between spherical equivalent and chromatic 
balance factor (r=.66, p>.23) or astigmatism and luminance (r=-.40, p>.49), suggesting 
that chromatic balance factor does not influence the result. The absolute amount of 
astigmatism averaged across luminance levels was 0.23±0.16D and 0.12±0.07D for the 
left and right eyes, respectively. In this case, the subject was more comfortable 
performing the task with more amount of red than green (condition +0.50). The visual 
system is more sensitive to green light, and the red channel multiplier must compensate 
for the excess brightness perceived in the green channel.  
 

 
Figure 6.12. Chromatic balance pilot experiment. Spherical equivalent as a function of the chromatic 
balance factor. Error bars indicate the average standard deviation across repetitions for both axes (error 
bars in A and B for each datapoint are the same, although the y-axis limits differ). Circles mean left eye and 
squares mean right eye. Colors mean chromatic difference condition (the greener the more proportion of 
green in the stimulus, the redder the more proportion of red on the stimulus). A. Spherical equivalent. B. 
Astigmatism. 
 
Different stimulus 
The spherical equivalent (Figure 6.13A) averaged across subjects for Blue/Red (B/G), 
Red/Green (R/G), Green/Blue (G/B) was -0.59±0.60D, -0.50±0.64D, and -0.65±0.41D 
for the left eye, respectively, and -0.50±0.64D, -0.59±0.60D, and -0.65±0.41D, 
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respectively, for the right eye. There was no statistical difference between the different 
stimuli (paired t-test p>.05 for comparison between B/R vs. R/G and both eyes, and 
Mann-Whitney U-test p>.05 for comparison between B/R and R/G vs. G/B stimulus for 
both eyes). 
 
The absolute amount of astigmatism (Figure 6.13B) averaged across subjects for B/R, 
R/G, and G/B was 0.49±0.77D, 0.25±0.30D, and 0.27±0.27D for the left eye, 
respectively, and 0.43±0.27D, 0.35±0.51D, and 0.12±0.08D, respectively, for the right 
eye. There was no statistical difference between the different stimuli (paired t-test p>.05 
for comparison between B/R vs. R/G and both eyes, and Mann-Whitney U-test p>.05 for 
comparison between B/R and R/G vs. G/B stimulus for both eyes, except for R/G vs. G/B 
in the right eye, which reports statistically significant differences p<.05). 
 
The average standard deviation across subjects for B/R was ±0.24 and ±0.31D, for the 
left and the right eye, R/G was ±0.27D and ±0.14D, for the left and the right eye, and G/B 
was ±0.23D and 0.20D for the left and the right eye. Results suggest that R/G is the 
stimulus that subjects performed better, which corresponds to the subjective preference 
of the subjects that, in general, reported that the task was more easily performed with 
the R/G stimulus. 
 

 
Figure 6.13. Different stimuli pilot experiment. Error bars indicate the average standard deviation across 
repetitions for both axes (error bars in A and B for each datapoint are the same, although the y-axis limits 
differ). Circles mean left eye and squares mean right eye. Blue edge and red filling mean Blue/Red (B/R) 
stimulus. Red edge and green filling mean Red/Green (R/G) stimulus. Green edge and blue filling mean 
Green/Blue (G/B) stimulus. A. Spherical equivalent for each subject. B. Astigmatism for each subject. 
 
6.3.2. Direct Subjective Refraction method for prescription 
In total, 40 patients were recruited. Seven of them were discarded because they were 
not able to perform the DSR task within the 1-hour timeframe of the measurements. Of 
the 33 remaining patients (age 34.9±11.6 years old), 18 were evaluated at the Hospital 
Clinico San Carlos (Madrid, Spain) and 15 in the optometry office of the Institute of Optics 
(Madrid, Spain). Visual acuity was >0.1 logMAR in all subjects. One subject reported 
color dyschromatopsia (protanopia), discovered while performing the DSR task, but he 
was able to perform the task without problems (see section 6.4). 
 
Figure 6.14 shows two example subjects performing the DSR task for the left and right 
eye. Each graph shows the mean optical power of the TDW as the experiment progress, 
for different repetitions (4 repetitions per axis). Green lines represent the myopic axis 
and red lines the hyperopic axis. The endpoint of each line represents the final point of 
each repetition, where the subject perceived minimum flicker and chromatic distortions. 
The average and standard deviation across repetitions (endpoints) are displayed as a 
shaded green or red bar, depending on the axis evaluated. The starting point was the 
objective refraction. Figure 6.14A shows one representative subject that performs the 
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task with a very low standard deviation, where all the repetitions for each axis converge 
to a common point (average standard deviation across axes and eyes 0.09D). Figure 
6.14B shows a representative example of a subject that did not perform well, likely due 
to a misunderstanding of the task, resulting in an average standard deviation (across 
axes and eyes) of 0.89D. As can be seen, this subject seems to press buttons randomly, 
without any logic, which explains the result obtained. 
 

 
Figure 6.14. Direct Subjective Refraction provides a complete prescription. A. Subject who performed 
very well in the DSR task (S31). B. Subject that did not perform correctly the DSR task (S3). 
 
Analysis by groups 
Figure 6.15 shows the standard deviation of all subjects, sorted. The standard deviation 
of each subject was estimated as the average across axes and eyes. We divided 
subjects into 3 regions. The green region included subjects with a standard deviation 
equal to or below 0.28D (the intra-optometrist error of the traditional subjective refraction 
from the literature161). The yellow region included subjects with a standard deviation 
higher than 0.28D and lower than twice the intraoptometrist error (±0.56D). The red 
region included subjects with a standard deviation higher than twice the intraoptometrist 
error (0.56D).  
 
In the protocol for all refractions, the left eye was first evaluated, and then the right eye. 
Some subjects reported that were more confident while performing the DSR task in the 
second eye (right eye). Therefore, we analyzed if any training effect could be inferred by 
comparing the average standard deviation for all subjects in the left eye versus the right 
eye. The averages were 0.54±0.29D and 0.46±0.4D, for the left and the right eye, 
respectively, although no statistical difference was found (paired t-test p>.05), 
suggesting no learning effect. 
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Figure 6.15. Standard deviation of the DSR refraction for all subjects, sorted by standard deviation. 
Three regions are indicated: green region (SD<0.28D), yellow region (0.28>SD>0.56), and red region 
(>0.56D).  
 
 
Figure 6.16 shows the standard deviation for all subjects evaluated at the Hospital Clinico 
San Carlos (HSCS) site and for all subjects evaluated at the Institute of Optics (IO-CSIC) 
site. The average standard deviation across subjects was 0.54±0.24D and 0.41±0.38D 
for HSCS and IO-CSIC. Although the average is slightly lower for the IO-CSIC venue 
than for the HSCS venue, differences were not statistically significantly different (Mann-
Whitney U-test p>.05). 
 

 
Figure 6.16. Standard deviation of the DSR refraction for all subjects, differentiating between venues. 
Left side: subjects measured at Hospital Clinico San Carlos (HCSC). Right side: subjects measured at 
Institute of Optics (IO-CSIC). 
 
Figure 6.17 shows the average standard deviation sorted by age. Three groups were 
considered: young, lower than 30 years old, pre-presbyope, between 30 and 45 years 
old, and presbyope, older than 45 years old. The average standard deviation for the 
young group is 0.38±0.24D, for the pre-presbyope group is 0.51±0.16D, and for the 
presbyope group 0.71±0.31D. Mann-Whitney U-test for different sample sizes reports a 
non-significant difference between young and pre-presbyope groups and between pre-
presbyope and presbyope groups (p>.05) and reports a significant difference between 
young and presbyope groups (p<.05).  



Results 

 
116 

 

 
Figure 6.17. Standard deviation of the DSR refraction for all subjects, differentiating age groups: 
young (<30 years old left), pre-presbyope (between 30 and 45 years old, middle), and presbyope, (>45 years 
old, right). 
 
Comparison of refraction methods 
Figure 6.18 shows in power vector notation (spherical equivalent, M, horizontal 
astigmatism, J0, and oblique astigmatism, J45) the refraction obtained for all subjects with 
the Objective Refraction (OBR) method. The average and standard deviation across 
subjects for M were -1.18±1.98D and -1.42±2.31D for the left and the right eye, 
respectively; for J0 is 0.21±0.54D and 0.17±0.38D for the left and the right eye, 
respectively; for J45 is -0.05±0.26D y 0.04±0.33D for the left and the right eye, 
respectively.  
 

 
Figure 6.18. Results of the Objective Refraction (OBR) for all subjects. A. Left eye. B. Right eye. 
 
Figure 6.19 shows the refraction obtained for all subjects with the Traditional Subjective 
Refraction (TSR) method. The average and standard deviation across subjects for M 
were -1.0±1.89D and -1.18±2.1D for the left and the right eye, respectively; for J0 is 
0.22±0.44D and -0.14±0.36D for the left and the right eye, respectively; for J45 is -
0.05±0.21D and 0.03±0.25D for the left and the right eye, respectively.  
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Figure 6.19. Results of the Traditional Subjective Refraction (TSR) for all subjects. A. Left eye. B. 
Right eye. 
 
Figure 6.20 shows the refraction obtained for all subjects with the Direct Subjective 
Refraction (TSR) method. The average and standard deviation across subjects for M -
1.77±1.97D and -1.83±2.02D for the left and the right eye, respectively; for J0 0.26±0.60D 
and 0.24±0.64D for the left and the right eye, respectively; for J45 is 0.0±0.40D and -
0.03±0.28D for the left and the right eye, respectively.  
 

 
Figure 6.20. Results of the Direct Subjective Refraction (DSR) for all subjects. A. Left eye. B. Right 
eye. 
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The following figures show the comparison between refraction methods using Bland-
Altman analysis, which plots the difference versus the mean of the methods compared, 
indicating in the figure the Limits of Agreement (LOAs) and the mean and standard 
deviation of the difference.  
 
Figure 6.21 shows the Bland-Altman plots of the objective refraction (OBR) vs. the 
traditional subjective refraction (TSR). The result obtained for M component was -
0.18±0.48D (LOAs: [-1.12 to 0.77]D) and -0.24±0.52D (LOAs: [-1.27 to 0.79]D) for the 
left and right eye, respectively; for J0 component -0.01±0.17 D (LOAs: [-0.34 to 0.32]D) 
and 0.03±0.10D (LOAs: [-0.18 to 0.23]D) for the left and right eye, respectively; and for 
J45 component 0.00±0.14D (LOAs: [-0.27 to 0.28]D) and 0.01±0.12D (LOAs: [-0.22 to 
0.24]D) for the left and right eye, respectively. 
 

 
Figure 6.21. Bland-Altman analysis for TSR vs OBR refractions. Each panel shows a Bland-Altman plot, 
indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the 
sample. A. Plot comparing M, J0, and J45 for the left eye. B. Plot comparing M, J0, and J45 for the right eye. 
 
Figure 6.22 shows the Bland-Altman plots of the TSR vs. the Direct Subjective Refraction 
(DSR). The result obtained for M component was -0.77±0.71D (LOAs: [-2.16 to 0.63]D) 
and -0.66±1.36D (LOAs: [-3.33 to 2.02]D) for the left and right eye, respectively; for J0 
component -0.04±0.28D (LOAs: [-0.50 to 0.59]D) and 0.10±0.43D (LOAs: [-0.74 to 
0.93]D) for the left and right eye, respectively; and for J45 component 0.06±0.31D (LOAs: 
[-0.56 to 0.67]D) and -0.06±0.38D (LOAs: [-0.80 to 0.68]D) for the left and right eye, 
respectively. 
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Figure 6.22. Bland-Altman analysis for TSR vs DSR refractions. Each panel shows a Bland-Altman plot, 
indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the 
sample. A. Plot comparing M, J0, and J45 for the left eye. B. Plot comparing M, J0, and J45 for the right eye. 
 
Figure 6.23 shows the Bland-Altman plots of the OBR vs. the DSR. The result obtained 
for M component was -0.59±0.55D (LOAs: [-1.68 to 0.49]D) and -0.42±1.60D (LOAs: [-
3.55 to 2.72]D) for the left and right eye, respectively; for J0 component 0.05±0.22D 
(LOAs: [-0.39 to 0.49]D) and 0.07±0.42D (LOAs: [-0.76 to 0.90]D)for the left and right 
eye, respectively; and for J45 component 0.05±0.25D (LOAs: [-0.43 to 0.54]D) and -
0.07±0.44D (LOAs: [-0.93 to 0.79]D) for the left and right eye, respectively. 
 
In the comparison between all components of the refraction (M, J0, J45), both eyes (left 
and right eye), and all the refraction methods (OBR, TSR, DSR), there were no statistical 
significance differences (paired t-test in all comparison p>.05) except when comparing 
M obtained with the OBR, TSR, and DSR for the left eye and comparing M obtained with 
OBR vs TSR and with TSR vs DSR (paired t-test in all comparison p<.05).  
 
In terms of time taken per repetition, for the OBR the time was estimated as the average 
across 3 measurements, for the TSR the time was measured while performing the task, 
and for the DSR was estimated as the addition of the time for alignment, for explaining 
the task, and the average across repetition for the two axes and each eye. The average 
time per repetition took 0.63±0.27min for OBR, 9.52±2.26 min for TSR, and 3±0.45 min 
for DSR, being statistically significantly different (paired t-test p<.05). For all subjects, 
the OBR method was the fastest, then DSR method and the slowest was TSR method. 
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Figure 6.23. Bland-Altman analysis for OBR vs DSR refractions. Each panel shows a Bland-Altman plot, 
indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the 
sample. A. Plot comparing M, J0, and J45 for the left eye. B. Plot comparing M, J0, and J45 for the right eye. 
 
The optical quality obtained with each refraction method was very similar. For visual 
acuity (VA), the average and standard deviation across subjects were -0.08±0.06, -
0.08±0.05, and -0.04±0.16 logMAR for OBR, TSR, and DSR, respectively. Besides, there 
was no statistical significance difference among them (paired t-test p>.05 in all 
comparisons). For stereoacuity, the average and standard deviation across subjects 
were 188.79±254.13, 179.24±255.23, and 205±264.83’’ for OBR, TSR, and DSR, 
respectively. There was no statistical significance difference between refraction methods 
(paired t-test p>.05 in all comparisons). For the Visual Analogue Scale (VAS) test, the 
average and standard deviation across subjects were 8.71±0.83, 8.69±1.34, and 
6.38±2.64 cm for OBR, TSR, and DSR, respectively. There was a statistical significance 
difference between DSR vs. TSR and DSR vs. OBR (paired t-test p<.05) and no 
statistical significance difference between TSR vs. OBR (paired t-test p>.05). When 
directly comparing the prescription obtained with the different refraction methods, 57% 
subjects preferred the TSR over the OBR; 64% preferred the TSR over the DSR, and 
50% preferred the DSR over the OBR.  
 
Analysis of patients performing the DSR task correctly 
To account for the effect on patients that understood and performed the task correctly, 
we analyzed the results of only (7) patients with an average standard deviation lower 
than 0.28D (Figure 6.15, green region). Comparing the Bland-Altman plots only for the 
DSR and TSR methods (Figure 6.24), the result obtained for the M component was -
0.34±0.53D (LOAs: [-1.39 to 0.70]D) and -0.63±1.44D (LOAs: [-3.45 to 2.20]D) for the 
left and right eye, respectively; for the J0 component -0.10±0.13D (LOAs: [-0.36 to 
0.16]D) and -0.03±0.42D (LOAs: [-0.84 to 0.79]D) for the left and right eye, respectively; 
and for the J45 component 0.06±0.23D (LOAs: [-0.39 to 0.51]D) and 0.05±0.40D (LOAs: 
[-0.73 to 0.84]D) for the left and right eye, respectively. In all components for both the left 
and the right eye, the standard deviation of the difference improved (improvement higher 
in the left eye). The most remarkable improvement is the one found in the M component 
of the left eye, from -0.77±0.71D to -0.34±0.53D, similar to the results reported in Chapter 
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4 for the measurement of the spherical equivalent. There were non-significant 
differences among all components of refractions (paired t-test p>.05 in all comparisons). 
 
In terms of visual function, average visual acuity was the same for all refraction methods 
(-0.11 logMAR), VAS metric reported averages of 9.10±0.77, 8.89±1.29, and 7.92±1.52 
cm for OBR, TSR, and DSR, with non-significant differences among them (paired t-test 
p>.05 in all comparisons). When directly comparing the prescription obtained with the 
different refraction methods, 57% of the subjects preferred the OBR over the TSR; 57% 
preferred the DSR over the TSR, and 80% preferred the DSR over the OBR. 
 

 
Figure 6.24. Bland-Altman analysis for TSR vs DSR refractions for subjects with an average standard 
deviation in the DSR refraction lower than 0.28D. Each panel shows a Bland-Altman, indicating the Limits 
of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the sample. A. Plot 
comparing M, J0, and J45 for the left eye. B. Plot comparing M, J0, and J45 for the right eye. 
 
Feedback from the patients 
After finalizing all the experimental measurements, we asked the patients several 
questions to obtain feedback about the Direct Subjective Refraction method. For the 
question ‘In overall, what do you think about the Direct Subjective Refraction method in 
terms of difficulty?’, 53% of the patients considered the task easy, 40% hard, and 7% 
medium difficulty. For the question ‘Would it be easier if I (the clinician) press the buttons 
on the keyboard instead of you (the patient), or do you feel comfortable?’, 93% of the 
patients were comfortable with pressing the buttons. For the question ‘Would you wear 
glasses prescribed with this new method?’, 40% of the patients would, 40% would not, 
and 20% were not confident enough to provide an answer. For the questions ‘Did you 
find useful the simulation DEMOs showed before for understanding and then performing 
the task?’ and ‘Did you find it useful to perform a DEMO of the DSR task before beginning 
the actual measurement?’, 93% of the patients found it useful for performing later the 
task. 
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6.4. Discussion 
This study reports the first use of the direct subjective refraction method in a clinical 
environment. Many technological developments were required to accomplish this goal, 
most of them described in section 6.2 of this chapter. The technology evolved in the 
direction of a clinical product. The first steps were replacing a commercial display and 
an on-bench setup with a custom and portable LED display and a wearable device for 
optical manipulation. This study also reports the process followed to select the optimal 
parameters of the psychophysical method, that improved the performance of the DSR 
task. 
 
Direct Subjective Refraction method  
In pilot experiments, we have demonstrated that changing the overall luminance of the 
custom display (Figure 6.11), the proportion of monochromatic colors (Figure 6.12), and 
the monochromatic components (Figure 6.13), do not substantially affect the outcome of 
the DSR task. This result suggests that the Direct Subjective Refraction method provides 
a robust measurement independent of the chromatic features of the stimulus. 
 
In the DSR method, age seems to play a role. We have found that young patients perform 
statistically better than presbyope subjects (Figure 6.17). In addition, the 7 patients 
discarded were presbyopes (older than 54 years). This influence of age in the DSR task 
may be explained by an increase in the scattering (due to a less transparent crystalline 
lens, or even to a subclinical cataract10,11) or by the increasing of the spherical 
aberration276,277. Both effects will decrease the optical quality and increase the depth of 
focus, and therefore decrease the sensitivity to defocus. Moreover, it has been reported 
that the peak of the temporal contrast sensitivity function (TCSF), usually around 10 Hz, 
is shifted to lower temporal frequencies in older subjects64. In the DSR method, the 
temporal frequency of the TDW was 15Hz, which may have produced a lower sensitivity 
in this group of patients. 
 
One of the patients in the study was identified as color-blinded (protanopia) while 
performing the DSR measurements (he was previously unaware of his optical condition). 
He was able to perform the DSR task, although with moderate performance (SD ±0.87 
and ±0.27D in the left and right eye, respectively). The DSR task is based on minimizing 
flicker and chromatic distortions produced by the TDW that appeared in the red or the 
green components, depending on the position of the TDW with respect to the retina. In 
this case, the chromatic distortions were not perceived by the patient, but, due to the 
different spatial locations of the red and green components, he was able to perceive the 
flicker changing from one location to another. Some studies have also found that color-
blinded subjects were able to perform stereoacuity tests based on anaglyph filters, but 
with a decrease in their performance, similar to what was found in this study278,279. 
Although more tests need to be performed, this result suggests that the DSR task is also 
possible in patients with color-blind conditions. 
 
Seven patients were able to perform the DSR task with maximum repeatability. We 
believe that these patients understood the task perfectly and, during the demos, they 
were able to perceive when green components or red components individually, knowing 
exactly what to do. In this sample, perceived visual quality evaluated with the VAS metric 
was slightly higher with the TSR refraction (8.89±1.29 cm) than with the DSR refraction 
(7.92±1.52 cm), there was no statistically significant difference. However, in direct 
comparisons, the DSR refraction was preferred over the TSR refraction in 57% of the 
patients. However, only 7 out of 33 (21%) were able to perform correctly. This result, 
although encouraging to demonstrate the potential implementation of the DSR method 
in the clinic, shows that further investigation is needed to understand why some patients 
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could not even perform the task, or why others reported low repeatability (high standard 
deviation). 
 

6.5. Conclusions 
This chapter shows the first use of the Direct Subjective Refraction method in a clinical 
environment with real patients. We have developed a new clinical prototype and 
demonstrated that patients of all ages (older than 18 years old) can perform the visual 
task. But we have also identified some difficulties in the task and the method, affecting 
an important number of patients, that need to be overpassed by improving the 
technology, using personalized parameters of the temporal defocus wave and 
developing new measurement protocols. Although the technology needs more 
maturation, this chapter already shows a strong potential of the DSR method for clinical 
measurements. 
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Chapter 7. Monovision corrections 
and eye dominance 

In this chapter, we have measured the impact of eye dominance in the selection of the 
best monovision correction. 
 
This chapter is based on the article by Victor Rodriguez-Lopez et al. “Ocular dominance 
measurements and monovision correction preference” submitted to Translational Vision 
Science and Technology (2022). The co-authors of the study are Xoana Barcala, Amal 
Zaytouny, Carlos Dorronsoro, Eli Peli, and Susana Marcos. 
 
The contribution of the author of the thesis was the conceptualization and design of the 
study with Susana Marcos, Carlos Dorronsoro, and Xoana Barcala, the literature 
research in collaboration with Susana Marcos, the design of the experiments in 
collaboration with Carlos Dorronsoro, the collection and analysis of the data in 
collaboration with Amal Zaytouny, the writing of the chapter in collaboration with Susana 
Marcos and the editing of the chapter in collaboration with all co-authors. 
 
This work was presented as a virtual oral contribution by Xoana Barcala at the 
Association for Vision and Research in Ophthalmology (ARVO) virtual meeting in 2021. 
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7.1. Introduction 
Previous chapters have tackled different aspects of dynamic blur and its use for 
estimating the refractive state of the eye. This chapter uses programable blur to improve 
the prescription of monovision, one of the most popular solutions for presbyopia, that 
induces static interocular blur differences. Particularly, the chapter studies the role of 
ocular dominance in monovision corrections. 
 
Monovision is a widespread treatment strategy for presbyopia, the age-related loss of 
dynamic focusing of the eye from distance to near vision. Conventional monovision 
clinical practice involves correcting the dominant eye for distance167–169 and the non-
dominant eye for near. 
 
Numerous tests for ocular dominance have been proposed in the literature and a few are 
performed clinically, yet it is not clear whether the dominance that they capture is relevant 
to the prescription of monovision. The tests used can be grouped into three categories170: 
1) binocular rivalry tests; 2) determining the eye with better visual acuity, contrast 
sensitivity, or other measures of visual functioning; and 3) sighting dominance, which 
identifies the eye that is selected to look at a (distant) target (such as the ‘hole in the 
card’ test171). While the results of tests within each category are generally matching, 
provided that the conditions of the tests are comparable, there is a high degree of 
disagreement across categories. 
 
Blur suppression is supposedly easier in the nondominant eye280,281. For this reason, 
several proposed ocular dominance tests rely on finding the eye that best suppresses 
the signals that contain artifacts (such as blur) and assigns the contralateral eye to be 
the dominant eye (sensory dominant by inhibition). When images provided to the left and 
right eye are so dissimilar that they cannot be fused, the observer experiences 
alternating suppression and dominance of each monocular stimulus. Traditional 
psychophysical tests based on binocular rivalry measure the relative duration of the 
period of dominance in each eye, which may be considered a measurement of eye 
dominance (see Evans 200797 for a review). There have been proposals to use rivalry 
tests to identify the dominant eye in the clinic, for possible applications in monovision 
management. Yang et al.282 developed a new interocular suppression technique based 
on measured reaction times to the presence of Gabor patches on Mondrian noise. 
However, the dominant eye identified by binocular rivalry methods appears to depend 
on the variables of the test283 and the retinal location284. These tests (modified version 
by Squier285) failed to capture systematic changes in the laterality of ocular dominance 
when comparing distance to near targets in patients with anisometropia286, as would 
have been expected in subjects with a difference in interocular blur. Furthermore, 
features of the visual stimulus (size, contrast, brightness, color) in the test (generally 
Gabor patches of different orientations) appear to influence the dominance strength283, 
as they may be eliciting different mechanisms48.  
 
Examples of studies showing discrepancies across tests include Coren and Kaplan172 
(13 tests on 54 normal subjects), Seijas et al.173 (9 tests on 51 patients), Ross et al.174 (4 
tests on 8 patients), and Garcia-Perez and Peli (5 tests on 40 subjects). In extreme cases 
(for example, amblyopes or subjects with severe monocular impairment), it is expected 
that the eye used for aiming a target matches that with better optics or visual function174. 
However, several studies show that, in general, contrast sensitivity is not necessarily 
worse in the weaker eye than in the stronger eye, measured using a binocular rivalry 
test287. There is also strong evidence that the sighting eye dominance and sensory 
dominance do not necessarily reside in the same eye of an individual175,288. This supports 
some hypotheses that sighting eye dominance does not even have a relevant underlying 
physiological cause and may just be the result of a ‘habit’170. 
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The clinical literature on the impact of the choice of the eye on the outcomes of 
monovision is contradictory, likely as a result of the lack of a well-defined test for ocular 
dominance and even a conclusive definition of eye dominance itself (and whether this is 
unique to a patient). Malott et al.289 speculated that agreement between the dominant 
eye determined by identifying the eye that was most sensitive to blur and by sighting 
dominance enhanced the chances of successful monovision adaptation. However, given 
the frequent lack of correspondence between those dominance test results, the 
conclusion seems to be questionable and in conflict with the views of others who find 
that a strong dominance may be associated with unsuccessful monovision correction290. 
Along the same lines, Seijas et al.173 concluded that in general there is no strong 
dominance in normal patients. The authors inferred that the monovision is usually well 
tolerated but should be avoided in patients with clear dominance. It is likely that the poor 
predictability of sighting eye dominance also explains the unexpected results in high 
myopic eyes pseudophakic patients of Xung et al. (in a prospective randomized study)291 
and Zhang et al. (in a retrospective study)292 who found no statistical difference in visual 
outcomes of monovision with the distance correction in the dominant eye (conventional 
monovision) of the distance correction in the non-dominant eye (crossed monovision).  
 
Differences in the effect of ocular dominance on vision in patients treated with 
monovision may be affected by both the method to measure eye dominance and select 
the dominant eye and the method to measure visual outcomes. For example, Nitta et 
al.293 found that monovision treatments produced larger degradation of near visual acuity 
and binocular contrast sensitivity at low spatial frequencies in patients with large sensory 
dominance imbalances but it did not degrade near stereoacuity. In general, the selection 
of the dominant eye appears to have a larger effect on distance binocular contrast 
sensitivity than on visual acuity294. 
 
The sensory dominance test is usually evaluated by introducing monocular blur with trial 
(repeating the process several times) or with contact lenses. The amount of blur used is 
usually +1.50D. The patient reports the eye that feels less comfortable in the presence 
of blur, considering that eye the dominant. With trial lenses, interocular differences in 
magnification may appear. Besides, the lenses must be changed manually. Contact 
lenses allow a more faithful representation of monovision, comparing the vision produced 
by changing the blur is more difficult as implies changes in the contact lenses.  
 
Binocular, simultaneous, vision simulators allow the presentation of monovision 
corrections29. The SimVis Gekko is a head-mounted simulator using optotunable lenses 
which are projected on the eye’s pupil plane, allowing a rapid shift between conventional 
(distance vision in the dominant eye) and crossed monovision (near vision in the 
dominant eye). The system allows subjects to see the real world, or images projected on 
a display (distance or near) through the selected correction. In earlier studies229,295, we 
introduced the Multifocal Acceptance Score (MAS-2EV), a rapid, clinically suitable test 
that uses natural images to assess perceived visual quality with presbyopic corrections 
(multifocal lenses, monovision, and modified monovision) at near/distance, day/night 
conditions.  
 
In this study, we present a two-interval forced choice preference procedure (Preferential 
test) through the SimVis Gekko as a potential sensory eye dominance test to directly 
select the optimal monovision combination and the strength of the eye dominance based 
on the repeatability of the preferred choice. For monovision prescription, this could be 
taken as a measure of the eye dominance that is relevant for monovision, as well as an 
indicator of the importance of eye selection in each patient (expectedly higher in patients 
with large dominance strength). We also used MAS-2EV to test perceived visual quality 
with conventional and crossed monovision. We compared eye dominance at distance 
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and near using the preferential test and the MAS-2EV scoring test. We examined the 
differences in the dominant eye selection and monovision prescription from these tests 
in comparison with sighting dominance (hole in the card) and clinical sensory dominance 
tests. 
 

7.2. Methods 
 
7.2.1. Subjects 
Twenty early presbyopic subjects (51.5±5 years old) participated in the study. All 
subjects had normal stereovision (<40 arc seconds), normal color vision, and no history 
of eye surgery or eye disease. The spherical component of the refractive error ranged 
between -2.50 and +2.50D and the cylindrical component from -0.75 to 0.00D. The 
required addition for near vision ranged from +1.25 to +2.25D, determined as the 
minimum addition needed to achieve 0.00 logMAR visual acuity with a near vision eye 
chart. Subjects were habitually corrected for distance with spectacles or contact lenses 
and 14 of them used a near aid to read. None of the subjects had their presbyopia 
corrected with monovision. The study followed the tenets of the Declaration of Helsinki. 
Study protocols were approved by the CSIC Institutional Review Board. Subjects signed 
a consent form after receiving an explanation of the nature and possible consequences 
of the study.  
 
7.2.2. Apparatus  
The binocular Simultaneous Vision Simulator SimVis Gekko (2EyesVision SL, Madrid, 
Spain)238 was used to rapidly (in less than 0.5 seconds) change the power between both 
eyes of the patient. The variable optical power was induced by two optotunable lenses 
(Optotune Inc, Dietikon, Switzerland). Previous calibrations show a precision of 0.05D in 
the power induced by the system239. A trial lens holder was used to introduce the distance 
refraction of the subjects. 
 
The Psychophysical Toolbox of MATLAB (Math-works Inc., Natick, MA, USA) was used 
for stimuli presentation and response collection. Custom-developed software was written 
in MATLAB to control the optical power in the right and left eye channels of the SimVis 
Gekko and to synchronize the sequence of images presented in the displays with the 
sequence of corrections programmed in the device.  
 
Distance vision stimuli were presented on the Stereoscopic Monitor (SM, described in 
section 2.2.2), mainly based on a UK UHD 49” monitor LG49UH850V (LG, South Korea), 
driven by an NVIDIA® Quadro® P4000 dual Graphic card. The display spatial resolution 
is 3840x2160 pixels, with a refresh rate of 60 Hz, and its maximum luminance is 200 
cd/m2. This display was used for sensory eye dominance and sighting eye dominance 
(subject located at 4m) and to present the distance images in the Preferential test and 
distance Multifocal Acceptance Score (MAS-2EV) test. The subjects viewed the display 
at 2 meters.  
 
Near vision stimuli were presented in parallax barrier tablet I (PBI, see section 2.2.3.2) 
tablet (Commander3D, Toronto, Canada), driven by a PowerVR SGX544 Graphic card. 
This display was used for near Preferential test and near MAS-2EV test. The subjects 
viewed the display at 40 cm. 
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7.2.3. Experiments 
We measured eye dominance using two clinical methods (sighting eye dominance and 
sensory eye dominance, which provide a binary metric, right or left eye) and performed 
two tests that directly quantified the preferred combination of monovision (distance 
correction in the right or the left eye), using a two-interval forced choice paradigm and a 
perceptual scoring test. Those tests provided a magnitude of the ocular dominance 
strength (in a monovision correction). The monovision corrections were automatically 
and randomly changed using a wearable binocular simultaneous-vision simulator 
(SimVis Gekko) that projected optotunable lenses onto the eye’s pupil. Unless otherwise 
noted, all tests were conducted in a room with the lights on (400 lux). 
 
7.2.3.1. Sensory dominance 
We tested sensory dominance using a clinical test that evaluates the tolerance to 
interocular blur difference placing a positive trial lens in front of one eye while the fellow 
eye is kept sharp. We performed the test with two levels of positive defocus (+1.50D and 
+0.50D) in front of the right and left eye alternately while the subject was looking 
binocularly at a distance letter stimulus of 0.2logMAR size larger than their best visual 
acuity. The subject had to indicate the eye that appears more bothered by defocus blur, 
which is considered the dominant eye. This procedure was repeated three times 
(randomly assigning the first eye where the trial lens was placed) for the two levels of 
defocus. The order of the first level of defocus evaluated was also randomized. The 
dominant eye was determined if the subject selected two or three times the same eye. 
The result of the test was recorded as -1 for left eye dominance and 1 for right eye 
dominance. The sensory dominance test was only performed for distance vision, and it 
took typically 45 seconds for each blur level, in total, 1.5 minutes.  
 
7.2.3.2. Sighting eye dominance 
We measured sighting eye dominance using the “hole in the card” method171. Subjects 
were asked to look at a stimulus (an optotype of 0.2 logMAR size larger than their best 
visual acuity) at distance with both eyes open through the hole in the card held in both 
hands. Then, the experimenter covered each eye individually and the subject had to 
indicate if the letter disappears when either the right or the left eye was covered. The 
dominant eye is the one where the letter did not disappear when covered. In this study’s 
notation, -1 indicates left eye dominance, and 1, right eye dominance. The sighting eye 
dominance test was performed only for distance vision, and it took typically under 60 
seconds to be performed.  
 
7.2.3.3. Preferential test 
Subjects had to indicate whether the perceived quality of an image is preferred with the 
monovision correction (+2.00D) induced in the left eye (ML) or the right eye (MR) in a 
Two Interval Forced-Choice (2IFC) task. In each trial, the monovision correction was 
induced in one eye for 1.5s, then the monovision correction was flipped to the other eye 
for 1.5s. An inter-interval gray screen was presented for 0.7s between trials. The eye in 
which monovision was firstly induced was randomized for each trial. 
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Figure 7.1. Trial sequence in the Preferential test. A representative trial of the test is shown. In each 
interval, a monovision condition (randomly MS or MR) is presented during 1.5s, separated by a gray field 
(during 0.7s) and an auditory tone (gray speaker). Subjects were given 1s to respond between trials. The 
example shows one of the 26 natural images used. The test consisted of 52 trials. 
 
Subjects judged a total of 26 different natural images extracted from the “Barcelona 
Calibrated Images Database”240, and generally contained scenes of vegetation and fruits 
(1/f spatial spectrum). Images were grayscale and subtended an 8x8 deg field both for 
distance and near vision. The display for distance vision was physically located 2-m from 
the subject, but optically at infinity by use of +0.50D lenses in the trial lens holder of the 
SimVis Gekko. The near distance was 40cm. Subjects viewed the same image twice in 
each trial, in counterbalance order, for a total of 52 trials, therefore assessing their 
preference for ML or MR for 26 natural images. Eye dominance strength is defined as 
the proportion of trials that the subject prefers monovision in one eye. For distance vision, 
a stronger preference for ML indicates right-eye dominance (1) and a preference for MR 
indicates left-eye dominance (-1). For near vision, a stronger preference for ML indicates 
left-eye dominance (-1) and for MR indicates right-eye dominance (1). The Preferential 
test was performed for distance and near vision and took about 7 minutes to be run for 
each distance. 
 
7.2.3.4. Multifocal Acceptance Score 
The Multifocal Acceptance Score to Evaluate Vision (MAS-2EV) is a multi-component 
metric to measure the subjectively perceived quality of natural images with a given 
presbyopic correction229. Previous work has demonstrated the use of MAS-2EV both in 
combination with contact lenses and with corrections simulated in the SimVis Gekko to 
assess perceived quality with multifocal lenses, standard monovision, or modified 
monovision229,295. Subjects judged the perceived quality of images at two distances and 
two illumination conditions (Distance-Day; Distance-Night; Near-Day; Near-Night). 
Images for every distance and illumination condition represented usual visual activities. 
The distance images subtended 27x15 deg and were presented in the distance monitor. 
The near images subtended 5.5x3.5 deg and were presented in the near tablet. The 
room lights were turned off for the Distance-Night and Near-Night conditions. For the 
Distance-Night component, two white LEDs are superimposed on the headlights of a car 
in the left image of the Distance-Night stimulus to simulate glare. 
 
In every component, each subject scored the perceived image quality on a scale from 0 
to 10, although data are reported normalized from 0 to 1, for comparison purposes with 
other tests. Each scoring was repeated three times (final scores are obtained as the 
average across repetitions). The four components are plotted in a polygon, where the 
left-upper corner represents the score for Distance-Night, the right-upper corner for 
Distance-Day, the bottom right corner for Near-Day, and the left-bottom corner for Near-
Night. 
 
The MAS-2EV test was performed for three different corrections: distance vision in both 
eyes (FF), and monovision with +2.00 D in the left eye (ML) and in the right eye (MR). 
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The SimVis Gekko was used to automatically induce the FF, ML, and MS corrections. 
For a given correction, the scoring of 3 conditions takes about 2 minutes. 
 
The difference between MAS-2EV for MR minus ML (Equation 7.1) defines a metric that 
indicates MAS-2EV score dominance (left or right eye) in a monovision correction and is 
calculated for distance and near (averaging the day and night scores). 
 

𝑑𝑖𝑓𝑀𝐴𝑆 = 𝑀𝐴𝑆𝑀𝑅 −𝑀𝐴𝑆𝑀𝐿 7.1 
 
7.2.3.5. All experiments 
To compare between experiments, each test provides a value varying from -1 to 1, as 
explained in each section. For conventional tests (sighting and sensory) the eye 
dominance can only be binary, -1 (left-eye dominance) or 1 (right-eye dominance). For 
the Preferential Test and MAS-2EV, the eye dominance value can vary continuously 
within said range, providing a metric for Eye Dominance Strength (EDS). If strength falls 
between -0.1 and 0.1, it is said that the eye does not have a clear dominance294. Values 
between -1 and -0.1 indicate left-eye dominance and between 0.1 and 1 indicate right-
eye dominance. 
 
7.2.4. Statistical Analysis 
Paired t-tests and correlation coefficients are used to compare between same 
measurements performed for distance and near vision, in all experiments. The Chi-
square test is used to compare the results of the clinical dominance tests, p<0.05 is 
considered significant. Reliability analysis is performed for the Preferential Test to 
estimate the number of trials needed to obtain a Cronbach alpha value of 0.9. Point-
biserial correlation coefficient and two-tailed unpaired t-test with equal variances for the 
correlation coefficient were estimated to assess the association between clinical tests 
(binary response) and psychophysical tests. 
 

7.3. Results 
We compared the eye dominance identified by two clinical tests with the monovision 
preference (perceptual preference and perceptual scoring tests). The Eye Dominance 
Strength (EDS) was defined as the magnitude of perceived quality with conventional 
monovision relative to crossed monovision. Results are shown with subjects ordered 
according to the EDS estimated from the Preferential test.  
 
Sensory and Sighting eye dominance 
Figure 7.2 shows the eye dominance evaluated with the blur tests (sensory eye 
dominance) with 1.50D and 0.50D tolerance and the ‘hole-in-the-card’ test (sighting eye 
dominance). We found right-eye dominance in 45% of the subjects using the sensory 
dominance test with +1.50D, 60% using the sensory dominance test with +0.50D, and 
60% using the sighting eye dominance test. Comparing both sensory tests, 75% of the 
subjects selected the same eye dominance (Χ2(1)=5.69, p<.05). Sensory dominance and 
sighting dominance agreed in 75% of the subjects for 1.50D (Χ2(1)=5.69, p<.05) and in 
60% for 0.50D (Χ2(1)=0.56, p>.05). Only 55% subjects selected the same eye using all 
three clinical tests. 
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Figure 7.2. Eye dominance for clinical eye dominance tests for all subjects. -1 stands for left-eye 
dominance and +1 for right-eye dominance. Dark and light green bars represent sensory eye dominance 
using + 1.50D and +0.50D blur, respectively, and dark magenta represents sighting eye dominance.  
 
Preferential test and monovision 
The preferential test was a 2IFC task between conventional monovision and crossed 
monovision (for a near addition of +2.00D). Figure 7.3 shows an example of results for 
S19 for distance vision (Figure 7.3A) and near vision (Figure 7.3B). This subject shows 
a clear preference for monovision in the left eye (ML) at distance, i.e., addition in the left 
eye, and full distance correction in the right eye, indicative of right eye dominance. 
Conversely, some subjects do not show a clear preference (weak dominance), i.e., S9 
in Figures 7.4C and 7.4D.  
 
Figure 7.3E shows the EDS for distance vision (blue bars) and Figure 7.3F shows the 
eye dominance for near vision (red bars) for all subjects. According to this metric, four 
subjects (20%) showed weak eye dominance (fall within the 0.1 gray band), three of 
them both at distance and near vision. Filled bars indicate left-eye dominance and empty 
bars right-eye dominance according to the clinical sensory test (with +1.50D blur). There 
was a mismatch between the eye dominance identified by the clinical sensory test and 
the Preferential test in 6 subjects (4 with strong Preferential dominance: S2, S13, S14, 
S15) at distance vision and 4 subjects at near vision. We averaged the Preferential test 
EDSs of subjects clinically identified as left eye and right eye dominance, respectively, 
with the different tests. For distance vision, the average EDS with the Preferential test 
for subjects that had left-eye dominance was -0.2 and for right-eye dominance was +0.34 
(for sensory eye dominance +1.50D, Figure 7.3E subplot), -0.25 and +0.24, respectively, 
for sensory eye dominance +0.50D, and +0.07 and +0.03, respectively, for sighting eye 
dominance. For near vision, the average EDS with the Preferential test for left-eye and 
right-eye dominance was -0.18 and +0.21, respectively, for sensory eye dominance 
+1.50D (Figure 7.3F subplot), -0.22 and +0.14, respectively, for sensory eye dominance 
+0.50D, and +0.02 and -0.02, respectively, for sighting eye dominance.  
 
Figure 7.3G plots the EDS obtained with the Preferential test for near vision versus that 
for distance vision, showing a highly statistically significant positive correlation (r=.86; 
p<.05). A paired t-test shows a non-significant difference (p>.05) between the 
Preferential EDS for distance and near, suggesting the test could be equally applicable 
at both distances to select the best eye for monovision correction. 
 
A reliability test estimated a Cronbach Alpha value of 0.941 for distance and 0.976 for 
near vision. Considering 0.9 as a value that guarantees the reliability of the data, the 
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number of trials could be reduced to 30 in the distance vision test and 12 in the near 
vision test. Reducing the number of trials to the minimum number still estimating EDS 
reliably could reduce the time of performance of the Preferential test to less than 4 
minutes for distance, and less than 2 minutes for near. 
 

 
Figure 7.3. Preferential test eye dominance. A. Proportion of preference for monovision in the left eye 
(ML) and monovision in the right eye (MR) for distance vision and subject S19. B. Proportion of preference 
for ML and MR for near vision and subject S19. This subject has a strong monovision preference and, 
expectedly, high Eye Dominance Strength (EDS). C. Proportion of preference for ML and MR for distance 
vision and subject S9. D. Proportion of preference for monovision ML and MR for near vision and subject 
S9. This subject is a representative example of weak monovision preference and, expectedly, low EDS. E. 
Preferential test EDS for distance vision (all subjects). Filled blue bars indicate that the subject selected left-
eye dominance with the clinical Sensory dominance test with 1.50D and empty blue bars that the subject 
selected right-eye dominance. The shaded gray band indicates weak dominance (±0.1). Results above 0.1 
indicate right-eye dominance, and below -0.1 indicate left-eye dominance. Bottom subplot represents the 
average Preferential test EDS across subjects that selected left-eye dominance with clinical Sensory 
dominance test with 1.50D (filled blue bar) and right-eye dominance (empty blue bar). F. Preferential EDS 
for near vision (all subjects). Filled red bars indicate that the subject selected left-eye dominance with the 
clinical Sensory dominance test with 1.50D and empty red bars that the subject selected right-eye 
dominance. Bottom subplot represents the Preferential test EDS across subjects that selected left-eye 
dominance with clinical Sensory dominance test using 1.50D (filled red bar) and right-eye dominance (empty 
red bar). G Relationship between Preferential Test EDS for distance and near vision. 
 
MAS-2EV and monovision 
In Multifocal Acceptance Score to Evaluate Vision (MAS-2EV) test, subjects subjectively 
graded their perceived visual quality for 4 different stimuli and scenes, providing a multi-
component description of their perception, for different corrections229,295. We tested three 
different corrections: both eyes corrected for distance vision (FF); monovision in the left 
eye (ML), and monovision in the right eye (MR). Figure 7.4A shows an example of a 
MAS-2EV polygon for S19. Each line represents a different correction (FF-black line, ML-
dark gray line, and MR-light gray line). For FF correction, as expected in presbyopes, 
near vision scores decrease compared to distance vision scores (score for distance 
vision was 0.98 and for near vision 0.47 -averaged across the day and night components-
). In this subject, the MAS-2EV polygon for ML is notably different than that for MR. For 
ML correction, the perceptual score for distance vision (average night and day) is 0.62, 
while for MR it is 0.78. Both ML and MR improve vision at near compared to the FF 
correction (0.75 and 0.57), but MR is largely preferred at distance. Conversely, other 



Results 

 
134 

 

subjects (for example S11, shown in Figure 7.4B) do not show significant differences 
between MR and ML, while still showing a small visual degradation at distance (0.88 and 
0.83, respectively) and a significant improvement over FF in near (0.77 and 0.78, 
respectively).  
 
 

 
Figure 7.4. MAS-2EV test eye dominance. A & B. MAS-2EV polygons for two subjects. Lines represent 
the scores for FF (black), monovision in the left eye (ML, dark gray), and monovision in the right eye (MR, 
light gray). Subject S19 (A) shows a large degradation at distance with MR, and significant differences 
between ML and MR (high Eye Dominance Strength (EDS)); S11 (B) shows small differences between ML 
and MR (low EDS). C. Relationship between MAS-2EV eye dominance for distance vision versus near 
vision. D. MAS-2EV test EDS for all subjects for distance. Filled blue bars indicate that the subject selected 
left-eye dominance with the clinical Sensory dominance test with 1.50D and empty blue bars that the subject 
selected right-eye dominance. The shaded gray band indicates weak dominance (±0.1). Bottom subplot 
represents the average of the MAS-2EV test EDS across all subjects that selected left-eye dominance with 
clinical Sensory dominance test using 1.50D (filled blue bar) and right-eye dominance (empty blue bar). E. 
MAS-2EV test EDS for all subjects for near vision. Filled red bars indicate that the subject selected left-eye 
dominance with the clinical sensory dominance test with 1.50D and empty red bars that the subject selected 
right-eye dominance. Bottom subplot represents the average of MAS-2EV test EDS across subjects that 
selected left-eye dominance with clinical sensory dominance test using 1.50D (filled red bar) and right-eye 
dominance (empty red bar).  
 
The difference between the score given for MR and the score given for ML provided a 
metric for estimating eye dominance strength using MAS-2EV (difMAS, Equation 7.1). 
This metric is equivalent to the Preferential test, but the main difference is that subjects 
gave scores instead of choosing forcibly between monovisions. Figures 7.4D and 7.4E 
plot the results of the MAS-2EV test EDS for distance vision (blue bars) and near vision 
(red bars), respectively. As in Figures 7.3E and 7.3F, filled bars indicate left-eye 
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dominance and empty bars right-eye dominance according to the clinical sensory test 
(+1.50D blur). We averaged the MAS-2EV eye dominance strengths of subjects clinically 
identified as left-eye and right-eye dominance. For distance vision, the average MAS-
2EV test EDS for subjects that had left-eye dominance was -0.11 and for right-eye 
dominance was +0.2 (for sensory eye dominance +1.50D, Figure 7.4D subplot), -0.04 
and +0.08, respectively for sensory eye dominance +0.5 D, and -0.03 and +0.07, 
respectively for sighting eye dominance. For near vision, the average of EDS with the 
MAS-2EV test for left-eye and right-eye dominance was -0.16 and +0.1, respectively, (for 
sensory eye dominance +1.50D, Figure 7.4E subplot), -0.16 and +0.3, respectively, for 
sensory eye dominance +0.50D, and -0.09 and -0.01, respectively, for sighting eye 
dominance. As in the Preferential test, there is a high statistical correlation between the 
eye dominance for distance and near using the MAS-2EV metric (r=.77; p<.05), and a 
non-significant statistical difference between the eye dominance selection for the two 
distances (paired t-test; p>.05), as shown in Figure 7.4C. 
 
Correspondence between tests 
Figures 7.4E, 7.4F, 7.5D, and 7.5E represent EDS based on the Preferential test and 
MAS-2EV (all subjects) for distance vision, with filled and empty bars indicating left- and 
right-eye dominance obtained with clinical sensory eye dominance with 1.50D, 
respectively. Negative values along the y-axis of each graph represent the strength of 
left-eye dominance from the different tests and positive values of right-eye dominance. 
We performed analysis by averaging the EDS obtained from the Preferential and MAS-
2EV of all subjects with the same sign of sensory EDS with 1.50D, sensory dominance 
with 0.50D, and sighting eye dominance. The only tests that show a statistically 
significant correlation between them are sensory dominance 1.50D with the Preferential 
test and MAS-2EV, and sensory dominance 0.50D with the Preferential test (see Table 
7.1). 
 
Table 7.1. Statistical analysis of the association between clinical tests (binary response) and psychophysical 
tests. We show the point-biserial correlation coefficient (r) and two-tailed unpaired t-test with equal variances 
for the correlation coefficient (t-statistic (t) and p-value (p)). Statistical significance difference is indicated 
with two asterisks (**). 

 Sensory 1.50D Sensory 0.50D Sighting 
Preferential 
Test EDS 

r = .53 
t = 2.74 
p < .05** 

r = .47 
t = 2.35 
p < .05** 

r = -.04 
t = -0.18 
p = .86 

MAS-2EV test 
EDS 

r = .6 
t = 3.30 
p < .05** 

r =.23 
t = 1.03 
p > .32 

r = .20 
t = 0.91 
p = .38 

 
Figure 7.5 shows the eye dominance strengths obtained from MAS-2EV versus the 
Preferential test. There is a statistically significant correlation between the EDS obtained 
from either test, both for distance (r=.70; p<.05) and near (r=.76; p<.05). Paired t-tests 
indicate non-statistical differences between the dominance from both tests at distance 
(p>.05) or at near (p>.05). 
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Figure 7.5. Correspondence between the Preferential and the MAS-2EV eye dominance tests. Blue 
dots indicate distance vision and red dots near vision. 
 
Eye dominance and monovision 
Considering the Preferential test a reference for selection of the eye to treat for 
monovision, we have tested how selection from other tests would have impacted the 
success of a monovision correction. The estimation was performed for distance vision 
because the clinical tests are performed for distance vision only. We removed from the 
analysis the 6 subjects that showed weak eye dominance provided by MAS-2EV test. By 
this definition, the Preferential test (Figure 7.6, blue circle) shows 100% success. 
Choosing the eye to treat monovision based on clinical eye sensory dominance (1.50D 
or 0.50D blur) would result in a successful treatment in 64% of the patients. Choosing 
the eye to treat monovision based on clinical sighting eye dominance would result in a 
successful treatment only in 43% of the patients. In contrast, the test based on MAS-
2EV results in agreement with the Preferential test in 79% of the subjects. MAS-2EV 
appears the most time-effective measurement, as scoring direct and crossed monovision 
for one condition (Distance-Day) takes only 1 minute. 

 
Figure 7.6. Proportion of successful patients. Proportion of subjects in whom the result of eye dominance 
provided for each test agreed with the results provided by the Preferential test, considered as the reference 
for monovision selection. The time to perform sensory eye tests with 1.50D or 0.50D is 45 seconds, although 
they are plotted shifted for visualization purposes. 
 

7.4. Discussion 
Eye dominance is measured in clinical practice with conventional clinical tests such as 
sighting and sensory tests. As numerous studies in the literature172–175, we have also 
found that sighting eye dominance does not consistently match dominance obtained from 
sensory dominance tests (whether using lower or higher blur magnitude). In our study, 
only 55% of the subjects reported the same dominance with the three tests most used in 
the clinic. 
 
Several authors have turned their attention to binocular rivalry tests to identify eye 
dominance and have proposed versions of the psychophysical paradigm of this test that 
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could be amenable in clinical practice282. Identifying the eye that best suppresses 
artefactual blur may be a good indicator for the eye to give the near addition in a 
monovision treatment. However, the typically high-contrast targets used in binocular 
rivalry tests make them little related to the natural visual content that the subjects are 
exposed to in the real world. Besides, the fact that results from these tests may be 
affected by physical features of the stimulus283 and may target different types of 
dominance poses a question on the suitability of tests based on the binocular rivalry to 
select the optimal monovision approach. 
 
Instead, our proposed tests chose to directly evaluate monovision and to select placing 
the reading addition in the right or left eye based on the subject’s perceptual response 
(in a two-interval forced choice comparison in the Preferential Test, or perceptual scoring 
as in the MAS-2EV test). The use of natural images conveys a more realistic depiction 
of the distance real world than high contrast optotypes or Gabor patches used in the 
psychophysical binocular rivalry tests of dominance. While evaluation of the effect of 
image size, spatial frequency content, image brightness, or chromatic features on the 
identification of the eye dominance using this test is pending, our results suggest that 
the selection is robust, given the large correspondence obtained between independent 
measurements at distance and near vision. The Preferential test used monochromatic 
images (plants, trees, fruits) subtending an 8-deg field, while the MAS-2EV test used 
color images (faces, urban landscapes, signs) subtending a 27-deg field. Moreover, 
MAS-2EV test was performed under two levels of illumination (day and night). Despite 
all these differences, there is a highly statistically significant correlation between the eye 
dominance selected by these tests (Figure 7.5). Furthermore, while binocular rivalry tests 
and clinical eye sensory tests have shown a lack of predictability of eye dominance at 
near vision from eye dominance measured at distance vision285, the eye dominance from 
both the Preferential test and MAS-2EV test measured at both distance and near visions 
show a high degree of correlation (Figure 7.3G and Figure 7.4C).  
 
Unlike conventional tests in the clinic that provide a binary identification of the dominant 
eye (right or left), the Preferential and MAS-2EV tests provide a measurement of the eye 
dominance strength (EDS). The MAS-2EV test is fast and allows evaluating perceived 
quality with several presbyopic corrections, including multifocal corrections229. In our 
subject cohort, 70% of the subjects showed clear differences in the perceptual judgment 
of conventional and crossed monovision (indicating strong eye dominance), while 30% 
showed weak dominance. The clinical literature is inconclusive on whether the patients 
with strong or weak eye dominance are the most suitable candidates for successful 
monovision. Nevertheless, having a graded metric to discern eye dominance appears 
highly valuable for clinical management and as a tool in further studies. On the one hand, 
it allows identifying patients for whom careful selection of the eye to treat for distance 
and for near is more critical. On the other hand, it allows assessing whether the same 
selection would hold with other visual stimuli, near add magnitude, or lens designs. 
 
Subjects were instructed to judge the perceived quality of images based on their natural 
appearance and a higher degree of comfort. Judgments are highly repetitive at least in 
those subjects that appear to have stronger dominance (in fact, the dominance strength 
in the Preferential test is based on the repeatability of the response). Likely, the ability to 
suppress blur with either the conventional or crossed monovision is the underlying 
mechanism in the perceived quality judgment, although this remains to be investigated. 
In addition, the assumption by which the success of a prescribed monovision treatment 
relies solely on optimizing perceptual image quality at distance remains to be tested. 
Other perceptual factors not considered in this study include the effect of monovision on 
stereovision97, claimed by some authors to be a key factor in monovision success296, 
which could be added to the tests proposed in this study. Also, tests were performed for 
fixed monovision near addition (+2.00D). An interesting question is to what extent the 
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identified eye dominance may be altered with a higher/lower near addition. Another open 
question is whether eye dominance may change after adaptation to a given monovision 
correction297; making the eyes initially selected for distance and near respectively 
eventually less important. 
 
Key to the implementation of the proposed eye dominance tests has been the use of the 
SimVis Gekko. This system allows programming and rapid alternation between 
corrections enabling short measurement times and making them suitable for clinical use. 
Besides the mentioned advantages of this binocular visual simulator and, unlike trial lens 
frames or even automatic phoropters, the correction is applied in a plane conjugate to 
the pupil of the eye, avoiding magnification imbalances or prismatic effects. Furthermore, 
while the current study has only made use of monofocal lens corrections (and a single 
power change in the optotunable lens), the SimVis Gekko is conceived as a simulator of 
multifocal corrections, with the optotunable lens operating under the principle of temporal 
multiplexing238. The Preferential test and MAS-2EV can be easily adapted, as shown in 
laboratory work229,238,255 to include other presbyopia correction modalities (e.g., modified 
monovision or multifocal corrections) in the comparison. We have shown that the 
application times of the proposed tests (a few minutes) are compatible with reasonable 
clinical chair times. 
 

7.5. Conclusions 
In this chapter of the thesis, we have reported discrepancies between the clinical sensory 
eye dominance test and sighting eye dominance in selecting the dominant eye, 
confirming the results of the literature. In the context of monovision corrections, 
perceptual preference or perceptual scoring of naturalistic stimuli allow the direct 
identification of the eye for treating monovision and a measurement of the strength of 
eye dominance. Although the effect of specific features of the stimulus on the eye 
dominance identification and strength remains to be investigated, the high repeatability 
of the test and the consistency between the measurements at near and far suggest that 
natural stimuli rather than artificial stimuli are well suited for testing eye dominance and 
monovision preference. The use of a head-mounted binocular simultaneous vision 
simulator, in combination with psychophysical procedures, allowed a fast and precise 
identification of the monovision preference, providing a useful framework for clinical 
practice. 
 



 

 
139 

 

Chapter 8. The Reverse Pulfrich 
effect: first report of the optical 
illusion 

This chapter describes the discovery and the scientific and clinical implication of the 
Reverse Pulfrich effect, a new version of a 100-year-old optical illusion called the Pulfrich 
effect, produced by interocular differences in blur between the eyes. Those blur 
differences, common in monovision prescriptions, cause a previously unknown motion 
illusion that makes people dramatically misperceive the distance and three-dimensional 
direction of moving objects. The effect occurs because blurry and sharp images are 
processed at different speeds. For moving objects, the mismatch in processing speed 
causes a neural disparity, which results in misperceptions. In this chapter, a method to 
compensate for said motion illusions, anti-Pulfrich monovision corrections, is also 
described. 
 
This chapter, in collaboration with the University of Pennsylvania, is based on the 
published article by Johannes Burge et al. “Monovision and the misperception of motion” 
published in Current Biology (2019). The co-authors are Victor Rodriguez-Lopez and 
Carlos Dorronsoro. 
 
The anti-Pulfrich monovision corrections principle is protected by a US patent “Anti-
Pulfrich monovision ophthalmic correction”. The co-inventors of the patent are Johannes 
Burge, Carlos Dorronsoro, and Victor Rodríguez-Lopez.  
 
The work was presented as an oral contribution by Victor at the 8th Iberian Conference 
of Perception (Spain, 2019). Besides, the co-author Johannes Burge presented an oral 
contribution at the Vision Science Society (VSS) Meeting in Florida in 2019 and the 43rd 
Annual Interdisciplinary Conference (AIC) in Wyoming in 2019.  
 
This work was also covered by the media in several press releases (Philadelphia 
Inquirer, PennToday, CSIC) and in the American Science Journal. 
 
The contribution of Victor was the conceptualization and design of the study and the 
literature research in collaboration with all the co-authors, the design of the experiments 
in collaboration with Johannes Burge, the collection and analysis of the data, and the 
preparation of the chapter in collaboration with all co-authors. 
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8.1. Introduction, results, and discussion 
The previous chapter studied monovision, and in particular the selection of the most 
suitable eye for far and for near vision. This chapter studies the influence of the 
interocular blur differences produced by that prescription asymmetry between the eyes 
in the depth perception of moving stimuli. 
 
In the year 2020, nearly two billion people will have presbyopia worldwide298. Presbyopia, 
a natural part of the aging process, is the loss of focusing ability due to the stiffening of 
the crystalline lens inside the eye9. All people develop presbyopia with age, so the 
number of affected people increases as the population ages. Without correction, 
presbyopia prevents people from reading and from effectively using a smartphone.  
 
Many corrections exist for presbyopia. Reading glasses, bifocals, and progressive lenses 
are well-known examples. Monovision and multifocality provide spectacle independence. 
With monovision, each eye is fitted with a lens that sharply focuses light from a different 
distance, providing ‘near vision’ to one eye and ‘far vision’ to the other. Monovision thus 
causes differential blur in the left- and right-eye images of a target at a given distance. 
For patients in which the correction is successful, the visual system suppresses the 
lower-quality image and preferentially processes the higher-quality image280,299,300. The 
consequence is an increase in the effective depth of field without many of the drawbacks 
of other corrections (e.g., the ‘seam’ in the visual field caused by bifocals). As mentioned 
in section 1.3.1.2, despite its drawbacks (degrades stereoacuity98,99 and contrast 
sensitivity96 and can cause difficulties in driving97,100) many people prefer monovision 
corrections102. 
 
Ten million people in the United States currently have a monovision correction. The 
number of candidates will increase in the coming years. The population is aging and 
monovision is the most popular contact lens correction for presbyopia amongst the baby 
boomers102. To put it in context, there are approximately 123 million presbyopes in the 
USA103. Approximately 12.9 million of these presbyopes wear contact lenses, and 4.5 
million (35%) of these contact lens wearers have monovision corrections301,302. 
Approximately 30 million presbyopes have had surgery to implant intraocular lenses, and 
approximately 5.1 million (17%) of these surgical patients have received monovision 
corrections303. Together, this results in approximately 9.6 million presbyopes with 
monovision corrections only in the USA. A full understanding of the effects of monovision 
on visual perception is critical, both for sound optometric and ophthalmic practice and for 
the protection of public safety. Unfortunately, there is no literature on how the differential 
blur induced by monovision impacts motion perception, a critical ability that supports 
successful interaction with the environment304. 
 
We investigated the impact of differential blur on motion perception by measuring the 
Pulfrich effect, a stereo-motion phenomenon first reported nearly 100 years ago305. When 
a target oscillating horizontally in the frontoparallel plane is viewed with unequal retinal 
illuminance or contrast in the two eyes, the target appears to move along an elliptical 
trajectory in depth (Figure 8.1A). The effect occurs because the image in the eye with 
lower retinal illuminance or contrast is processed more slowly than the image in the other 
eye203,208,218,305–308. The mismatch in processing speed causes a neural binocular 
disparity, a difference in the effective retinal locations of target images in the two 
eyes309,310, which results in the illusory motion in depth. 
 
Do interocular blur differences, like interocular illuminance and contrast differences, 
¿cause misperceptions of motion? More specifically, does blur slow the speed of 
processing and cause a Pulfrich effect? In the Classic Pulfrich effect, if the retinal 
illuminance or contrast in the left eye is decreased, observers perceive ‘front left’ motion 
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(i.e., clockwise motion from above; Figure 8.1A). However, we find that when the left eye 
is blurred, observers perceive ‘front right’ motion (Figure 8.1B). Thus, instead of a Classic 
Pulfrich effect, differential blur causes a Reverse Pulfrich effect. 
 

 
Figure 8.1. Classic and Reverse Pulfrich effects. A. Classic Pulfrich effect. A neutral density filter in 
front of the left eye causes sinusoidal motion in the frontoparallel plane to be misperceived in depth (i.e., 
clockwise motion from above: ‘back right’, ‘front left’). The effect occurs because the response of the eye 
with lower retinal illuminance (gray dot) is delayed relative to the other eye (white dot), causing a neural 
disparity. B. Reverse Pulfrich effect. A blurring lens in front of the left eye causes illusory motion in depth 
in the other direction (i.e., counterclockwise from above: ‘back left’, ‘front right’). The effect occurs because 
the response of the eye with increased blur (gray dot) is advanced relative to the other eye (white dot), 
causing a neural disparity with the opposite sign. C. Effective neural image positions in the left and right eye 
as a function of time for the Classic Pulfrich effect, no Pulfrich effect, and the Reverse Pulfrich effect. 
 
The discovery of the Reverse Pulfrich effect implies an apparent paradox. Blur reduces 
contrast and should therefore cause the blurry image to be processed more slowly, but 
the Reverse Pulfrich effect implies that the blurry image is processed more quickly 
(Figure 8.1C). At first, this finding appears at odds with a large body of neurophysiological 
and behavioral results. Low contrast images are known to be processed more slowly at 
the level of early visual cortex95,311–313 and the level of behavior94,96. 
 
The paradox is resolved by recognizing two facts. First, optical blur reduces the contrast 
of high spatial frequency image components more than low-frequency image 
components51,314–316. Second, extensive neurophysiological317,318 and behavioral94,96 
literature indicate that high spatial frequencies are processed more slowly than low 
spatial frequencies, all else equal. Together, these facts suggest that the blurry image is 
advanced in time relative to the sharp image because the high spatial frequency 
components in the sharp image decrease the speed at which it is processed. Thus, a 
new version of a 100-year-old illusion is explained by known properties of the early visual 
system. 
 
The Pulfrich effect has been researched extensively since its discovery. The effect is 
elicited by interocular luminance differences305 and interocular contrast differences218. 
For a given interocular difference, the effect size depends on overall luminance203,208,319 
and dark adaptation206–208. In the late 1990s and early 2000s, a flurry of work debated 
what the effect reveals about the neural basis of stereo and motion encoding320–324. But 
it is not known whether the Pulfrich effect occurs under conditions similar to those 
induced by monovision corrections. In this study, we tackle two main questions: Do 
interocular blur differences, like interocular illuminance and contrast differences, cause 
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misperceptions of motion? More specifically, does blur slow the speed of processing and 
cause a Pulfrich effect? 
 
To measure the Reverse Pulfrich effect, we performed a one-interval two-alternative 
forced choice (2AFC) experiment. We used trial lenses to induce interocular differences 
in blur, and a haploscope for the dichoptic presentation of moving targets (Figure 8.2A). 
On each trial, a target oscillated from left to right (or right to left) while the observer fixated 
on a central dot. The onscreen interocular delay of the target images was under 
experimenter control. If the onscreen interocular delay is zero, onscreen disparity 
specifies that the target is moving in the plane of the screen. If the onscreen delay is 
non-zero, onscreen disparity specifies that the target is moving on an elliptical trajectory 
outside the plane of the screen. Observers reported whether the target was moving 
leftward or rightward when it appeared to be in front of the screen. Human observers 
made these judgments easily and reliably. 
 
For a given difference in focus error, we measured the proportion of trials that observers 
reported ‘front-right’ as a function of the onscreen interocular delay. In each condition, 
performance was summarized with the point of subjective equality (PSE), the 50% point 
on the psychometric function (Figures 8.2B and 8.2C). The PSE specifies the onscreen 
delay required to make the target appear to move in the plane of the screen (i.e., no 
motion in depth).  
 
The magnitude of the Reverse Pulfrich effect increases systematically with the difference 
in focus error between the eyes (Figure 8.2B, white circles; Figure 8.6A). (Discrimination 
thresholds also increase with interocular differences in focus error325; Figure 8.2C, Figure 
8.6B). Negative differences in focus error indicate conditions in which the left-eye retinal 
image is blurry and the right-eye retinal image is sharp. In these conditions, the left-eye 
onscreen image must be delayed (i.e., negative PSE shift) for the target to be perceived 
as moving in the screen plane. Conversely, positive differences in focus error indicate 
that the left-eye retinal image is sharp and the right-eye retinal image is blurry. In these 
conditions, the right-eye onscreen image must be delayed (i.e., positive PSE shift). The 
results indicate that the blurrier image is processed faster than the sharper image. For 
the first human observer, a +1.5D difference in focus error caused an interocular 
difference in processing speed of +3.7ms (Figure 8.2B).  
 
As a control, we measured the Classic Pulfrich effect. To do so, we systematically 
reduced the retinal illuminance to one eye while leaving the other eye unperturbed (see 
section 8.2). As expected, the pattern of PSE shifts reverses (Figure 8.2B, gray squares; 
Figure 8.6A). When the left eye’s retinal illuminance is reduced, the left-eye onscreen 
image must be advanced in time for the target to be perceived as moving in the plane of 
the screen, and vice versa. Consistent with Classic findings, these results indicate that 
the darker image is processed more slowly than the brighter image.  
 
Why does the Reverse Pulfrich effect occur? To test the hypothesis that the blurry image 
is processed faster because the high spatial frequencies in the sharp image slow its 
processing down (see above), we ran an additional experiment with two critical 
conditions. In the first condition, the onscreen stimulus to one eye was high-pass filtered 
while the other stimulus was unperturbed. High-pass filtering artificially sharpens the 
image by removing low frequencies, increases the average spatial frequency, and should 
decrease the processing speed relative to the original. In the second condition, the 
onscreen stimulus to one eye was low-pass filtered (Figures 8.3A and 8.3B) while the 
other was unperturbed. Low-pass filtering removes high frequencies, approximates the 
effects of optical blur, and should increase the speed of processing relative to the original 
unperturbed stimulus. Results with high- and low-pass filtered stimuli should therefore 
resemble the Classic and Reverse Pulfrich effects, respectively. The predictions are 
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confirmed by the data (Figure 8.3C; Figure 8.6C). These differences in processing speed 
cannot be attributed to luminance or contrast differences because the stimuli were 
designed such that the low- and high-pass filtered stimuli had identical luminance and 
contrast (Figure 8.8). The detailed computational rules that relate frequency content to 
processing speed remain to be worked out and should make a fruitful area for future 
study. 
 

 
Figure 8.2. Reverse, Classic, and anti-Pulfrich effects. A. Binocular stimulus. The target was a 
horizontally moving 0.25x1.0º white bar. Arrows show motion speed and direction, and dashed bars show 
bar positions throughout a trial; both are for illustrative purposes only and were not present in the actual 
stimulus. Observers reported whether they saw three-dimensional (3D) target motion as ‘front right’ or ‘front 
left’ with respect to the screen. Stationary white ‘picket fence’ reference bars served to indicate the screen 
distance. Fuse the two half-images to perceive the stimulus in 3D. Cross- and divergent-fusers will perceive 
the bar nearer and farther than the screen, respectively. B. Points of subjective equality (PSEs) for one 
human observer, expressed as onscreen interocular delay relative to baseline. Interocular differences in 
focus error (bottom axis, white circles) cause the Reverse Pulfrich effect. Interocular differences in retinal 
illuminance (top axis, gray squares) cause the Classic Pulfrich effect. Appropriately tinting the blurring lens 
(light gray circles) can eliminate the motion illusions and act as an anti-Pulfrich prescription. (In anti-Pulfrich 
conditions, the optical density was different for each observer at each interocular focus difference.) Shaded 
regions indicate bootstrapped standard errors. Best-fit regression lines are also shown. C. Psychometric 
functions for seven of the Reverse Pulfrich conditions in B. Arrows indicate the raw PSE in each condition.  
 
The performance of the first human observer is consistent across all observers and 
experiments (Figure 8.3D; Figure8.6). The interocular differences in processing speed 
were 1.4-3.7ms across observers for 1.5D differences in focus error and 1.5-2.1ms for 
0.15OD differences in retinal illuminance. Similar effects are obtained with low- and high-
pass filtering. These differences in processing speed may appear modest. But a few 
milliseconds difference in processing speed can lead to dramatic illusions in depth (see 
below). 
 
Effect sizes vary across observers but appear correlated in each observer across 
conditions (Figure 8.3D). A larger pool of observers is necessary to confirm this trend. 
Future studies should measure the range and determine the origin of these inter-
observer differences. Developing techniques that increase the speed of data collection 
will aid these efforts326.  
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Figure 8.3. Spatial frequency filtering and the Pulfrich effect. A. Original stimuli were composed of 
adjacent black-white (top) or white-black (bottom) 0.25ºx1.00º bars. B. High-pass or low-pass filtered stimuli 
(shown only for black-white bar stimuli). High- and low-pass filtered stimuli were designed to have identical 
luminance and contrast (see Figure 8.8). C Resulting interocular delays. High-pass filtered stimuli are 
processed slower, and low-pass filtered stimuli are processed faster than the original unfiltered stimulus. 
Negative cutoff frequencies indicate that the left eye was filtered (high- or low-pass). Positive cutoff 
frequencies indicate that the right eye was filtered. D Effect sizes for each human observer in multiple 
conditions, obtained from the best-fit regression lines (see Figures 8.2B and 8.3C). Two manipulations 
resulted in Reverse Pulfrich effects (white bars): blurring one eye (left) and low-pass filtering one eye (right). 
Two manipulations resulted in Classic Pulfrich effects (gray bars): darkening one eye (left) and high-pass 
filtering one eye (right). A fifth manipulation—appropriately darkening the blurring lens (left, small light gray 
bars)—eliminates the Pulfrich effect and acts as an anti-Pulfrich correction. 
 

8.1.1. Motion illusions in the real world 
Monovision corrections cause misperceptions of motion. How large are these 
misperceptions likely to be in daily life? If the illusions are small, they will impose no 
impediment and can be safely ignored. If the illusions are large, they may have serious 
consequences. To generalize laboratory results to the real world, differences in viewing 
conditions must be considered. The same focus error causes less blur with smaller 
pupils, the same interocular difference in processing speed results in larger binocular 
disparities at faster speeds, and the same disparity specifies larger depths at longer 
viewing distances. Thus, all these factors—pupil size, target speed, and viewing 
distance—must be considered when predicting the severity of misperceptions that 
wearers of monovision corrections are likely to experience in daily life. 
 
Consider a target object, five meters away, moving from left to right in daylight conditions. 
Predicted illusion sizes with different monovision corrections strengths are shown for one 
observer as a function of target speed (Figure 8.4A). A +1.5D difference in optical power 
(far lens over the left eye), a common monovision correction strength97, will cause the 
distance of a target moving at 15 miles per hour to be overestimated by 2.8m. This, 
remarkably, is the width of a narrow street lane! If the prescription is reversed (-1.5D; far 
lens over right eye) target distance will be underestimated by 1.3m. Also, illusion sizes 
should increase with faster target speeds, stronger monovision corrections, and dimmer 
lighting conditions203,208,319,327 (e.g., driving at dawn, dusk, or night; see section 8.2). 
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Figure 8.4. Monovision corrections and misperceptions of depth. A. Illusion size in meters as a function 
of speed for an object moving from left to right at 5.0m for different monovision corrections strengths (curves). 
Monovision correction strengths (interocular focus difference, 𝛥𝐹) typically range between 1.0D and 2.0D; 
strengths of 0.5D are typically not prescribed, but we show them for completeness. Shaded regions show 
speeds associated with jogging, cycling, and driving. Illusion sizes are predicted directly from stereo-
geometry (section 8.2) assuming a pupil size (2.1mm) that is typical for daylight conditions327, and assuming 
interocular delays that were measured in the first human observer (see Figure 8.2B). The predictions also 
assume that the observer can sharply focus the target at 5.0m in one eye9. B The distance of cross traffic 
moving from left to right will be overestimated when the left eye is focused far (sharp) and the right eye is 
focused near (blurry). C The distance of left-to-right cross traffic will be underestimated when the left eye is 
focused near (blurry) and the right eye is focused far (sharp). 

Illusions this large will not only be disturbing for the person wearing the monovision 
correction; they may compromise public safety. In countries where motorists drive on the 
right side of the road (e.g., USA), cars and cyclists approaching in the near lane of cross 
traffic move from left to right. Placing the far lens in the left eye will cause distance 
overestimation, which may result in casual braking and increase the likelihood of traffic 
accidents (Figure 8.4B). Placing the far lens in the right eye may be advisable. The 
resulting distance underestimation should result in more cautious braking and reduce the 
likelihood of collisions (Figure 8.4C). In countries where motorists drive on the left side 
of the road (e.g., United Kingdom), the opposite practice should be considered (i.e., far 
lens in the left eye). The current standard is to place the far lens in the dominant eye97,162, 
but this does not appear to improve patient acceptance rate, patient satisfaction162,328, or 
quantitative measures of visual performance98. Although the scenarios just discussed 
are not the only scenarios that should be considered, they may invite a reexamination of 
standard ophthalmic practice. 
 
In the real world, many cues exist that tend to indicate the correct rather than illusory 
depths. The literature on cue combination329,330 suggests that in cue-rich situations the 
magnitude of the Reverse Pulfrich effect may be somewhat reduced from the predictions 
in Figure 8.4A. It will be of clinical and scientific interest to precisely examine how the 
Reverse Pulfrich effect manifests in the rich visual environment of the real world100. This 
question could be examined with virtual- or augmented-reality headsets that can provide 
researchers with precise programmatic control of near-photorealistic graphical 
renderings. 
 
Another implication of these results is that objects moving toward an observer along 
straight lines should appear to follow S-curve trajectories (Figure 8.5). These 
misperceptions should make it difficult to play tennis, baseball, and other ball sports 
requiring accurate perception of moving targets. Monovision corrections should be 
avoided when playing these sports. 
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Figure 8.5. Misperception of motion towards the observer. A. Predicted perceived motion trajectory 
(bold curve), given target motion directly towards the observer (dashed line), with an interocular retinal 
illuminance difference. Here, a neutral density filter in front of the left eye causes its image to be processed 
more slowly, regardless of target distance. Stereo-geometry predicts that the target will appear to travel 
along a curved trajectory that bends towards the darkened eye (bold curve) rather than in a straight line. B. 
Predicted perceived motion trajectory, given target motion directly towards the observer, with an interocular 
blur difference. The left eye is corrected for near and the right eye is corrected for far. The eye that is 
processed more quickly now changes systematically as a function of target distance. When the target is far, 
the left eye image will be blurry and be processed more quickly. When the target arrives at an intermediate 
distance where both eyes will form equally blurry images, the processing will be the same in both eyes and 
the target will appear to move directly towards the observer. When the target is near, the right eye image 
will be blurry and processed more quickly. The resulting illusory motion will trace an S-curve trajectory as 
the target traverses the distances between the near point of the far lens and the far point of the near lens. 
Even more striking effects occur for targets moving towards and to the side of the observer, along oblique 
motion trajectories. A full description of these effects, however, is beyond the scope of the current chapter. 
(Note: the diagrams are not to scale.) 
 
Eliminating monovision-induced motion illusions 
Reconsidering prescribing practices is one approach to minimizing the consequences of 
monovision-induced motion illusions, but it is not the perfect solution. It would be far 
preferable to eliminate the illusions. Because increased blur and reduced retinal 
illuminance have opposite effects on processing speed, it should be possible to null the 
two effects by tinting the blurring lens. We reran the original experiment, with 
appropriately tinted blurring lenses for each human observer (see section 8.2). This ‘anti-
Pulfrich correction’ eliminates the motion illusion in all human observers (Figures 8.2B 
and 8.3D). Of course, for a given monovision prescription, the lens forming the blurry 
image varies with the target distance. Anti-Pulfrich monovision corrections thus cannot 
work at all target distances. Tinting the near lens (blurry, dark images for far targets; 
sharp, dark images for near targets) will eliminate the Pulfrich effect for far targets but 
exacerbate it for near targets. However, because many presbyopes retain some 
accommodation and use it to focus the distance-corrected eye331 the range of far 
distances for which motion misperceptions may be eliminated can be quite large: 0.67m 
to the horizon for a presbyope with 1.5D of residual accommodation. Given that accurate 
perception of moving targets is probably more important for tasks at far than at near 
distances (e.g., driving vs. reading), tinting the near lens is likely to be the preferred 
solution. This issue, however, clearly needs further study.  
 
For any given monovision prescription, the lens forming the blurry image varies 
according to the target distance. Anti-Pulfrich prescriptions thus cannot work at all target 
distances. Tinting the near lens (blurry, dark images for far targets; sharp, dark images 
for near targets) will eliminate the Pulfrich effect for far targets but exacerbate it for near 
targets. However, because many presbyopes have some residual accommodation and 
because they tend to use it to focus the distance-corrected eye9,331, the range of far 
distances over which motion misperceptions can be eliminated may be quite large: 
0.67m to the horizon for a patient with 1.5D of residual accommodation. Given that 
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accurate perception of moving targets is likely to be more critical for tasks at far distances 
(e.g., driving) than at near distances (e.g., reading), tinting the near lens is likely to be 
the preferred solution. This issue, however, clearly needs further study.  
 
Adaptation 
Previous studies have shown that blur perception changes with consistent exposure to 
blur332. Do motion illusions change as patients adapt to monovision corrections over 
time? This question has not been asked before. The literature on adaptation to the 
Classic Pulfrich effect may provide a guide, but the results are mixed. At short time scales 
(i.e., minutes), motion illusions remain unchanged208 or increase207 until reaching a 
steady state. At longer time scales (i.e., days), motion illusions remain the same or 
decrease as observers adapt to interocular differences in light level333. However, in these 
previous adaptation studies, the eye with the dark image was always the same. With a 
monovision correction, the eye with the blurry image varies with the target distance. 
Thus, it is unclear whether observers will adapt such that motion illusions caused by the 
Reverse Pulfrich effect will be reduced. This is an important area for future study, both 
for basic science and the development of successful clinical interventions. 
 
Spatial frequency binding problem 
Scientific discoveries often present new scientific opportunities. We have argued that the 
Reverse Pulfrich effect occurs because sharp images contain more high frequencies 
(i.e., fine details) than blurry images and because high frequencies are processed more 
slowly than low frequencies. Indeed, different spatial frequencies are processed in the 
early visual cortex with different latencies317. Thus, the frequency components of an 
image should appear to split apart when a target object moves, causing rigidly moving 
images to appear non-rigid. This percept is not typically experienced. To achieve a 
unified percept, the visual system must therefore have a mechanism for binding the 
different frequency components together. 
 
Variants of the paradigm that we have used to measure the Reverse Pulfrich effect have 
great potential for investigating the visual system’s solution to the spatial frequency-
binding problem. The measurements have exquisite temporal precision, often within 
fractions of a millisecond (Figures 8.2B and 8.2C, Figures 8.3C 8.3D). This precision 
should prove useful for studying this fundamentally important but understudied problem 
in vision and visual neuroscience. 
 
8.1.2. Results for all observers 
Figure 8.6 shows the results for all observers. Figure 8.6A shows the results for Classic, 
Reverse, and anti-Pulfrich conditions, Figure 8.6B shows the discrimination threshold for 
Classic, Reverse, and anti-Pulfrich conditions and Figure 8.6C shows the results for 
interocular onscreen blur differences.  
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Figure 8.6. Reverse, Classic, anti-Pulfrich, and filtered stimulus conditions: Interocular delays and 
discrimination thresholds. A. Reverse, Classic, and anti-Pulfrich effects. Interocular differences in focus 
error cause the Reverse Pulfrich effect; the blurrier image is processed more quickly. Interocular differences 
in retinal illuminance cause the Classic Pulfrich effect; the darker image is processed more slowly. In the 
anti-Pulfrich condition, the blurry image is darkened to eliminate interocular delay. B. Discrimination 
thresholds. Thresholds for each observer (𝑑′ = 1.0) in the Reverse Pulfrich conditions (interocular focus 
differences) and the anti-Pulfrich conditions (interocular focus differences plus retinal illuminance 
differences) were similar and were thus averaged together (white circles). In each human observer, 
discrimination thresholds increased systematically with differences in interocular blur, consistent with the 
classic literature on how blur differences deteriorate stereoacuity325. These threshold functions thus provide 
evidence that the desired optical conditions were achieved. To reduce clutter, bootstrapped 95% confidence 
intervals are not plotted. In all cases but one, the confidence interval is smaller than the data point. 
Discrimination thresholds in the Classic Pulfrich conditions (i.e., interocular retinal illuminance differences 
only) are also shown (gray squares). Differences in retinal illuminance up to +0.15OD had no systematic 
effect on thresholds. (Note: the y-axis has a different scale for each observer to emphasize the similarities 
in the threshold patterns. To give a sense of scale, the Classic Pulfrich data from observer S3, the most 
sensitive observer, is re-plotted in the subplots for observers S1 and S2; faint circles and squares.). C. 
Interocular delays with high- and low-pass filtered stimuli for each human observer. The onscreen image for 
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one eye was filtered and the image for the other eye was left unperturbed. High-pass filtered images were 
processed slower than the unperturbed images, similar to how reduced retinal illuminances induce the 
Classic Pulfrich effect. Low-pass filtered images were processed faster than unperturbed images, similar to 
how optical blur induces the Reverse Pulfrich effect. 
 

8.2. Methods 
 
8.2.1. Subjects 
Three human observers (two males, one female) ran in the experiment; two were 
authors. All human observers had normal or corrected to normal visual acuity (20/20), a 
history of isometropia, and normal stereoacuity as confirmed by the Titmus Stereo Test. 
The observers were aged 26, 31, and 40 years old and had refractive errors of -6.0, -2.0, 
and 0.0 diopters at the time of the measurements. 
 
8.2.2. Apparatus 
Stimuli were displayed on haploscope system I (HI, described in section 2.2.1.1). In 
summary, left- and right-eye images were presented on two identical VPixx VIEWPixx 
LED monitors controlled by the same AMD FirePro D500 graphics card with 3GB GDDR5 
VRAM, to ensure that the left and right eye images were presented synchronously.  
 
Human observers viewed the monitors through mirror cubes with 2.5cm circular 
openings positioned one inter-ocular distance apart. Heads were stabilized with a chin 
and forehead rest. The haploscope mirrors were adjusted such that the vergence 
distance matched the distance of the monitors. The light path from the monitor to the eye 
was 100cm. Anti-aliasing enabled sub-pixel resolution permitting accurate presentations 
of disparities as small as 15-20arcsec. 
 
8.2.3. Stimuli 
The target stimulus was a binocularly presented, horizontally moving, white vertical bar 
(Figure 8.2A). The target bar subtended 0.25x1.00º of visual angle. In each eye, the 
image of the bar moved left and right with a sinusoidal profile. An interocular phase shift 
between the left- and right-eye images introduced a spatial disparity between the left- 
and right-eye bars. The left- and right-eye onscreen bar positions were given by 
 

𝑥𝐿(𝑡) = 𝐸𝑐𝑜𝑠(2𝜋𝜔𝑡 + 𝜙0 + 𝜙) 
𝑥𝑅(𝑡) = 𝐸𝑐𝑜𝑠(2𝜋𝜔𝑡 + 𝜙0) 

8.1 

 
where 𝑥𝐿(𝑡) and 𝑥𝑅(𝑡) are the left and right eye x-positions in degrees of visual angle, 𝐸 
is the movement amplitude in degrees of visual angle, 𝜔 is the temporal frequency, 𝜙

0
 

is the starting phase which in our experiment determines whether the target starts on the 
left or the right side of the display, 𝑡 is time, and 𝜙 is the phase shift between the images.  
 
The interocular temporal shift (i.e., delay or advance) in seconds associated with a 
particular phase shift is 
 

Δ𝑡 = 𝜙 (2𝜋𝜔)⁄  8.2 
 
Negative values indicate the left eye onscreen image is delayed relative to the right; 
positive values indicate the left eye onscreen image is advanced relative to the right. 
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When the interocular temporal shift equals zero, the virtual bar moves in the 
frontoparallel plane at the distance of the monitors. When the interocular temporal shift 
is non-zero, a spatial binocular disparity results and the virtual bar follows a near-elliptical 
trajectory of motion in depth. The binocular disparity in radians of visual angle as a 
function of time is given by 
 

𝛿(𝑡) = 𝑥𝑅(𝑡) − 𝑥𝐿(𝑡) = 2𝐸𝑠𝑖𝑛 (
𝜙

2
) 𝑐𝑜𝑠 (2𝜋𝜔𝑡 + 𝜙0 +

𝜙

2
) 8.3 

 
Here, negative disparities are crossed and positive disparities are uncrossed, indicating 
that the target is nearer and farther than the screen distance, respectively. The disparity 
takes on its maximum magnitude when the perceived stimulus is directly in front of the 
observer and the lateral movement is at its maximum speed. When the stimulus is 
moving to the right, the maximum disparity in visual angle is given by 𝛿𝑚𝑎𝑥 =
2𝐸𝑠𝑖𝑛(𝜙 2⁄ ). 
 
In our experiment, the movement amplitude was 2.5º of visual angle (i.e., 5.0º total 
change in visual angle in each direction), the temporal frequency was 1 cycle per second 
and the starting phase 𝜙

0
 was randomly chosen to be either 0 or 𝜋. Restricting the 

starting phase to these two values forced the stimuli to start either 2.5º to the right or 2.5º 
to the left of the center on each trial. The onscreen interocular phase shift ranged 
between ±216 arcmin at maximum, corresponding to interocular delays of ±10.0 ms. The 
range and particular values were adjusted to the sensitivity of each human observer.  
 
Two sets of five vertical 0.25x1.00º bars in a ‘picket fence’ arrangement flanked the 
region of the screen traversed by the target bar. The picket fences were defined by 
disparity to be at screen distance and served as a stereoscopic reference for the 
observer. A 1/f noise texture, also defined by disparity to be at the screen distance, 
covered the periphery of the display to aid binocular fusion. A small fixation dot marked 
the center of the screen. 
 
8.2.4. Procedure 
The observer’s task was to report whether the target bar appeared to move leftward or 
rightward when the stimulus was nearer than the screen in its virtual trajectory in depth. 
Observers fixated on the fixation dot throughout each trial. Using a one-interval two-
alternative forced-choice procedure, nine-level psychometric functions were collected in 
each condition using the method of constant stimuli. Each function was fit with a 
cumulative Gaussian using maximum likelihood methods. The 50% point on the 
psychometric function—the point of subjective equality (PSE)—indicates the onscreen 
interocular delay needed to null the interocular difference in processing speed. The 
pattern of PSEs across conditions was fit via linear regression, yielding a slope and y-
intercept. Average y-intercepts were nearly zero for each observer: 0.06ms, -0.06ms, 
and 0.01ms, respectively. To emphasize the differences in slope (i.e., the changes in 
processing speed in the slope) induced by interocular perturbations, we zeroed the y-
intercepts when plotting the PSE data. Observers responded to 180 trials per condition 
in counter-balanced blocks of 90 trials each. All experiments were performed in MATLAB 
2017b using Psychtoolbox (version 3.0.12)241. All analyses were performed in MATLAB 
2017b. Psychophysical data are presented for each human observer. Cumulative 
Gaussian fits of the psychometric functions were in good agreement with the raw data. 
Bootstrapped standard errors are reported on all data points unless otherwise noted. 
 
Defocus and blur 
The interocular focus difference is the magnitude of the defocus in the right eye minus 
the magnitude of the defocus in the left eye 
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Δ𝐹 = |Δ𝐷𝑅| − |Δ𝐷𝐿| 8.4 

 
where 𝛥𝐷 = 𝐷𝑓𝑜𝑐𝑢𝑠 − 𝐷𝑡𝑎𝑟𝑔𝑒𝑡 is the defocus, the difference between the dioptric 
distances of the focus and target points. To manipulate the amount of defocus blur in 
each eye, we positioned trial lenses ~12mm from each eye, centered on each optical 
axis, between each eye, and the front of the mirror cubes of the HI system.  
 
Human observers ran in thirteen conditions defined by interocular focus difference. (One 
observer, S2, ran in only seven). Each eye was myopically defocused from 0.00D to 
1.50D in 0.25D steps while the other eye was kept sharp. The first six conditions 
defocused the left eye (0.25D to 1.50D in 0.25D steps) while leaving the right eye sharp 
(Δ𝐹<0.0D). In the seventh condition, both eyes were sharp (Δ𝐹=0.0D). The final six 
conditions defocused the right eye (0.25D to 1.50D in 0.25D steps) while leaving the left 
eye sharp (Δ𝐹>0.0D).  
 
In the condition in which both eyes were sharply focused, the optical distances of the 
left- and right-eye monitors were set to optical infinity with +1.00D trial lenses. All human 
observers indicated that they could sharply focus the monitor when they fully relaxed the 
accommodative power of their eyes. Because each trial lens absorbs a small fraction of 
the incident light, having a trial lens in front of each eye in all conditions ensures that 
retinal illuminance is matched in both eyes in all conditions. To induce interocular 
differences in focus error, we placed a stronger positive lens (i.e., +1.25D, +1.50D, 
+1.75D, +2.00D) in front of one eye. This procedure puts one eye’s monitor beyond 
optical infinity, thus introducing myopic focus errors that cannot be cleared by 
accommodation. Before each run, the observer viewed a test target to confirm that 
he/she could focus targets at optical infinity in the 0.0D baseline condition. 
Undercorrected hyperopia or overcorrected myopia could place the far point of each eye 
beyond optical infinity, frustrating our attempts to control the optical conditions. To protect 
against this possibility, before running each observer, we estimated the far points of the 
eyes with standard optometric techniques. Then, if necessary, we adjusted the trial lens 
power so that the monitors were positioned at the desired optical distance. 
 
Another potential concern is that the eyes could accommodate independently to clear 
the blur in each eye. However, there are several reasons to think that differential blur 
was successfully induced. First, positioning the optical distance of one monitor beyond 
optical infinity (see above) minimizes the possibility that differential optical power could 
be compensated by differential accommodation. Second, accommodation in the two 
eyes tends to be strongly coupled, especially for targets straight ahead at distances 
beyond 1.0m9,331,334,335. Third, discrimination thresholds (𝑑′ = 1.0) increase 
systematically with interocular difference in focus error, which is consistent with the 
literature showing that differential blur deteriorates stereoacuity325. 
 
8.2.4.1. Neutral Density Filters 
To induce interocular differences in retinal illuminance we placed ‘virtual’ neutral density 
filters in front of the eyes. To do so, we converted optical density to transmittance, the 
proportion of incident light that is passed through the filter, using the standard expression 
𝑇 = 10−𝑂𝐷 where 𝑇 is the transmittance and 𝑂𝐷 is the optical density. Then, we reduced 
the luminance of one eye’s monitor by a scale factor equal to the transmittance. We 
compared the performance of all observers with real and equivalent virtual neutral 
density filters, to find out about the accurate implementation of the virtual filters. In all 
observers, performance with real and equivalent virtual neutral density filters is 
essentially identical, suggesting that the virtual filters were implemented accurately 
(Figure 8.6). 
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Figure 8.7. Real and virtual neutral density filters: Interocular delays. Real and virtual neutral density 
filters with the same optical densities (i.e., 0.15OD; 71% transmittance) caused similar delays for all human 
observers (colored circles) and the mean human observer (black square). Interocular differences in optical 
density, ΔO, are negative when the left eye retinal illuminance is reduced and positive when the right eye 
retinal illuminance is reduced. Error bars indicate standard deviations. The results suggest that the software 
implementation of the virtual neutral density filters was accurate. 
 
The interocular difference in optical density Δ𝑂 = Δ𝑂𝑅 − Δ𝑂𝐿 is the difference between 
the optical density of filters placed over the right and left eyes. Human observers ran in 
five conditions with virtual neutral density filters, with equally spaced interocular 
differences in optical density between -0.15 and 0.15. Two conditions introduced a filter 
in front of the left eye (Δ𝑂<0.00). In one condition, both eyes were unfiltered (Δ𝑂=0.00). 
And two other conditions introduced a filter in front of the right eye (Δ𝑂>0.00).  
 
8.2.4.2. Low- and high-pass spatial filtering 
To test the hypothesis that the Reverse Pulfrich effect is caused by differences in the 
processing speed of different spatial frequencies, we filtered the onscreen stimulus of 
one eye with two different frequency filters. The low-pass filter was Gaussian-shaped  
 

𝑘𝑙𝑜𝑤 = 𝑒−0.5(𝑓 𝜎𝑓⁄ )
2

 8.5 
 
with a standard deviation 𝜎𝑓 = 𝑓0 √ln(4)⁄  set by the cutoff frequency 𝑓0 so that the filter 
reached half-height at 𝑓0 (i.e., 2cpd in the current experiments; see Figure 8.3). The high-
pass filter complemented the low-pass filter and was given by  
 

𝑘ℎ𝑖𝑔ℎ = 1 − 𝑘𝑙𝑜𝑤 8.6 
 
After high-pass filtering, the mean luminance was added back in so that the high-pass 
and low-pass filtered stimuli had the same mean luminance.  
 
To isolate the impact of spatial frequency content on processing speed, we modified the 
onscreen stimulus from the main experiment. Rather than the 0.25ºx1.00º white bar, the 
onscreen stimulus was changed to a 0.50ºx1.00º stimulus that was composed of 
adjacent 0.25x1.0º black and white (or white and black) bars (Figure 8.3A). This 
modification ensured that the low- and high-pass filtered stimuli had identical luminance 
and identical contrast (Figure 8.8). Each human observer collected 180 trials in each of 
eight conditions—low- vs. high-pass filtering, left- vs. right-eye filtered, black-white vs. 
white-black stimulus types—collected in counter-balanced order. Black-white vs. white-
black stimulus types had little impact so results were collapsed across stimulus types. 
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Figure 8.8. Spatial frequency filtered stimuli: stimulus construction. A. Proportion of original stimulus 
contrast after low-pass filtering vs. high-pass filtering (solid vs. dashed curves, respectively) as a function of 
total black-white (or white-black) bar width. The white circle and arrow indicate the stimulus width (0.5º) that 
equates to the root-mean-squared (RMS) contrast of the stimulus after low and high-pass filtering. Because 
low-pass and high-pass filtered images had identical luminance and contrast, the differential effects in Figure 
8.6C cannot be attributed to luminance or contrast. B. Low-pass and high-pass filters with a 2cpd cutoff 
frequency. C. Low-pass filtered stimulus, original stimulus, and high-pass filtered stimulus with matched 
luminance and contrast. D. Horizontal intensity profiles of the stimuli in C. E. Amplitude spectra of the 
horizontal intensity profiles in D. Note how, for each stimulus type, the peak of the lowest frequency lobe 
shifts relative to the cutoff frequency of the filters. 
 
8.2.4.3. Generalizing results to the real world 
To predict the motion misperceptions that monovision will cause in the real world, it is 
important to account for the differences in viewing conditions that may impact illusion 
sizes. Although the experimental conditions were chosen based on differences in focus 
error, the Reverse Pulfrich effect is more directly mediated by differences in image blur. 
The amount of retinal image blur in each eye depends both on the focus error and on 
the pupil diameter. Thus, it is important to account for changes in pupil diameter that will 
be caused by luminance differences between the lab and the viewing conditions of 
interest.  
 
The blur circle diameter in radians of visual angle is given by 
 

𝜃𝑏 = 𝐴|Δ𝐷| 8.7 
 
where 𝜃𝑏 is the diameter of the blur circle in radians of visual angle and 𝐴 is the pupil 
aperture (diameter) in meters. In our experiments, we assumed a pupil diameter of 
2.5mm, corresponding to the luminance during the experiment327. Under the geometrical 
optics approximation, the absolute value of the defocus |Δ𝐷| in the blurry eye equals the 
absolute value of the interocular focus difference |Δ𝐹| because one eye was always 
sharply focused (i.e., 𝑚𝑖𝑛(|Δ𝐷𝐿|, |Δ𝐷𝑅|)=0.0D) in our experiments.  
 
The interocular delay in seconds is linearly related to each level of blur by  
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Δ𝑡 = 𝛼Δ𝐹
𝜃𝑏
𝐴𝑒𝑥𝑝

+ 𝛽Δ𝐹 8.8 

 
where 𝛼Δ𝐹 and 𝛽

Δ𝐹
 are the slope and constant of the best-fit line to the data in Figure 

8.2B, and 𝐴𝑒𝑥𝑝 is the pupil diameter of the observer in meters during the experiment. The 
constant (i.e., y-intercept) can be dropped assuming it reflects response bias and not 
sensory-perceptual bias. 
 
For a target moving at a given velocity in meters per second, a particular interocular 
difference in processing speed will yield an effective interocular spatial offset (i.e., 
position difference) 
 

Δ𝑥 = 𝑣Δ𝑡 8.9 
 
The illusory distance of the target, predicted by stereo-geometry, is given by 
 

�̂� =
𝐼

(𝐼 + Δ𝑥)
𝑑 8.10 

 
where 𝐼 is the inter-pupillary distance and 𝑑 is the actual distance of the target.  
 
Combining Equations 8.7-10 yields a single expression for the illusory distance 
 

�̂� = (
𝐼

𝐼 + 𝑣|Δ𝐹|𝑅𝛼Δ𝐹
) 8.11 

 
where 𝑅 = 𝐴 𝐴𝑒𝑥𝑝⁄  is the ratio between the pupil diameters in the viewing condition of 
interest and in the lab when the psychophysical data was collected. Finally, taking the 
difference between the illusory and actual target distances �̂�− 𝑑 yields the illusion size 
(see Figure 8.4A). 
 
The expression for the illusory distance can also be derived by first computing the neural 
binocular disparity caused by the delay-induced position difference, and then converting 
the disparity into an estimate of depth. The binocular disparity in radians of visual angle 
is given by 
 

𝛿 =
Δ𝑥

𝑑
 8.12 

 
The relationship between illusory distance, binocular disparity, and actual distance is 
given by  
 

�̂� =
𝐼

(𝐼 + dδ)
𝑑 8.13 

 
Plugging Equation 8.12 into Equation 8.13 yields Equation 8.10. Thus, both methods of 
computing the illusory distance are equivalent.  
 
8.2.5. Anti-Pulfrich monovision corrections 
Reducing the image quality of one eye with blur increases the processing speed relative 
to the other eye and causes the Reverse Pulfrich effect. Reducing the retinal illuminance 
of one eye reduces the processing speed relative to the other eye and causes the Classic 
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Pulfrich effect. Thus, in principle, it should be possible to null the two effects by reducing 
the retinal illuminance of the blurry eye. The interocular delay in seconds is linearly 
related to each interocular difference in optical density Δ𝑂 by 
 

Δ𝑡 = 𝛼Δ𝑂(Δ𝑂) + 𝛽Δ𝑂 8.14 
 
The optical density that should null the interocular delay of a given interocular focus 
difference is given by  
 

Δ𝑂0 = −
𝛼Δ𝐹
𝛼Δ𝑂

Δ𝐹 8.15 

 
the interocular difference in focus error scaled by the ratio of the slopes of the best-fit 
regression lines to the Reverse and Classic Pulfrich datasets. The optical density 
predicted by the two regression slopes eliminates the Pulfrich effect (Figure 8.2B, Figure 
8.3D). 
 

8.3. Conclusions 
We have reported a new version of a 100-year-old illusion: the Reverse Pulfrich effect. 
We found that interocular differences in image blur, like those caused by monovision 
corrections, cause millisecond interocular differences in processing speed. For moving 
targets, these differences can cause dramatic illusions of motion in depth. The fact that 
a mismatch of a few milliseconds can yield substantial misperceptions highlights how 
exquisitely the visual system must be calibrated for accurate percepts to occur. The fact 
that these motion illusions are rare indicates how well the visual system is calibrated 
under normal circumstances. 
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Chapter 9. Reverse Pulfrich effect: 
contact lenses 

In this chapter, we have extended the measurements of the Reverse Pulfrich effect 
and anti-Pulfrich corrections using contact lenses. The relevance of testing the 
presence of the Reverse Pulfrich effect with contact lenses is both scientific and 
clinical. Clinically, contact lenses are the most common method for delivering 
monovision corrections. Scientifically, trial lenses of different powers can cause large 
magnification differences between the eyes. The use of contact lenses prevents 
these magnification differences and allows us to confidently attribute the Reverse 
Pulfrich effect to only interocular optical blur differences.  
 
This chapter is based on the published article by Victor Rodriguez-Lopez et al. 
“Contact lenses, the Reverse Pulfrich effect, and anti-Pulfrich monovision 
corrections”, published in Scientific Reports (2020). The co-authors of the study are 
Carlos Dorronsoro ad Johannes Burge.  
 
The contribution of the author of the thesis was the conceptualization and design of the 
study and the literature research in collaboration with all the co-authors, the design of 
the experiments in collaboration with Carlos Dorronsoro, the collection and analysis of 
the data, the writing of the chapter and the editing of the chapter in collaboration with all 
co-authors. 
 
This work was presented as a virtual poster contribution at the Association for Vision 
and Research in Ophthalmology (ARVO) virtual meeting in 2020. The author of the 
thesis was also interviewed by the media (Medscape Medical News) about the 
impact of this work on public safety once the virtual poster was presented. 
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9.1. Introduction 
The previous chapter demonstrated that interocular differences in optical blur, like those 
induced by monovision corrections, have the potential to cause large errors in estimating 
the distance and 3D direction of moving objects. Under some conditions, the perceptual 
errors may be large enough to impact public safety103. For example, the distance to a 
cyclist in cross-traffic may be overestimated by nearly 9ft, the width of a narrow lane of 
traffic (Figure 9.1A). The illusion occurs because the image in the blurrier eye is 
processed more quickly by a few milliseconds than the image in the sharper eye. Blur 
removes high spatial frequencies (i.e., fine details) from the image51,233,314, and high 
spatial frequencies are known to be processed more slowly94,96,312,313,317,336. Thus, the 
blurry image is processed more quickly because the high frequencies in the sharp image 
slow its processing down103.  
 
The Classic Pulfrich effect is induced by an interocular difference in retinal illuminance. 
However, darkening the image in one eye has the opposite effect of blur305. The darker 
image is processed more slowly rather than more quickly203,208,319. The response 
properties of neurons in both the retina and early visual cortex are thought to underlie 
the Classic Pulfrich effect308,333. The resulting illusions are thus similar to the illusions 
associated with the Reverse Pulfrich effect, except that the Classic Pulfrich effect causes 
distance underestimation whereas the Reverse Pulfrich effect causes distance 
overestimation, and vice versa (Figure 9.1B). 
 
The previous chapter also demonstrated that anti-Pulfrich monovision corrections can 
eliminate the depth and motion misperceptions associated with the Reverse and Classic 
Pulfrich effects. The logic behind anti-Pulfrich corrections is simple. Blurry images are 
processed more quickly than sharp images (i.e., the Reverse Pulfrich effect). Dark 
images are processed more slowly than bright images (i.e., the Classic Pulfrich effect). 
Thus, if the blurry image is darkened appropriately, the two differences in processing 
speed cancel each other out and eliminate the misperceptions (Figure 9.1C). To date, 
however, the efficacy of anti-Pulfrich monovision corrections has been demonstrated 
only with interocular differences in optical power induced by trial lenses103. Monovision 
prescriptions are most commonly prescribed with contact lenses97. (Surgically implanted 
interocular lenses are the second most common162,337,338.) Hence, it is important to 
demonstrate that anti-Pulfrich corrections are effective when implemented with the 
ophthalmic corrections that are most relevant to clinical practice. 
 

 
Figure 9.1. Reverse Pulfrich effect, Classic Pulfrich effect, and anti-Pulfrich monovision corrections. 
A. Interocular blur differences like those induced by monovision corrections cause the ‘Reverse Pulfrich 
effect’, a substantial misperception of the distance of moving objects. If the left eye is sharp and the right 
eye is blurred, an object moving from left to right will be misperceived as farther away than it is, and vice 
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versa. The blurry image is processed faster than the sharp image, causing a neural disparity that leads to 
depth misperceptions. In some scenarios, the distance misestimates can be substantial. Burge et al.339 
reported that, for an individual observer with a typical monovision correction strength of 1.5D, a cyclist 
moving left to right at 15mph at 16ft may be estimated to be at 25ft. This overestimation of 9ft is 
approximately the width of a narrow lane of traffic. These misperceptions occur because the blurrier eye is 
processed more quickly by only a few milliseconds. B. Interocular luminance differences cause the Classic 
Pulfrich effect. When both eyes are sharp, the darker eye is processed slower. If the left eye is bright and 
the right eye is dark, and both eyes are sharply focused, the distance to the same cyclist will be 
underestimated, because the darker eye is processed more slowly by a few milliseconds. C. Anti-Pulfrich 
monovision corrections can eliminate misperceptions by darkening the blurring lens. The Reverse and 
Classic Pulfrich effects cancel each other out. 
 
Another reason to study the Reverse Pulfrich effect and anti-Pulfrich corrections with 
contact lenses is that, unlike trial lenses, contacts introduce negligible retinal 
magnification differences between the eyes. The retinal magnification induced by a lens 
increases with its optical power and its distance from the eye. Trial lenses, like 
eyeglasses, are positioned 10-14mm from the eye. Consequently, trial lenses of different 
powers induce both blur and magnification differences. The original demonstration of the 
Reverse Pulfrich effect thus leaves open the possibility that the Reverse Pulfrich effect 
could be due to interocular differences in magnification, rather than to interocular 
differences in blur. Although theoretical considerations and previously performed control 
experiments make this possibility unlikely, it should still be established empirically that 
differences in image magnification play no role in driving the effect. 
 
A typical monovision correction induces a 1.50D difference in optical power between the 
eyes97. For contact lenses, which are fit directly on the cornea, this power difference 
translates into an interocular magnification difference of 0.4% (Figure 9.2A). For 
eyeglasses, which are typically positioned 10-14mm from the cornea, the same power 
difference translates into a magnification difference of between 1.5% and 2.1% (Figure 
9.2B). Magnification differences of this size are thought to cause visual discomfort and 
other clinical issues340. This is the reason that monovision is most often implemented 
with contact lenses, surgically implanted interocular lenses, and laser corneal surgery, 
all of which induce negligible magnification differences.  
 

 
Figure 9.2. Magnification differences with contacts and trial lenses. A. Contact lenses with different 
power in the two eyes create interocular differences in blur with negligible interocular differences in 
magnification. Contact lenses produce negligible image magnification because they are fitted directly on the 
cornea. The distance d between the contact lens and the entrance pupil of the eye is quite small. B. Trial 
lenses with different powers in the two eyes create interocular differences in blur with non-negligible 
magnification differences between the eyes. Trial lenses produce substantially more image magnification 
than contact lenses of the same power because the distance between the lens and the entrance pupil is 
considerably larger (i.e., 10-14mm).  



Methods 

 
160 

 

 
Measuring the Reverse Pulfrich effect with contact lenses has the benefit of i) isolating 
the impact of blur from the potential impact of magnification on processing speed, ii) 
testing for misperceptions in the optical conditions most similar to those induced by eye 
care practitioners, and iii) advancing towards a clinically applicable anti-Pulfrich 
correction. 
 

9.2. Methods 
9.2.1. Participants 
Two male and two female observers between the ages of 25 and 30 participated in the 
experiment (27.1±2.1 years); all were in good ocular health. Anisometropia, a difference 
in refractive error between the eyes, was equal to or lower than 0.50D in all observers. 
The amount of astigmatism was subclinical in all observers but one, who had 
astigmatism of 0.50D. Visual acuity was normal or corrected-to-normal (i.e., visual acuity 
of 0.00 logMAR or better) in both eyes of each observer. Stereoacuity was also normal, 
as assessed with the Titmus stereo test (i.e., stereoacuity better than or equal to 
30arcmin). The experimental protocols were approved by the Spanish National 
Research Council (CSIC) Bioethical Committee and were in compliance with the 
Declaration of Helsinki. All participants provided written informed consent. 
 
9.2.2. Apparatus 
The stimulus was displayed on the Stereoscopic Monitor (SM, see section 2.2.2), 
consisting of a stereo-3D UK UHD 49” monitor (LG49UH850V, LG) driven by an NVIDIA 
Quadro P4000 dual Graphic card. Passive circular polarization glasses selectively 
passed the appropriate image to each eye. The spatial resolution of the display was 
3840x2160 pixels. After filtering by the glasses, only 3840x1080 interlaced pixels 
reached each eye. Combined with a transmittance of slightly less than 1.0, the effective 
luminance of the monitor for each eye was slightly less than 200cd/m2. 
 
The observer viewed the monitor from 2m, with his/her head stabilized by a chin and 
forehead rest. Observers viewed the display through custom-built mounts for trial lenses. 
The mounts were horizontally and vertically adjusted so that the optical element was 
centered along the line of sight of each eye. 
 
9.2.3. Stimuli 
The stimulus was the same stimulus used in Chapter 8 (see Figure 8.1). The target 
stimulus was a 0.25x1.00º white vertical bar that oscillated horizontally on a gray 
background (Figure 9.3A). The target bar traversed one cycle of a cosinusoidal trajectory 
during each trial. The left- and right-eye onscreen bar positions in degrees of visual angle 
were given by 
 

𝑥𝐿(𝑡) = 𝐸𝑐𝑜𝑠(2𝜋𝜔(𝑡 + Δ𝑡) + 𝜙0) 
𝑥𝑅(𝑡) = 𝐸𝑐𝑜𝑠(2𝜋𝜔𝑡 + 𝜙0) 

9.1 

 
where 𝐸 is the movement amplitude in degrees of visual angle, 𝜔 is the temporal 
frequency, 𝜙

0
 is the starting phase, 𝑡 is time, and Δ𝑡 is the onscreen delay between the 

left- and right-eye target images. The onscreen interocular delay controlled whether 
stereo information specified ‘front left’ or ‘front right’ motion (Figure 9.3B). Note that we 
did not temporally manipulate when left- and right-eye images were presented onscreen. 
Rather, we calculated the effective binocular disparity given the target velocity and the 
desired onscreen delay on each time step, appropriately shifted the spatial positions of 
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the left- and right-eye images to create an equivalent disparity, and presented these 
disparate images synchronously on each monitor refresh. 
 
The onscreen binocular disparity associated with a given interocular delay as a function 
of time was given by 
 

𝛿(𝑡) = 𝑥𝑅(𝑡) − 𝑥𝐿(𝑡) = 2𝐸𝑠𝑖𝑛 (
𝜙

2
) 𝑐𝑜𝑠(2𝜋𝜔(2𝑡 + Δ𝑡) + 𝜙0) 9.2 

 
where negative disparities are crossed (i.e., nearer than the screen) and positive 
disparities are uncrossed (i.e., farther than the screen). 
 
9.2.4. Procedure 
Each moving bar stimulus was presented as part of a one-interval two-alternative forced-
choice (2AFC) procedure. The task was to report, via a key press, whether the target bar 
was moving leftwards (‘front left’) or rightwards (‘front right’) when the bar appeared to 
be in front of the plane of the screen. Nine evenly spaced levels of onscreen interocular 
delay between -10 and 10 milliseconds were presented with the method of constant 
stimuli. Twenty trials per level were collected for a total of 180 trials per condition. 
 
The proportion ‘front right’ responses were recorded as a function of onscreen interocular 
delay and fit with a cumulative Gaussian via maximum likelihood methods. The point of 
subjective equality (PSE) indicates the onscreen interocular delay necessary to make 
the target appear to move within the screen plane. The PSE is opposite in sign and equal 
in magnitude to the neural difference in processing speed between the eyes. 
 
Data were collected from each human observer in five different experiments; each 
experiment had multiple conditions (see below). In a given experiment, data was 
collected across all conditions in counterbalanced blocks of 90 trials each. Each block 
took approximately 2.5 minutes to complete. Experiment 1 measured the impact of 
interocular blur differences induced by contact lenses. Experiment 2 measured the 
impact of interocular blur differences induced by trial lenses. Experiment 3 measured the 
impact of interocular luminance differences between the eyes. Experiment 4 measured 
the efficacy of anti-Pulfrich monovision corrections with contact lenses. And Experiment 
5 measured whether interocular magnification differences impact processing speed. 
 
9.2.5. Optical Conditions in the Experiments 
To determine the lens powers needed to induce the desired focus error and the resulting 
optical blur in each eye, we performed three separate steps. First, using standard 
methods of subjective refraction, we measured and corrected each observer to ensure 
that uncorrected refractive errors did not compromise the desired optical conditions. 
Second, we added a distance compensation power to set the optical distance of the 
screen to optical infinity; given that the actual distance of the screen was 2m, the required 
distance compensation power was +0.5D. Third, in each eye, we chose an optical power 
equal to the desired focus error (i.e., the excess power); the excess power was either 
positive or equal to zero. Importantly, adds excess optical power to a screen already at 
optical infinity position the optical distance of the screen beyond optical infinity. Thus, 
even when accommodation is in its most relaxed state, with a positive excess power the 
target image was focused in front of the retina. Our procedure, therefore, renders 
accommodation unable to compensate for the desired focus error caused by the excess 
optical power. The total optical power of the associated lens is thus given by 
 

𝑃 = 𝐸𝑃 + 𝐶𝑃 + 𝑅𝑥 9.3 
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where 𝐸𝑃 is the excess power (i.e., the desired focus error), 𝐶𝑃 is the compensation 
power, and 𝑅𝑥 is the refractive error of the human observer, all of which are expressed 
in diopters. Combining the total amount of optical power in one lens instead of using 
multiple lenses minimizes potential interocular differences due to reflections and 
transmission.  
 
In experiments with contact lenses, the total optical power (Equation 9.3) was delivered 
with ACUVUE Moist monofocal soft contact lenses (Johnson & Johnson Vision Care, 
Jacksonville, USA). In the experiment with trial lenses, the excess and compensation 
powers were delivered with a trial lens, and the refractive error of each human observer 
was compensated for by their spectacles. In all other experiments, the total power was 
delivered by a single contact lens. The human observers had different amounts of 
myopia. Hence, across observers and experimental conditions (see below), the nominal 
power of the contact lenses ranged from -2.75D to +0.75D. 
 
9.2.5.1. Image magnification 
The relative magnification—the magnification caused by an ophthalmic lens relative to 
the naked eye—depends both on the power of the lens and on the distance of the lens 
to the entrance pupil of the eye. Under the thin lens approximation, which is appropriate 
in the present circumstances, image magnification 𝑀 is given by 
 

𝑀 =
1

1 − 𝑑 · 𝑃
 9.4 

 
where 𝑑 is the distance of the lens in meters to the entrance pupil and 𝑃 is the power of 
the lens in diopters. 
 
9.2.5.2.Luminance, optical density, and transmittance 
To induce the required differences in retinal illuminance, we reduced the luminance of 
the perturbed eye’s onscreen image by a scale factor equivalent to the transmittance of 
a neutral density filter with a particular ocular density. The transmittance is given by 
 

𝑇 = 10−𝑂𝐷 9.5 
 
where 𝑂𝐷 is the optical density of the filter. We have previously verified that this 
procedure (using ‘virtual’ neutral density filters) yields results that are equivalent to using 
real neutral density filters103. 
 
9.2.5.3. Interocular differences in focus error, optical density, and magnification 
The interocular difference in focus error (i.e., optical power) is defined as the difference 
in excess optical power between the eyes 
 

Δ𝐹 = 𝐸𝑃𝑅 − 𝐸𝑃𝐿 9.6 
 
where 𝐸𝑃𝐿 and 𝐸𝑃𝑅 are the excess optical powers in diopters of the left and right eyes, 
respectively. In experiments having conditions with non-zero differences in focus error 
(Experiments 1, 2, and 4), excess power (i.e., 𝐸𝑃>0.0D) was induced in one eye only -
the perturbed eye- while the other eye was kept sharply focused on the screen distance 
(i.e., 𝐸𝑃=0.0D). All observers reported that the nominally sharp eye was subjectively well 
focused before measurements began. In these experiments, the interocular difference in 
focus error ranged from -1.5D to 1.5D. 
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The interocular difference in luminance is quantified by the interocular difference in 
optical density  
 

Δ𝑂 = Δ𝑂𝑅 − Δ𝑂𝐿 9.7 
 
where Δ𝑂𝐿 and Δ𝑂𝑅 are the optical density of the neutral density filters in the left and right 
eyes. In experiments having conditions with non-zero interocular differences in optical 
density (Experiments 3 and 4), the luminance in one eye was reduced whereas the other 
eye was left unperturbed. In these experiments, the interocular difference in optical 
density ranged from -0.15OD to 0.15OD. An optical density of 0.15OD corresponds to a 
transmittance of 70.8%. 
 
The interocular difference in onscreen magnification is given by  
 

Δ𝑀 = 𝑀𝑅 −𝑀𝐿 9.8 
 
where 𝑀𝐿 and 𝑀𝑅 represent the magnification associated with the left- and right-eye 
images, respectively. In the experiment that manipulated magnification differences 
onscreen (Experiment 5), the interocular difference in magnification ranged from -3.6% 
to 3.6%. Magnification differences of this size are twice the magnification difference 
induced by trial lenses differing by 1.5D in optical power. 
 
9.2.5.4. Quantifying differences in processing speed from differences in blur and 
luminance 
The interocular difference in processing speed was measured for interocular differences 
in focus error ranging from -1.5D to 1.5D and interocular differences in optical density 
ranging from -0.15OD to -0.15OD. The interocular difference in processing speed (i.e., 
interocular delay) is linearly related to the interocular difference in the focus error 
 

Δ𝑡 = 𝛼Δ𝐹 · Δ𝐹 + 𝛽Δ𝐹 9.9 
 
where 𝛼Δ𝐹 and 𝛽

Δ𝐹
 are the slope and intercept of the best line fit via least squared 

regression103. Just as with blur differences, the interocular delay is linearly related to the 
difference between the optical densities of the virtual filters in the two eyes. Specifically, 
 

Δ𝑡 = 𝛼Δ𝑂 · Δ𝑂 + 𝛽Δ𝑂 9.10 
 
Δ𝑂 is the interocular difference in optical density, and 𝛼Δ𝑂 and 𝛽

Δ𝑂
 are the slope and the 

intercept of the best line fit via linear regression. Linear regression was similarly used to 
fit the pattern of interocular delays with interocular differences in magnification. 
 
9.2.5.5. Anti-Pulfrich monovision corrections 
The interocular differences in processing speed caused by a unit difference in optical 
power (i.e., 𝛼Δ𝐹) and a unit difference in optical density (i.e., 𝛼Δ𝑂) can be used to 
determine the luminance difference required to null processing speed differences caused 
by an arbitrary difference in optical power. Setting the first terms on the right-hand sides 
of Equations 9.9 and 9.10 equals to each other and solving for the interocular difference 
in optical density yields the optical density difference that will achieve the anti-Pulfrich 
correction. Specifically, 
 

Δ𝑂0 = −
𝛼Δ𝐹
𝛼Δ𝑂

Δ𝐹 9.11 
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Negative values indicate that the transmittance of the left lens should be reduced to 
achieve an anti-Pulfrich correction. Positive values indicate that the transmittance of the 
right lens should be reduced.  
 
9.2.5.6. Summarizing effect sizes 
To compare effect sizes across experiments and human observers, we report interocular 
delays in a particular condition estimated from the best-fit lines in each experiment, rather 
than using the raw PSE data itself. We used this approach for two reasons. First, this 
approach has the advantage of minimizing the effect of measurement error. Second, in 
experiments with blur differences (Experiments 1, 2, and 4), not all observers collected 
data in identical conditions. Some collected data with a maximum interocular difference 
in focus error (i.e., optical power) of ±1.5D while others collected data with a maximum 
difference of ±1.0D; some observers had difficulties performing the task with the larger 
difference. To compare interocular delays across observers at the power difference 
associated with the most commonly prescribed monovision correction strength (i.e., 
1.5D), we extrapolated using the best-fit lines to the data (Equation 9.9). 
 

9.3. Results 
Interocular differences in processing speed were measured in five separate experiments 
in each of the four human observers. The same experimental paradigm was used to 
collect data across all five experiments. First, we describe the experimental details that 
were common across the experiments. Then, we describe each experiment. As a group, 
the experiments seek to establish: i) that contact lenses of different powers can induce 
the interocular mismatches in processing speed that underlie the Reverse Pulfrich effect, 
ii) that anti-Pulfrich corrections with contact lenses are effective in eliminating the 
Reverse Pulfrich, and iii) that interocular differences in image magnification relevant to 
monovision have no impact on interocular differences in processing speed.  
 
To measure interocular differences in processing speed, human observers collected 
data in a one-interval two-alternative forced-choice (2AFC) experiment. On each trial, 
observers viewed a dichoptically presented vertical target bar that oscillated horizontally 
in the frontal plane (Figure 9.3A) while fixating a central dot (not shown). When the 
onscreen interocular delay is zero, onscreen disparity specifies that the target is moving 
in the plane of the screen. When the onscreen interocular delay is negative, the left-eye 
image onscreen trails the right-eye image onscreen, and onscreen disparity specifies 
that the target is following an elliptical trajectory outside the plane of the screen that is 
clockwise when viewed from above (‘front left’ motion). When the onscreen interocular 
delay is positive (i.e., an onscreen advance), the left-eye image onscreen leads the right-
eye image onscreen, and onscreen disparity specifies that the target is following an 
elliptical trajectory outside the plane of the screen that is counter-clockwise when viewed 
from above (‘front right’ motion; Figure 9.3B).  
 
The task was to choose, on each trial, whether the target appeared to be undergoing 
‘front right’ or ‘front left’ motion. In each condition, the proportion of times each observer 
chose ‘front right’ was plotted as a function of onscreen delay. This raw data was fit with 
a cumulative Gaussian function in each condition. Data and fits for the first human 
observer in the first experiment are shown in Figure 9.3C. The point of subjective equality 
(PSE) indicates the onscreen delay necessary for the observer to report ‘front right’ on 
half of the trials (black arrows). This onscreen delay (or advance) of the left-eye onscreen 
image relative to the right-eye onscreen image is equal in magnitude and opposite in 
sign to the neural advance (or delay) induced by the image perturbations. Each 
experiment examines whether a particular interocular difference in image properties (i.e., 
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a particular perturbation of the image in one eye) causes interocular differences in 
processing speed.  
 

 
Figure 9.3. Binocular stimulus, time-course of stimulus presentation, and psychometric functions. 
A. The target was a dichoptically presented horizontally moving white bar. The left-eye image is blurred to 
simulate the optical blur that was induced in the experiment; no onscreen blur was present in this experiment. 
White arrows show target motion, speed, and direction. Dashed bars show example stimulus positions 
throughout a trial. Arrows and dashed bars are both for illustrative purposes and were not present in the 
actual stimulus. Fuse the two half-images to perceive the target bar in 3D on one frame of the movie. Cross-
fusers will see a depiction of ‘front right’ motion on this frame. Divergent-fusers will see ‘back right’ motion 
on this frame and would answer ‘front left’ for the complete one-cycle trial. B. Left-eye and right-eye onscreen 
horizontal image positions as a function of time (solid and dashed curves, respectively) when the left-eye 
image was delayed onscreen, coincident with, or advanced onscreen relative to the right-eye image. C. The 
task was to report whether the target bar appeared to be moving ‘front left’ or ‘front right’ with respect to the 
screen. Psychometric functions for the first human observer as a function of onscreen delay in five conditions 
in Experiment 1. Each condition had a different interocular difference in focus error (i.e., Δ𝐹=[-1.5D, -1.0D, 
0.0D, 1.0D, 1.5D]). The point of subjective equality (PSE, black arrows) changes systematically with the 
difference in focus error, indicating that the difference in focus error systematically impacts the neural 
differences in processing speed between the eyes. 
 
Experiment 1: Contact Lenses 
Experiment 1 measures the interocular differences in processing speed caused by blur 
differences induced by soft contact lenses having different powers. As mentioned earlier, 
contact lenses of different powers cause negligible interocular differences in 
magnification. Contact lenses thus isolate differences in optical blur from the possible 
confounding magnification differences caused by trial lenses (Figure 9.4A). This 
experiment will determine whether the Reverse Pulfrich effect occurs when interocular 
blur differences are not accompanied by interocular differences in magnification. It will 
also determine whether the Reverse Pulfrich effect is caused by the most commonly 
used delivery system for monovision prescriptions. 
 
One eye—the perturbed eye—was fit with a contact lens that blurred the stimulus. The 
other eye was fit with a contact lens that sharply focused the stimulus. As expected, we 
found that contact lenses of different powers cause a Reverse Pulfrich effect. When the 
left eye is blurred, a target stimulus oscillating in the frontal plane with no onscreen delay 
is incorrectly perceived as undergoing ‘front right’ motion in depth. The Reverse Pulfrich 
effect occurs because the image in the blurrier eye is processed more quickly than the 
image in the sharper eye (Figure 9.4B). To null this effect, the left eye must be delayed 
onscreen by an amount equal in magnitude but opposite in sign to the advance in neural 
processing speed. 
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Data from the first human observer is shown in Figure 9.4C. When the left eye was at its 
blurriest and the right eye was sharp (i.e., ∆F=-1.5D), the left-eye stimulus had to be 
delayed onscreen by 2.8ms from baseline. When the left eye was sharp and the right 
eye was at its blurriest (i.e., ∆F=1.5D), the left-eye stimulus had to be advanced onscreen 
by 3.1ms from baseline. A similar pattern of results was found for all four human 
observers (Figure 9.10A). Across observers, the blurrier eye was processed 1.9ms faster 
on average (SD=1.0ms). 
 
These mismatches in processing speed imply that monovision corrections, which are 
most often delivered by contact lenses, can cause substantial misperceptions of 
motion103. Optometrists and ophthalmologists should consider making their patients 
aware of these motion illusions when prescribing monovision, just as it is commonplace 
to mention the decreases in stereoacuity that are associated with monovision98,325,341. 
 

 
Figure 9.4. Reverse Pulfrich effect with contact lenses (Experiment 1). A. Stimulus conditions with 
contact lenses. Contact lenses of different powers cause interocular differences in blur, but no differences 
in magnification. The differences in optical power (i.e., focus error) ranged from -1.5D to 1.5D, which are 
common monovision correction strengths. B. The interocular difference in blur causes a mismatch in 
processing speed between the eyes—the blurrier image is processed more quickly—which leads to the 
Reverse Pulfrich effect. Horizontal oscillating motion in the frontal plane is perceived as ‘front right’ elliptical 
motion in depth (i.e., counterclockwise when viewed from above). C. Onscreen interocular delays required 
to null neural differences in processing speed induced by differences in optical power between the eyes for 
the first human observer. Error bars indicate 68% confidence intervals from 1000 bootstrapped datasets. 
See Figure 9.10A for data from all human observers. 
 
Experiment 2: Trial Lenses 
Experiment 2 measures the interocular differences in processing speed induced by trial 
lenses having different powers. As mentioned earlier, trial lenses with different powers 
cause non-negligible magnification differences—1.8% for a 1.5D difference—in addition 
to blur differences (Figure 9.5A). Experiment 1 demonstrated that magnification 
differences are not necessary for the Reverse Pulfrich effect to occur. But magnification 
differences could, in principle, interact with blur differences to strengthen or weaken the 
Reverse Pulfrich effect. One might also hypothesize that increased magnification in one 
eye will increase the speed of processing relative to the other eye; magnification shifts 
the image spectrum to lower spatial frequencies, and low spatial frequencies are 
processed more quickly than high spatial frequencies all else equal94,96,103.  
 
To examine these issues, we re-ran each human observer in conditions that were 
identical to those in Experiment 1, except that trial lenses, instead of contact lenses, 
induced the optical blur differences. The perturbed eye was fit with a trial lens that blurred 
the stimulus. The other eye was fit with a trial lens that sharply focused the stimulus. 
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Again, the blurrier eye was processed more quickly, causing a Reverse Pulfrich effect 
(Figure 9.5B).  
 
Data from the first human observer is shown in Figure 9.5C. The onscreen interocular 
delay that is required to null the Reverse Pulfrich effect changes linearly with the 
interocular difference in focus error, just as with contact lenses. In this observer, when 
the left eye was at its most blurry (∆F=-1.5D), the left-eye image had to be delayed 
onscreen by 3.1ms. When the right eye was most blurry (∆F=+1.5D), the left eye had to 
be advanced onscreen by 2.7ms. Again, a similar pattern of results was found for all 
human observers (Figure 9.10B). Across observers, the blurrier eye was processed 
2.1ms faster on average (SD=0.5ms). These findings replicate the primary result of 
Burge et al.339. 
 
To check whether magnification differences had any influence on the size of the Reverse 
Pulfrich effect, we plotted the effect size measured with trial lenses in each condition 
against the effect size measured with contact lenses in the same condition, for all 
observers (Figure 9.5D). Trial lenses and contact lenses yielded very similar effect sizes 
that were tightly correlated across all human observers (r=.96; p<.05). The magnification 
differences caused by trial lenses, while large enough to impact some aspects of 
binocular processing (see section 9.4) are too small to cause the spatial-frequency-
mediated differences in processing speed hypothesized above. The magnification 
differences caused by trial lenses do not influence the size of the Reverse Pulfrich effect 
caused by blur differences. 
 

 
Figure 9.5. Reverse Pulfrich effect with trial lenses (Experiment 2). A. Stimulus conditions with trial 
lenses. Trial lenses of different powers cause interocular differences in blur and magnification. The 
differences in optical power (i.e., focus error) ranged from -1.5D to 1.5D. B. The interocular difference in blur 
causes a mismatch in processing speed between the eyes—the blurrier image is processed more quickly—
which leads to the Reverse Pulfrich effect. Horizontal oscillating motion in the frontal plane is perceived as 
‘front right’ elliptical motion in depth (i.e., counterclockwise motion when viewed from above). C. Onscreen 
interocular delays required to null neural delays induced by differences in optical power between the eyes 
in the first human observer. Error bars indicate 68% confidence intervals from 1000 bootstrapped datasets. 
See Figure 9.10B for data from all human observers. D. Onscreen interocular delays from trial lenses vs. 
contact lenses for each observer (symbols) in all conditions measured. Processing delays induced by 
contacts and trial lenses with equivalent power differences are nearly identical; the best-fit regression line 
has a slope of 0.92 (solid line). The magnification differences caused by the trial lenses do not affect 
processing speed. 
 
Experiment 3: Luminance Differences 
Experiment 3 measures the interocular differences in processing speed caused by 
luminance differences between the eyes. This experiment is useful for two reasons. First, 
measuring the decrease in processing speed caused by darkening the image in one eye 
is necessary to test whether anti-Pulfrich monovision corrections are effective with 
contact lenses. Second, replicating results from the classic literature increases 
confidence that the current paradigm is producing valid results. 
 

The image to one eye—the perturbed eye—was darkened onscreen by a factor 
equivalent to the transmittance of a neutral density filter with a particular optical density 
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(Figure 9.6A). The other eye was left unperturbed. Both eyes were sharply focused on 
the stimulus. As expected, a luminance difference between the eyes causes the Classic 
Pulfrich effect; the darker image is processed more slowly. For a target stimulus 
oscillating in the frontal plane with no onscreen delay, the percept is of ‘front left’ motion 
in depth (Figure 9.6B).  
 

Data from the first human observer is shown in Figure 9.6C. Just as with the Reverse 
Pulfrich effect, the onscreen interocular delay required to null the Classic Pulfrich effect 
changes linearly with the interocular difference in optical density. But the sign of the slope 
relating to the difference is now negative instead of positive. When the left eye was 
darkest (i.e., Δ𝑂=-0.15OD), the left-eye image had to be advanced onscreen by 1.8ms 
to null the neural delay. When the right eye was darkest (i.e., Δ𝑂=+0.15OD), the left eye 
had to be delayed onscreen by 2.1ms to null the neural delay. Again, similar results were 
found for all observers (Figure 9.10C). Across observers, the darker eye was processed 
1.6ms more slowly on average (SD=0.5ms). 
 

Currently, it is unknown whether the interocular mismatches in processing speed induced 
by luminance and blur differences are mediated by common (or partially shared) neural 
mechanisms. To help constrain the answer to this question, we examine whether the 
Classic and Reverse Pulfrich effect sizes were correlated amongst observers.  
 

Figure 9.6D plots the onscreen interocular advance (or delay) required to null the neural 
delay (or advance) caused by interocular differences in luminance and blur. The 
onscreen advances and delays are shown for focus error differences and optical density 
differences with magnitudes of 1.0D and 0.15OD, respectively. Other conditions yield 
similar results. (Note: to quantify the effect of blur differences on neural delay we 
averaged the Reverse Pulfrich effect sizes for each observer across Experiments 1 and 
2.) 
 

 
Figure 9.6.Classic Pulfrich effect with luminance differences (Experiment 3). A. Stimulus conditions 
with interocular luminance differences. The image in one eye was darkened onscreen by a factor equal to 
the transmittance of a neutral density filter with a particular optical density; the other eye was left 
unperturbed. The differences in optical density ranged from -0.15OD to 0.15OD, corresponding to a 30% 
transmittance difference between the left and right eyes. B. The luminance differences cause a mismatch in 
processing speed between the eyes—the darker image is processed more slowly. The Classic Pulfrich effect 
results. Horizontal oscillating motion in the frontal plane is misperceived as ‘front left’ elliptical motion in 
depth (i.e., clockwise motion when viewed from above). C. Onscreen interocular delays required to null the 
neural delays induced by luminance differences in the first human observer. Error bars indicate 68% 
confidence intervals from 1000 bootstrapped datasets. See Figure 9.10C for data from all human observers. 
D. Interocular delays induced by luminance differences (i.e., Δ𝑂 =0.15OD) are plotted against interocular 
delays induced by blur differences (i.e., |Δ𝐹|=1.0D) in individual observers from the current study (white 
symbols) and Burge et al.103 (gray symbols). To isolate the factor of interest—the similarity of effect size due 
to interocular differences blur and luminance—we plot onscreen delays with respect to the perturbed eye 
rather than with respect to the left eye. In individual observers, the size of the Reverse and Classic Pulfrich 
effects are correlated (r=-.83; p<.05).  
 

Observers with large Reverse Pulfrich effects tended to have large Classic Pulfrich 
effects (r=-.94, p<.05). For the particular conditions considered, the best-fit line indicates 
that an optical density difference of 0.15OD caused interocular delays that were 23% 
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larger than a focus error difference of 1.0D. However, one must be careful not to place 
too much interpretative weight on a correlation computed from a very small number of 
observers. Accordingly, we included data from three additional observers from a 
previously published paper to increase the power of the analysis. Data from the current 
experiments are shown as white symbols. Data from Burge et al. (2019) is shown as 
gray symbols. A similar trend is present in the previous dataset (r=-.88; p=<.05). Across 
both datasets, the correlation was strong (r=-.83; p<.05). More data must be collected 
before drawing a firm conclusion, but the preliminary evidence suggests that the size of 
the Reverse Pulfrich effect is correlated with the size of the Classic Pulfrich effect in 
individual observers. If this preliminary evidence holds up, the result may be useful in 
attempts to understand the neurophysiological mechanisms that underlie these effects.  
 
Experiment 4: Anti-Pulfrich Corrections with Contact Lenses 
Experiment 4 measures whether anti-Pulfrich monovision corrections delivered with 
contact lenses can eliminate the interocular differences in processing speed that cause 
the Reverse Pulfrich effect. The logic of an anti-Pulfrich correction is simple. Decreasing 
luminance and increasing blur have opposite effects on processing speed; by tinting the 
blurring lens, it should be possible to simultaneously null the two effects for a large range 
of target distances (Figure 9.7A). The efficacy of anti-Pulfrich monovision corrections has 
been demonstrated previously with trial lenses103. Here, we show that anti-Pulfrich 
corrections work with contact lenses.  
 

To determine the optical density of the filter that is appropriate to pair with a particular 
focus error, we compared how blur and luminance differences impacted processing 
speed in each human observer. The ratio of the slopes of the best-fit regression lines in 
Experiments 1 and 3 (see Figures 9.4C, 9.6C, and Equation 9.11) specifies the optical 
density required to null the change in processing speed due to a given blur difference. 
We found that appropriately darkening the blurry image successfully eliminates the 
mismatches in processing speed and restored veridical depth and motion perception 
(Figure 9.7B).  
 

 
Figure 9.7. Anti-Pulfrich corrections with contact lenses eliminate the Reverse Pulfrich effect 
(Experiment 4). A. Stimulus conditions for anti-Pulfrich monovision corrections. Darkening the image in the 
blurrier eye can eliminate the interocular differences in processing speed otherwise caused by blur. B. 
Restoring the parity of processing speed eliminates the misperceptions associated with the Reverse Pulfrich 
effect (dashed ellipse and arrows) and restores the veridical perception of moving objects (solid arrows). C. 
Onscreen interocular delays are no longer required to null misperceptions of motion in depth because anti-
Pulfrich corrections (i.e., appropriately tinting the blurring lens) eliminates interocular differences in 
processing speed caused by blur alone. Error bars indicate 68% confidence intervals from 1000 
bootstrapped datasets. Appropriately tinting the near contact lens in a pair of contact lenses delivering a 
monovision correction could eliminate the misperceptions of distance and 3D direction for far-moving 
objects. See Figure 9.10D for data from all human observers. 
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Data from the first human observer is shown in Figure 9.7C. The anti-Pulfrich correction 
with contact lenses was successful at nulling the Reverse Pulfrich effect in this observer. 
With an anti-Pulfrich correction, the interocular difference in processing speed that was 
caused in this observer by contact lenses with a 1.5D difference in optical power was 
reduced from 2.9ms to 0.1ms in this observer. Similarly successful results were obtained 
for all human observers (Figure 9.10D). The average interocular difference in processing 
speed for a 1.5D difference in optical power was reduced from 1.9ms to -0.1ms 
(SD=0.3ms).  
 
The first observer required the largest difference in optical density to null the Reverse 
Pulfrich effect. Nulling the Reverse Pulfrich effect for a 1.5D interocular difference in 
optical power required an interocular difference in optical density of 0.23OD. An optical 
density of 0.23OD corresponds to a transmittance of 59% (Equation 9.5). Across 
observers, the required transmittance in the dark lens ranged from 59% to 89%. For 
reference, a standard pair of sunglasses transmits only 25% of the incoming light (i.e., 
an optical density of 0.60). Thus, the required difference in transmittance required 
between the eyes for a successful anti-Pulfrich correction is rather slight. 
 
Experiment 5: Magnification Differences 
Experiment 5 measures whether magnification differences between the images in the 
two eyes can cause processing speed differences. The results of Experiments 1 and 2 
showed that magnification differences caused by monovision corrections do not impact 
processing speed when differences in optical blur are present. The current experiment 
tests directly whether magnification differences can cause differences in processing 
speed when blur differences are absent.  
 
Onscreen interocular differences in magnification were introduced, while both eyes were 
kept sharply focused and equally bright (Figure 9.8A). The onscreen magnification 
difference was either equal (1.8%) or double (3.6%) the magnification difference caused 
by trial lenses that differ in power by 1.5D. Under these conditions, processing speed 
was equal in both eyes, and motion perception was veridical; targets specified by 
disparity to be oscillating in the frontal plane were correctly perceived as oscillating in 
the frontal plane (Figure 9.8B).  
 

 
Figure 9.8. Magnification differences do not cause motion-in-depth misperceptions (Experiment 5). 
A. Stimulus conditions with interocular differences in magnification. The image in one eye was larger than 
the image in the other eye. Both images were equally sharp and equally bright. B. Magnification differences 
do not cause motion-in-depth misperceptions. Horizontally oscillating motion in the frontal plane is perceived 
veridically. C. Onscreen interocular delays equal zero for all interocular differences in magnification up to 
±3.6%. Error bars indicate 68% confidence intervals from 1000 bootstrapped datasets. See Figure 9.10E for 
data from all human observers. 
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Data from the first human observer is shown in Figure 9.8C. The largest magnification 
differences caused negligible interocular mismatches in processing speed. Similar 
results were obtained for all human observers (Figure 9.10E). Across observers, the 
average interocular delay for a magnification difference of 3.6% was 0.0ms (SD=0.1ms). 
Magnification differences, therefore, do not cause the images in the two eyes to be 
processed at different speeds.  
 
Summary of Experimental Results 
The pattern of results across experiments is remarkably consistent for all human 
observers (Figure 9.9). In each observer, blur differences induced by contact lenses 
(Experiment 1) and trial lenses (Experiment 2) both cause the Reverse Pulfrich effect; 
the image in the blurrier (i.e., perturbed) eye is processed faster than the image in the 
sharper eye. In each observer, luminance differences cause the Classic Pulfrich effect 
(Experiment 3); the darker image is processed slower than the brighter image. In each 
human observer, anti-Pulfrich monovision corrections that are delivered with contact 
lenses eliminate the mismatches in processing speed that underlie the Reverse Pulfrich 
effect (Experiment 4). And in each human observer, magnification differences cause no 
differences in processing speed between the eyes (Experiment 5). The consistency of 
these results across the four human observers in this report, and the similarity of these 
results to previously published findings, should increase confidence that these findings 
are solid and will be replicable in new populations. 
 

 
Figure 9.9. Summary of experimental data. Effect sizes across all experiments and human observers. 
Blurring one eye with contact lenses (Experiment 1) or blurring one eye with trial lenses (Experiment 2) 
causes the image in that same eye to be processed more quickly, leading to a Reverse Pulfrich effect. 
Darkening one eye causes the image in that eye to be processed more slowly (Experiment 3), leading to a 
Classic Pulfrich effect. Anti-Pulfrich corrections eliminate the increase in processing speed caused by blur 
alone by appropriately darkening the image in the blurry eye (Experiment 4), thereby eliminating the Reverse 
Pulfrich effect. Interocular differences in magnification (Experiment 5) up to ±3.6% do not impact interocular 
differences in processing speed. 
 
Additionally, the results for all observers and all experiments are shown in Figure 9.10. 
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Figure 9.10. Data for all subjects and experiments. Error bars indicate 68% confidence intervals on each 
PSE (i.e., point of subjective equality) from 1000 bootstrapped datasets. A. Reverse Pulfrich effect with 
contact lenses for all four human observers (Exp. 1). Onscreen interocular delays required to null neural 
differences in processing speed that is induced by differences in optical power between the eyes. B. Reverse 
Pulfrich effect with trial lenses for all four human observers (Exp. 2). Onscreen interocular delays required 
to null neural differences in processing speed that is induced by differences in optical power between the 
eyes. C. Classic Pulfrich effect with luminance differences for all four human observers (Exp. 3). Onscreen 
interocular delays required to null neural delays induced by differences in luminance between the eyes. 
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Results are plotted as a function of the equivalent interocular difference in optical density. D. Anti-Pulfrich 
corrections with contact lenses eliminate the Reverse Pulfrich effect for all four human observers (Exp. 4). 
Appropriately tinting the blurring lens eliminates the neural differences in processing speed caused by blur 
alone. Onscreen interocular delays are no longer required to null misperceptions of motion in depth. The 
anti-Pulfrich Each observer required a different anti-Pulfrich correction (i.e., a different optical density 
difference for each focus error difference) because the ratio of the regression slopes in the reverse and 
Classic Pulfrich conditions (Exp. 1 & Exp. 3) differed for each observer (see Equation 9.11). E. Magnification 
differences do not cause motion-in-depth misperceptions, for all four human observers (Exp. 5). Onscreen 
interocular delays are equal to zero for all interocular differences in magnification.  
 

9.4. Discussion 
The Reverse Pulfrich effect can be caused by blur differences induced by soft contact 
lenses. For 1.5D differences in optical blur, a common monovision correction strength, 
the blurrier image is processed faster by approximately 2ms. Under certain conditions, 
these small differences in processing speed may provoke large misperceptions of depth 
(see Figure 9.1). Fortunately, anti-Pulfrich monovision corrections, which leverage the 
fact that increased blur and reduced retinal illuminance have opposite effects on 
processing speed, can eliminate the misperceptions in a large subset of viewing 
conditions (see below). These findings with soft contact lenses are quite likely to 
generalize to other approaches for delivering monovision corrections: semi-rigid contact 
lenses, surgically implanted intraocular lenses, or refractive surgery. We have also 
demonstrated that magnification differences of similar magnitude to those induced by 
trial lenses (±1.5D) do not cause or modify the Reverse Pulfrich effect. Together, these 
results place current explanations for the Reverse Pulfrich effect on firmer empirical 
grounds, invite a re-examination of monovision prescribing practices, and suggest 
potential directions for improving corrections for presbyopia. 
 
Measuring the Reverse Pulfrich effect in the clinic 
Many millions of people currently wear monovision corrections to compensate for 
presbyopia103,301–303. The prevalence of monovision corrections, the potential 
ramifications of the Reverse Pulfrich effect (see Figure 9.1), and the potential 
compensatory function of anti-Pulfrich corrections suggest a need for tests that can be 
deployed in the clinic.  
 
There are two primary obstacles to developing tests for use in the clinic. The first obstacle 
is the development of cheap portable displays that can render stereo-3D content of 
sufficiently high spatial and temporal resolution so that useful measurements can be 
made. Ongoing work is attempting to address this issue200. The second obstacle is that 
the time available to gather data in the clinic (e.g., minutes) is severely limited compared 
to the time available to gather data in the lab (e.g., hours). Thus, it is of paramount 
importance to develop methods that enable the rapid collection of high-quality data that 
require little or no training, and that can be used with non-traditional populations including 
children. We are working to adapt target-tracking methods for continuous psychophysics 
for this purpose326. 
 
Blur suppression, eye dominance, and patient acceptance of monovision 
The task in our experiments—reporting the perceived motion-in-depth trajectory of a 
stereoscopically specified target object—required that observers be capable of 
comparing inputs from both eyes. But patient acceptance of monovision is widely thought 
to depend, at least in part, on the ability to suppress one eye280. Does this mean that the 
observers in our experiment would be unsuccessful monovision wearers? We do not 
believe so. It is important to distinguish between the total suppression of information and 
the suppression of a feature like blur from the defocused eye. Although stereo vision is 
weakened by the optical conditions induced by monovision98,99,325, most monovision 
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wearers retain some degree of stereopsis98,328. Additionally, amongst successful 
monovision wearers, the ability to suppress blur varies widely across subjects and is 
poorly correlated with the quality of stereopsis281,328. Thus, the ability to perceive motion 
in depth in our experiments is not an indication that the observers would be unsuccessful 
monovision wearers.  
 
Eye dominance is another factor that is widely thought to predict the likelihood of patient 
acceptance of monovision. Clinicians tend to prescribe the far-distance lens in the 
dominant eye and the near-distance lens in the non-dominant eye, in part because it is 
thought that the dominant eye will more successfully suppress blur. However, there is 
little support in the literature for this belief162,280. We did not measure eye dominance, but 
the approximate symmetry of the effect sizes regardless of which eye is blurred suggests 
that the role of eye dominance in both the Reverse and Classic Pulfrich effects is small 
in our observers, if it is present at all. 
 
Anti-Pulfrich monovision corrections: Potential limitations and possible improvements 
The results with anti-Pulfrich corrections suggest they have the potential for clinical 
practice. Thus, it is important to discuss their potential limitations and highlight the most 
important directions for future work. An effective anti-Pulfrich correction requires that a 
tint be applied to the lens forming the blurrier image. In natural viewing, however, the 
lens forming the blurrier image varies with the distance to the target. Appropriately tinting 
the near lens will eliminate the Reverse Pulfrich effect for far targets but aggravate it for 
near targets. Thus, anti-Pulfrich corrections can only work for a subset of target 
distances. Assuming that tinting the near lens is the preferred solution—which is 
plausible because the accurate perception of moving targets is probably more important 
for tasks at far than at near distances (e.g., driving vs. reading)—the range of distances 
for which motion misperceptions may be reduced or eliminated can be considerable: 
from the near point of the far lens to infinity. This range may be even larger for early 
presbyopes, who have some residual ability to accommodate because they tend to 
preferentially focus the eye with the far lens331. However, these issues need further study. 
 
Understanding the effect of ambient illumination on both the Reverse and Classic Pulfrich 
effects is critical to determining how practical anti-Pulfrich corrections would be in a real-
world setting. The size of the Classic Pulfrich effect is known to increase with decreases 
in ambient illumination and vice versa203,208,319. It is unknown how light level affects the 
size of the Reverse Pulfrich effect, but it is likely to behave similarly. For example, the 
size of the pupil—and thus the blur caused by a given focus error—increases with 
decreases in light level, and vice versa. This should cause larger Reverse Pulfrich effects 
in dim light and smaller Reverse Pulfrich effects in bright light. If changes in ambient 
illumination change the sizes of the Reverse and Classic Pulfrich effects by the same 
amounts, anti-Pulfrich monovision corrections will be straightforward to implement. 
However, if the two effects change differently with light level, prescribing anti-Pulfrich 
corrections may be more challenging. If so, a given difference in optical blur would have 
to be compensated for by transmittance differences that change with light level. 
Fortunately, photochromic contact lens technologies present a possible solution342. 
 
Photochromic lenses reduce transmittance with increases in ambient light levels343. A 
photochromic anti-Pulfrich correction could be applied with a photochromic contact lens 
in one eye and a standard contact lens in the other eye. The photochromic properties of 
the contact lens could be tuned to compensate because the effect sizes change with 
light level.  
 
Another possibility to consider is an anti-Pulfrich photochromic correction that operates 
when the user is outdoors, and that reverts to Classic monovision when the user is 
indoors, where accurate perception of motion is likely to be less critical. Indoors, all the 



Reverse Pulfrich effect: contact lenses 

 
175 

 

available light energy would be transmitted to the eye that is focused near, which would 
benefit near visual tasks like reading. Another, perhaps simpler, approach might be to 
combine a Classic monovision correction with sunglasses with custom transmittances in 
each eye that could provide an anti-Pulfrich correction when the patient is outdoors. 
 
Finally, it would be important to determine whether the transmittance (e.g., tint) 
differences required for an anti-Pulfrich correction pose a cosmetic issue. In general, 
these differences in transmittance are small. For the observers of the current study, the 
required transmittance in the dark lens ranged from 59% to 89% of incoming light, 
assuming a 1.5D difference in optical power. A common pair of sunglasses transmits 
only 25% of the incoming light. It remains to be seen whether these transmittance 
differences would cause a cosmetic impediment for everyday wear. If so, we note that 
the issue is likely to occur only for anti-Pulfrich corrections prescribed with contact 
lenses, and not with surgically-implanted intraocular lenses337,338. Contact lenses cover 
the iris and are visible, and intraocular lenses are inserted into the capsular bag and are 
generally not visible. However, before ophthalmologists consider surgically implanting 
anti-Pulfrich monovision intraocular lenses, significant further study is required. 
 
The impact of magnification differences on binocular processing 
We have found no evidence that interocular differences in magnification cause 
interocular differences in processing speed. Contact lenses and trial lenses with 
equivalent power differences cause Reverse Pulfrich effects of nearly identical size 
(Experiment 1 and Experiment 2; see Figure 9.5D), and onscreen magnification 
differences without blur differences had no measurable impact on processing speed 
differences between the eyes. Magnification differences, however, do impact other 
aspects of binocular visual processing. As magnification differences increase, binocular 
contrast sensitivity worsens344, binocular summation breaks down344,345, fusion times 
increase, the largest disparity eliciting a depth percept decreases346, and stereopsis 
functions less well347–349. Additionally, unilateral horizontal or unilateral vertical 
magnification differences (i.e., induced aniseikonia) can cause misperceptions of surface 
orientation known as the geometric and induced effects, respectively350. Horizontal 
magnification differences have previously been reported to cause Pulfrich-like effects351, 
but these can be attributed to changes in the relative spatial positions of the target 
projections due to the prismatic properties of the magnifier, rather than to an induced 
interocular difference in processing speed352. In other words, instead of a time delay 
causing a neural disparity for moving objects, the magnifier causes an actual disparity in 
the retinal images. The results reported in this manuscript indicate strongly that 
magnification differences up to ±3.6% do not impact the relative speed of processing 
between the eyes. Blur differences, not magnification differences, drive the Reverse 
Pulfrich effect. 
 
Applicability of current results to the presbyopic population 
The human observers tested in the current experiments were between the ages of 25 
and 30 and were thus all non-presbyopic. However, due to the experimental design, 
these observers were unable to clear induced optical blur with accommodation. In this 
respect, the non-presbyopic observers were like presbyopes in the current experiments. 
Still, it is unknown whether the current results will generalize to the population of 
presbyopes. Presbyopes’ inability to accommodate increases the likelihood that blurry 
images will be formed on the retinas, which increases the likelihood that the presbyopes 
will be adapted to how blurry images appear353,354. Whether this increased exposure to 
blur decreases (or increases) presbyopes’ susceptibility to the Reverse Pulfrich effect is 
unknown. Future research will have to evaluate the prevalence and range of effect sizes 
in the normal and presbyopic populations.  
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Stability of the Reverse Pulfrich effect over time 
Do the processing speed differences associated with the Reverse Pulfrich effect 
decrease with extended exposure to differences in optical blur? The processing speed 
differences underlying the Classic Pulfrich effect are known to decrease over an 
extended period of time if the image in one eye is consistently darker than the image in 
the other eye207,208,319. With the Reverse Pulfrich effect, however, the eye with the blurrier 
image depends on the distance of the target being viewed, so one eye is unlikely to be 
consistently blurrier than the other. Presbyopes that habitually wear monovision 
corrections are more likely to be adapted to the appearance of optical blur differences 
between the eyes332. The same is likely to be true of non-presbyopes with mild 
anisometropia. But it is unknown whether adaptation to visual appearance is 
accompanied by an adaptation that decreases the processing speed differences 
underlying the Reverse Pulfrich effect. Future work will be required to determine whether 
the Reverse Pulfrich effect diminishes with extended exposure to moderate differences 
in optical power between the eyes. 
  
The Reverse Pulfrich effect in the real world 
To date, the Reverse Pulfrich effect has been measured only with simple laboratory 
stimuli. Ultimately, it will be important to understand how the effect manifests with real-
world (i.e., natural) stimuli. One important facet of this understanding will be the ability to 
predict the interocular differences in processing speed from the image properties in the 
two eyes. This will be a difficult problem to solve. But recent developments in the ability 
to estimate the cues most relevant to the effect of natural images (i.e., defocus blur, 
binocular disparity, and motion) provide reasons for optimism233,304,310,355. Models that 
compute cue values directly from images (‘image-computable models’) have found 
recent success in predicting human performance in a range of visual tasks356–362. 
However, to our knowledge, there exists no theoretical or empirical work that tightly links 
the properties of natural images to processing speed. Methods for learning the most 
useful stimulus features for particular tasks may be helpful to these efforts363–365. 
Research with simple stimuli, which will be helpful to these goals, has shown that 
processing speed is directly impacted by the spatial and spatial frequency properties of 
images103,366,367. But a computational theory that relates the properties of natural images 
to processing speed is necessary for a full scientific understanding of Pulfrich-related 
phenomena. Such a theory would likely prove useful for understanding any vision system 
(biological or machine) that must combine complementary streams of information that 
are processed at different speeds.  
 

9.5. Conclusions 
This manuscript shows that interocular magnification differences up to ±3.6% do not 
cause or impact the Reverse Pulfrich effect, that the Reverse Pulfrich effect can be 
caused by contact lenses delivering monovision corrections, and that the Reverse 
Pulfrich effect can be eliminated with contact lenses delivering anti-Pulfrich monovision 
corrections. Although many questions must still be resolved before the suitability of anti-
Pulfrich corrections can be determined for clinical practice, optometrists and 
ophthalmologists should consider making their patients aware of the Reverse Pulfrich 
effect when prescribing monovision. Because the Reverse Pulfrich effect is mediated by 
processing speed differences between the eyes, scientific and clinical progress will be 
facilitated by a computational theory that links the properties of individual images to 
neural processing speed. 
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Chapter 10. A unique case of 
spontaneous Reverse Pulfrich effect 

In this chapter, we report a unique symptomatic case of spontaneous Reverse Pulfrich 
effect in a patient with monovision after a first cataract surgery. This 45-year-old patient 
had a pseudophakic eye (intraocular lens implanted) and an effective monovision 
correction by the non-compensation of the 2.5D of myopia in the right eye, correcting the 
left eye for far vision and the left eye for near vision. In this chapter, we report the re-
adaptation timeline from the spontaneous Pulfrich effect and the parallel recovery from 
the symptoms. 
 
This chapter is based on the article by Victor Rodriguez-Lopez et al. “Monovision after 
cataract surgery: evidence of a spontaneous Reverse Pulfrich effect and neural 
adaptation”, submitted to PLOS One (2022). The co-author of the study is Carlos 
Dorronsoro.  
 
The contribution of the author of the thesis was the conceptualization and design of the 
study and the literature research, the design of the experiments, the collection and 
analysis of the data, the writing, and the editing of the chapter in collaboration with Carlos 
Dorronsoro. 
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10.1. Introduction 
Binocular vision combines the input information from the two eyes to create an accurate 
3D description of the world. Blur, scattering, or absorption are alterations often present 
in the optics of the eye that affect the retinal image quality and degrade the signal 
provided to the brain. Especially when different across eyes, even if they are subtle, 
these optical degradations can destabilize binocular vision more than monocular 
vision368. And when binocular vision is harmed, the daily activity of the patient can be 
affected.  
 
Stereopsis, the 3D perception of the outer world, is known to decline with optical 
quality97,369,370. A more subtle binocular vision alteration, appearing with small amounts 
of interocular differences in the image of the eyes, is the Pulfrich effect371. This 
stereoscopic optical illusion introduces important distortions in the perception of depth of 
moving objects. In the classical description of the effect, when there is an imbalanced 
retinal illuminance between eyes, the signal of the dimmer eye is processed slower than 
the signal of the brighter eye. The higher neural delay in processing the image of one 
eye with respect to the other eye causes a neural disparity that explains the strong depth 
illusion perceived. 
 
In Chapters 8 and 9 we reported that differences in retinal blur can also produce a 
misperception of depth of moving objects, the Reverse Pulfrich effect339,372. Those 
interocular blur differences can be naturally present in people with residual or 
uncorrected refractive errors that are different between eyes or can be a consequence 
of monovision-like ophthalmic corrections -solutions for presbyopia where one eye is 
corrected for near vision and the other eye for far vision-. The blurrier image present in 
one eye is processed faster than the sharper image present in the other eye, producing 
depth misperceptions of the opposite sign to the Classic Pulfrich effect.  
 
The physical sources of the Pulfrich effect (i.e., interocular retinal blur or illuminance) can 
appear or change several times throughout life, both increasing and decreasing, as the 
eyes grow, change their refraction or prescriptions, age, or undergo surgeries. Neural 
adaptation and renormalization mechanisms constantly adjust the visual system to the 
new signal, in timeframes that expand from fractions of seconds to months297,332,354,373,374.  
 
Some diseases, such as optic neuritis, anisocoria, retinal diseases, and cataracts, 
provoke neural processing delays and are sources of spontaneous Classic Pulfrich 
effect212–217. Spontaneous Reverse Pulfrich effect has not been described so far, 
although the Reverse Pulfrich effect has been reported in the laboratory when 
monovision corrections are induced103,372. There might be clinical situations where both 
versions of the Pulfrich effect coexist. In this paper, we present a unique case of surgical 
monovision correction after unilateral cataract, where the visual system of the patient is 
forced to deal with Classic and Reverse Pulfrich effects at the same time. 
 
Presbyopia (the loss of the ability to focus near objects, affecting 100% of the population 
over 45 years old) changes the refractive state of the eye and thus introduces important 
amounts of blur in near vision, in a process that takes many years to complete, forcing 
the visual system to a permanent recalibration to the increasing blur, and/or to the 
increasing addition in the ophthalmic correction. 
 
The natural aging of the eye also produces a reduction in transmittance of the crystalline 
lens and therefore a reduction in the total amount of light reaching the retina compared 
to a young eye375. Along the same lines, cataract is a pathological condition also related 
to aging that produces a further reduction in transmittance due to the oxidation of the 
proteins of the tissue of the crystalline lens376. The prevalence of cataracts increases 
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with age, from 3% at age 55 to 93% at age 80 and older11. Besides light absorption, it 
reduces the overall optical quality of the retinal image due to scattering of the light and 
blur produced by optical power alterations. The main symptoms of cataracts are glare 
and loss of visual acuity377,378. In fact, the reduction in visual acuity is strongly related to 
the reduction in the transmittance of the crystalline lens, and vice versa12. Thus, in some 
scenarios, cataracts can be approximated as a neutral density filter that blocks part of 
the incoming light. 
 
Being a natural consequence of aging, cataract is often bilateral in the end, although in 
many cases it appears in one eye years before the other eye. Previous studies have 
reported symptoms of unilateral cataracts directly related to the Classic Pulfrich effect 
(differences in light between the eyes) such as difficulties during driving, walking, or in 
daily activities such as pouring out liquids or placing the key into the lock214–216. 
 
In cataract surgery, the crystalline lens is removed and replaced by a transparent 
intraocular lens (IOL). The IOL usually compensates for the refractive error and restores 
the transmittance (not only the one associated with the cataract, but with the natural 
aging process), all at once. Depending on the different characteristics of the cataract in 
each eye, the surgical strategy may vary216. Some clinicians do not operate both eyes 
within the same session due to potential problems that may affect both eyes at the same 
time. Usually, only one eye (often the most affected eye) is operated and the timing for 
the second eye surgery is not well established. This second approach likely produces 
interocular imbalances in scattering, transmittance (transparent intraocular lens vs aged 
-or even cataractous- crystalline lens), and optical power (corrected eye vs. natural 
refractive error, producing not only blur differences but also magnification differences).  
 
A cataract is not a sudden effect. It grows progressively. The slow development of 
cataracts allows the visual system to adapt to the interocular differences in retinal 
illuminance and therefore reduces or eliminates the spontaneous Classic Pulfrich 
effect379. Furthermore, it has been demonstrated, using neutral density filters, that the 
visual system can adapt gradually to high differences in retinal illuminance between the 
eyes48,333,380,381, and that the readaptation to the initial condition is remarkably quick, in 
terms of days333. If the cataract is considered as an optical element that mainly reduces 
transmittance, adaptation would potentially reduce the delay, slowing down the 
processing speed of the non-cataractous eye. But the clinical situation is not that simple. 
Cataract often entails a slow reduction of contrast (due to scattering) and, a progressive 
introduction of blur. While interocular contrast is known to provoke the Classic Pulfrich 
effect (scattering increases the effect of absorption), blur produces the Reverse Pulfrich 
effect, of the opposite sign. 
 
If the difference in retinal illuminance, contrast, or blur suddenly disappeared (for 
example after bilateral surgery), the adaptation state would fail to compensate for the 
new delay, at least initially. Instead, the previous adaptation would induce an effective 
delay of the opposite sign, and strong symptoms might appear suddenly215 until a new 
readaptation period, with similar time frames, compensates them again. The abrupt 
changes after cataract surgery are particularly important with surgically induced 
monovision, that besides removing scattering and absorption in at least one eye 
(unbalancing the adaptation to the Classic Pulfrich effect), induces interocular blur 
(provoking the Reverse Pulfrich effect). Evidence of neural adaptation to the Reverse 
Pulfrich effect after surgically inducing monovision, or readaptation after removing it, has 
not been previously reported. 
 
In this study, we describe a unique case of a real patient corrected with surgical 
monovision of 2.50D after unilateral cataract surgery, who reports important symptoms 
related to spontaneous Pulfrich effect, and we analyze the conjunction between Classic 
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and Reverse Pulfrich effects. The evolution of the patient in terms of spontaneous 
Pulfrich, Classic Pulfrich, Reverse Pulfrich effect sizes, and depth misperceptions, was 
monitored for several months. To understand the impact in the real world of the depth 
misperceptions produced by the evolving Pulfrich effects described here, we also provide 
an estimation of the illusion size after adaptation and readaptation, modeling the effects 
by combining basic geometry and optic flow algorithms in a walking environment with 
different types of terrains. In this representative case, the current methodology 
demonstrated to be useful in i) finding the origin of this spontaneous Pulfrich effect, ii) 
monitoring the progression of the spontaneous Pulfrich effect, iii) demonstrating the 
neural adaptation to the Reverse Pulfrich effect and estimating its time frame, and iv) 
showing the impact of spontaneous Pulfrich effect due to monovision in daily visual tasks. 
 

10.2. Results 
 
10.2.1. Case report 
A 45-year-old male with mild myopia in both eyes attended the eyecare clinic (Fundacion 
Jimenez Diaz, Madrid, Spain) reporting blurry vision and glare in one eye. During that 
visit, he was diagnosed with a subcapsular cataract in the left eye (LE), which reduced 
Visual Acuity (VA) to 0.4 logMAR with his best correction. The right eye (RE) was 
considered transparent, with normal VA (0 logMAR).  
 
One month later, the crystalline lens of the LE was surgically removed and substituted 
by a monofocal intraocular lens (IOL) which compensated for the refractive error of that 
eye, leaving a spherical equivalent of 0.00D. Combined with the refractive error of the 
RE (-2.50D spherical equivalent), this first surgical procedure resulted in effective 
monovision of 2.50D. 
 
In the first revision visit, one month after surgery, the patient reported difficulties in 
binocular vision. Distances in depth were hard to estimate when walking downstairs (and, 
to a minor extent, upstairs). While walking in corridors, the observation of the floor and 
walls produced visual discomfort. The patient, an amateur mountain runner and cyclist, 
refrained from practicing these activities due to insecurities and lack of visual control of 
the action. Monocular VA was good (0 logMAR) in both eyes. The symptoms 
experienced by the patient in binocular vision could not be explained by conventional 
eye tests carried out in the clinic.  
 
Symptoms did not disappear even 5 months after surgery, and the patient reported 
binocular vision problems and severe discomfort during this period. Six months after that 
first surgery in the LE, the patient underwent clear lens extraction surgery of the RE. An 
IOL was implanted to also correct the RE for far vision, reversing the previous 
monovision. After recovering from the second surgery, the patient reported that the 
discomfort had been alleviated and all the visual symptoms had disappeared. 
 
In between surgeries, we started an independent non-interventional longitudinal 
monitoring of the patient, focused on binocular vision, at our research laboratory (Visual 
Optics and Biophotonics Lab, Institute of Optics, Madrid, Spain), where the patient, a 
scientist himself, had indirect research connections. From now on, we will refer to ‘the 
patient’ (of the clinic) as ‘the subject’ (of the study). Using conventional psychophysical 
techniques (described in section 10.4), we measured the spontaneous Pulfrich effect of 
the subject, the Classic Pulfrich effect size, and the Reverse Pulfrich effect size, 4 weeks 
before the second surgery and 3 times after the second surgery (in weeks 3, 11, and 
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26). Each measurement took about 1 hour to be performed. The results of the 
measurements were not shared with the patient/subject, nor with the clinic. 
 
10.2.2. Measurements 
Table 10.1 summarizes the longitudinal evolution of the patient across time (weeks -4 to 
26, being week 0 the time point of the surgery in the second eye). Symptoms were very 
relevant before the second surgery (measurement A; with an IOL in the left eye but not 
in the right eye), but not later (measurements B, C, and D; with IOLs in both eyes). The 
table also shows, for each time point and each eye, the refractive error, and the visual 
acuity. The table also summarizes the main results of this longitudinal study: the 
quantitative estimation of the spontaneous, Classic, and Reverse Pulfrich effects, in 
terms of delays (interocular processing speed differences). To measure the spontaneous 
Pulfrich effect, the spontaneous delay (in milliseconds) was measured with no alteration 
in either eye. The Classic Pulfrich effect (in milliseconds/optical density (OD)) was 
measured with neutral density filters in one eye and then in the other eye. And the 
Reverse Pulfrich effect (in milliseconds/diopter (D)) was measured with optical defocus 
induced with trial lenses in one eye and then in the other eye.  
 
Table 10.1. Temporal evolution of the symptoms, optical condition, refraction, visual acuity (VA), and delay 
from spontaneous Pulfrich, Classic Pulfrich effect size, and Reverse Pulfrich effect size. Between weeks -4 
and 3, the subject suffered cataract surgery in the right eye (RE), reversing the monovision correction and 
matching interocular luminance differences. IOL means intraocular lens. Asterisk (*) in the refraction means 
that the subject did not have the refraction corrected (therefore inducing a monovision correction). 

Measurement A B C D 
Week -4 3 11 26 

Symptoms 

Severe symptoms. 
Difficulty while walking 
and practicing sports 

(trekking, running, 
cycling) due to 

distortions in the ground, 
floor, stairs, and walls. 

Only visually 
comfortable while not 

moving.  

No 
symptoms 

No 
symptoms 

No 
symptoms 

Optical 
Condition 

LE IOL IOL IOL IOL 
RE 50-yo crystalline lens IOL IOL IOL 

Refraction (D) LE 0.00 0.00 0.00 0.00 
RE -1.75-1.50x160º* -1.50x150º -1.50x150º -1.50x150º 

Spherical 
Equivalent (D) 

LE 0 0 0 0 
RE -2.50* -0.75 -0.75 -0.75 

VA (logMAR) LE 0.0 0.0 0.0 0.0 
RE 0.0 0.0 0.0 0.0 

Spontaneous  
Pulfrich  

(delay in ms) 
-4.82 -1.90 -0.54 -0.78 

Classic  
Pulfrich 
(ms/OD) 

-24.39 -17.81 -16.96 -13.63 

Reverse  
Pulfrich 
(ms/D) 

-0.03 0.62 0.64 0.27 

 
Figure 10.1 shows the temporal evolution of the spontaneous delay (spontaneous 
Pulfrich effect) for the subject of the study. The vertical dotted line indicates the time 
point of the second surgical procedure (clear lens extraction). The negative values of the 
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delay indicate that the processing speed of the right eye is lower (the right eye is delayed) 
compared to the left eye. 

 
Figure 10.1. Changes in spontaneous Pulfrich effect across time. Change in neural delay, in 
milliseconds, across time, in weeks. Positive values indicate that the left-eye image processing speed is 
delayed with respect to the right-eye image, and negative values that the right-eye image processing speed 
is delayed with respect to the left-eye image. White diamonds indicate actual measurements (A, B, C, and 
D) and gray diamonds indicate estimations (A’ and A’’). The process of readaptation to the Pulfrich effect 
after the surgery (dashed vertical line) is very clear and is mathematically described by the equation, where 
x is the time in weeks and y is the delay in milliseconds.  
 
Measurement A. The first measurement was performed five months after the first 
surgery (cataract surgery in the LE, see section 10.2.1) and 4 weeks before the second 
surgery (clear lens extraction in the RE). The main changes produced by the surgery 
are: 1) at far distances, RE was defocused and LE focused, due to monovision, 
potentially causing a Reverse Pulfrich effect (increment in the RE processing speed); 2) 
the transmission was different between the transparent intraocular lens in the LE and the 
aged crystalline lens in the RE, what can potentially cause a Classic Pulfrich effect 
(reduction in the RE processing speed). The measurements show a remarkable 
spontaneous Pulfrich effect of -4.82 ms, higher than any pathological Pulfrich effect 
previously reported214,382, which could explain the severe binocular vision problems after 
the surgery reported in the clinical history. 
 
Measurement B. One month after the first measurement, the patient underwent a 
second eye surgery (clear lens extraction in the RE; dashed vertical line at week 0 in 
Figure 10.1), which removed at once the monovision correction, the interocular 
illuminance difference, and the potential scattering. After this surgery, both eyes had the 
same ocular transmittance and were focused at far, and therefore no physical source for 
Classic nor Reverse Pulfrich effect was expected. But previous adaptation could be likely 
play a role. After the second surgery, the patient reported an immediate alleviation of the 
binocular vision problems. However, measurement B, performed 3 weeks after the 
second surgery still reported a significant spontaneous Pulfrich effect of -1.90 ms. This 
situation, where a non-symptomatologic patient showed a significant spontaneous 
Pulfrich effect, has already been described215.  
 
Measurement C. 11 weeks after the second surgery, the spontaneous Pulfrich effect 
was -0.54 ms, confirming the important reduction of the spontaneous delay with time. 
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Measurement D. The last measurement was performed 26 weeks after the second 
surgery. The value obtained (-0.78 ms) confirmed the low value of the spontaneous 
Pulfrich effect and the stabilization of the delay.  
 
Fitting and estimations  
Figure 10.1, summarizing all the measurements, suggests a progressive readaptation of 
the spontaneous Pulfrich effect after the second surgery, with timeframes of months. To 
estimate the time constant of the readaptation decay, we fitted the measurements to an 
exponential function, using mean least squares. The fitting was performed with the three 
measurements taken after week 0 (Measurements B, C, and D) when the optical 
conditions were similar between eyes and across measurements. An additional data 
point A’’ was included in the fitting. A’’ is not a measurement but an estimation of the 
postoperative delay, obtained from measurement A, as described next. 
 
It can be considered that after 5 months of evolution from the first surgery, the neural 
delay was stable during the four last weeks before the second surgery. Thus, point A’ in 
Figure 10.1 (week 0, but just before the second surgery) is obtained from a flat 
extrapolation of the measurement performed in week -4, and represents the preoperative 
delay. To estimate point A’’, we assume two quick changes taking place during and right 
after the surgery: an immediate change in interocular transmittance during the surgery 
and a quick readaptation of the Classic Pulfrich effect. Artigas et al.10 reported 96% 
transmittance for an intraocular lens in-eye, and 88% for a 50-year-old natural crystalline 
lens, the optical condition of the subject of this study. We estimated a preoperative 
interocular optical density difference of 0.04 OD. From that, we estimated a delay of -
0.92ms for this subject (negative because the Classic Pulfrich effect produced a delay in 
the RE) considering the preoperative transmittance differences and the Classic Pulfrich 
effect size measured (i.e., the amount of neural delay induced by a reduction in retinal 
illuminance in one eye; see Table 10.1), -24.39 ms/OD. After the clear lens extraction, 
transmittances become essentially equal in both eyes and following measurements. It is 
known that readaptation to interocular differences in light level happens in only a few 
days333. Therefore, we can obtain the postoperative point A’’ in Figure 10.1, as the 
difference between point A’ (-4.82ms) and the estimated delay caused by the 
preoperative interocular transmittance differences (-0.92ms), resulting in -3.89ms. We 
assume two phases in the readaptation curve: i) the quick readaptation of the Classic 
Pulfrich effect from A’ to A’’; and ii) the long remaining readaptation period from A’’ to D 
(Figure 10.1) corresponding to the Reverse Pulfrich effect alone. The exponential fitting 
to this second phase results in the following delay readaptation equation: 𝑑𝑒𝑙𝑎𝑦 =
−0.63 − 3.33 · 𝑒−0.33𝑡 where t is time, in weeks.  
 
Evidence of readaptation and previous adaptation  
Figure 10.1 shows a readaptation process after the second surgery because there is a 
very systematic evolution (reduction) of the delay once the interocular differences, both 
in luminance and blur, were eliminated. The mere existence of readaptation also implies 
a previous adaptation process, that in our subject took place after the first surgery (in 
between surgeries). 
 
This adaptation/readaptation process could affect Classic Pulfrich, Reverse Pulfrich, or 
both. As already mentioned, the adaptation/readaptation to the Classic Pulfrich effect 
has been reported to occur in just a few days. In our case, it can only explain a minor 
part of the delay readaptation, and only in the first temporal step. The additional 
readaptation process found in our results, after eliminating the interocular blur and taking 
several weeks, points to a process of adaptation/readaptation to reverse the Pulfrich 
effect alone, not described before. 
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Classic and Reverse Pulfrich effect sizes 
Figure 10.2 shows the temporal evolution of the Classic and Reverse Pulfrich effect 
sizes. Before the clear lens extraction (the second surgery), the visual system is sensitive 
to changes in interocular luminance, resulting (Measurement A; week -4) in a Classic 
Pulfrich effect size of -24.39 ms/OD, equivalent to a neutral density filter of 0.19OD in 
the right eye (or transmittance 63%), consistent with the range on values previously 
reported in the literature103,372. On the other side, the visual system, chronically exposed 
to 2.50 D of monovision at this time point, seems to be insensitive to interocular changes 
in blur, and the Reverse Pulfrich effect size measured was negligible, -0.03 ms/D.  
 
After the clear lens extraction, in Measurement B, the Classic Pulfrich effect size was 
reduced (-17.81 ms/OD) and the Reverse Pulfrich effect size was increased (0.62 ms/D; 
comparable to other studies372). Classic and Reverse Pulfrich effect sizes remained quite 
constant with time afterward, with only a small reduction after the 23 weeks of evolution 
between Measurement B and D (from -17.81 to -13.63 in Classic; from 0.62 to 0.27 in 
Reverse). The Classic Pulfrich and the Reverse Pulfrich effect sizes measured have the 
expected sign, negative for the Classic Pulfrich (delaying the eye which less luminance) 
and positive for the Reverse Pulfrich (advancing the eye with more blur).  

 
Figure 10.2. Changes in Classic and Reverse Pulfrich effects over time. A. Classic Pulfrich. Neural 
delay as a function of interocular optical density difference for each measurement (A to D). B. Reverse 
Pulfrich. Neural delay as a function of interocular defocus difference, in diopters, for each measurement. 
 
10.2.3. Illusion size estimation 
The illusion size in daily visual tasks was estimated for the spontaneous Pulfrich effect 
size measured when the patient suffered from symptoms (delay of 4.82ms in the RE). 
We used the mathematical description by Spiegler202 to geometrically estimate the 
disparity caused by an interocular delay and the subsequent depth misperception (see 
section 10.4). In Figure 10.3, we show these estimations for two situations. Thin lines 
represent the actual position of the object and thick lines the illusory perception. Figure 
10.3A shows a representative example of the relative movement of the observer in 
between two lines, like in a road lane while driving. We simulate a condition of a 
motorcyclist on the road, and how the lines of the road are distorted and curved due to 
the measured interocular delay. At 40km/h (a common speed limit in urban areas), the 
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depth distortion of the line could be as high as 2 m, larger than the distance from the 
observer to the line (1.5 m). In Figure 10.3B, we simulated another condition in which 
the patient reported unbearable visual discomfort: walking downstairs. The simulation 
shows that each stair is perceived asymmetrically deformed, complicating the simple 
task of setting the foot on the ground. At walking speed (4km/h), the illusion size 
(distortion in step height) was as high as 0.2 m. 
 

 
Figure 10.3. Depth misperceptions estimated for daily scenarios. Lower plots show scenes of 
representative situations with moving visual objects. Upper plots show the perceived trajectory of visual 
objects in the scenes. The observer’s eyes are represented by two circles. In this case, the left eye (LE; 
white circles) is unperturbed, and the right eye (RE; gray circle) is delayed. The thin lines represent the 
actual trajectory/position of the object, and the thick lines represent the apparent trajectory/position of the 
object, estimated using Equation 10.3 and the magnitude of the spontaneous Pulfrich effect in Measurement 
A (before the second surgery) when the patient presented serious symptoms (4.82ms of delay in the RE). 
A. Motorcyclist on the road. Speed considered was 40 km/h. B. Walking down the stairs. Speed 
considered was 4 km/h. 
 
These two synthetic examples illustrate the importance of the effect measured, in 
schematic visual scenarios. However, the free observation of the real world is much more 
complicated. Real visual scenes contain thousands of different visual objects moving at 
different speeds in any direction. Retinal optic flow measurements and algorithms can 
quantify these movements to provide a more reasonable description of depth 
misperceptions (described in section 10.4). Figure 10.4 shows the illusion size while 
walking in different terrains (flat and rough), estimated using Equation 10.3 and the 
retinal optic flow measured by Mattis et al.383 (visual degrees per second, as the body, 
head, and eye move relative to the terrain). The illusion size was estimated for two of the 
interocular delays measured in the patient (-4.82 ms and -0.78 ms corresponding to 
Measurements A and D, in Figure 10.1) for an object in the ground located at 2m 
distance. Figure 10.4A shows the depth estimation with time for the delay measured in 
Measurement A, before the second surgery, when the patient had the strongest visual 
discomfort. The illusion size changes chaotically as a function of time, with an average 
of 0.20 m for flat terrain (0.16 m for rough terrain), larger than a conventional step, and 
standard deviations of 0.59 m (0.52 m for rough terrain). For the delay measured in the 
last visit (Measurement D), 0.78 ms in the RE, when the readaptation process is 
complete, the average depth illusions decrease to 0.03±0.28 m for flat terrain (and to 
0.04±0.23m for rough terrain). The huge illusion size present in the first visit explains the 
difficulties reported by the patient while walking. Similarly, after monovision removal and 
delay readaptation, the illusion size recovers normal values, which can explain the 
vanishing of the visual symptoms in the same patient.  
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Figure 10.4. Depth misperception estimations using optic flow algorithms for different types of 
terrains. Illusion size in the horizontal direction in meters as a function of time for an object located at 2 m 
distance. The shaded regions display the standard deviation in illusion size, in meters, at both sides of the 
average illusion size (numerical values in the upper right corner of each graph). In red, rough terrain and 
blue, flat terrain. A. Estimation of the illusion size for a delay in the processing speed of the right eye (RE) 
of 4.82ms, when the patient suffered from symptoms. B. Estimation of the illusion size for a delay in the 
processing speed of the right eye (RE) of 0.78ms, when the patient did not suffer from symptoms. 
 

10.3. Discussion 
In this study we report a case of spontaneous Pulfrich effect after a cataract procedure, 
that is induced by the combination of a Classic Pulfrich effect (interocular light difference 
between the intraocular lens in one eye and the aged crystalline lens of the other eye) 
and a Reverse Pulfrich effect (interocular blur difference caused by the post-surgical 
monovision correction). 
 
Spontaneous Pulfrich effect in cataract patients 
The Pulfrich effect is a well-known phenomenon affecting the binocular vision of patients 
with interocular differences. Therefore, it is relevant in cataract patients, where the optics 
of the eye changes progressively as the cataract evolves, and abruptly during cataract 
surgery. Scotcher et al.384 showed a spontaneous Pulfrich effect, needing a neutral 
density filter of 0.25 OD -on average- to neutralize the effect, in 12 patients after cataract 
surgery in one eye and before cataract surgery in the second eye. In the case of the 
patient of this study, the neutral density filter needed was 0.19 OD. Cetinkaya et al.216 
also reported a spontaneous Pulfrich effect in 36 patients in between cataract surgeries, 
needing a significantly higher filter to compensate for the spontaneous Pulfrich effect (1.2 
OD on average). Diaper et al.214 reported a spontaneous delay of 1.49 and 1.16 ms in 
two patients with unilateral cataract. However, the presence of a spontaneous Pulfrich 
effect does not always mean the presence of associated binocular vision problems215,216. 
But the spontaneous Pulfrich effect, and the associated symptoms, are always alleviated 
once the interocular differences are surgically removed, typically after cataract surgery 
in the second eye.  

 
The Classic Pulfrich effect is well known and has been extensively studied. On the 
contrary, the Reverse Pulfrich effect is an unknown phenomenon only recently 
discovered in lab studies103,372. For that reason, the studies in the scientific literature 
assume that the Classic Pulfrich effect, due to interocular luminance differences and, to 
a lesser extent, scattering, is the reason behind the spontaneous Pulfrich effect in 
between surgeries. However, both cataracts and cataract surgery also induce blur 
changes, which are the source of the Reverse Pulfrich effect. Therefore, the 
spontaneous Pulfrich effect described in the literature -and also found in this study- could 
be due to a Classic Pulfrich effect, a Reverse Pulfrich effect, or a combination of both. 
But it is difficult to identify which of the changes taking place in the optics of the eye 
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contribute to the delay found. This study sheds some light on the question by measuring 
the timeframe of readaptation to the spontaneous Pulfrich effect. 
 
The Reverse Pulfrich effect as the cause of the spontaneous Pulfrich effect  
The patient reported severe symptoms that conditioned his lifestyle and restricted his 
daily activities. The discomfort was harsh enough to explain the second surgery in the 
healthy eye -clear lens extraction- to remove the monovision correction. Remarkably, the 
patient was not significantly uncomfortable in static observation. Only the symptoms 
caused by movements in the visual scene were unbearable for him. There is a clear 
parallelism between the evolution of the symptoms and the important spontaneous 
Pulfrich effect measured in this study; in particular, between the reduction of the 
spontaneous delay with the surgery and the alleviation of the visual symptoms. The 
simulations and estimations of the illusion sizes from the measured delay (Figure 10.4), 
can explain the symptoms -or absence of symptoms- described by the patient at the 
different stages. 
 
But, should the spontaneous Pulfrich effect be attributed to the Classic or to the Reverse 
Pulfrich effect? The key to answering this question is the timeline of readaptation of the 
patient, of several weeks, that cannot be explained by an adaptation to the Classic 
Pulfrich effect. Previous studies have measured the process of adaptation to interocular 
differences in luminance (i.e., Classic Pulfrich effect), induced on purpose with neutral 
density filters333,380,381. In those studies, the adaptation/readaptation to luminance 
differences take periods from hours to days, but far from 10 weeks, as Figure 10.1 may 
suggest. The long period of readaptation is not compatible with the shorter timelines of 
adaptation to luminance or to the Classic Pulfrich effect but is fully coherent with other 
studies of adaptation to blur, associated with much longer adaptation periods297,332,354,374. 
At least, in this case, the readaptation process after the surgery can be attributed to a 
previous adaptation to a Reverse Pulfrich effect. The important spontaneous Pulfrich 
effect measured in between surgeries is, for the most part, due to a Reverse Pulfrich 
effect caused to blur and induced by monovision.  
 
Clinical relevance 
Although recently discovered, the Reverse Pulfrich effect has already demonstrated 
potential implications in the clinic, due to its strong relationship with monovision, a 
common correction for presbyopia. This is the first study that evidences a pathological 
condition caused by the Reverse Pulfrich effect. 
 
Aniseikonia, the interocular difference in retinal magnification, is often blamed as the 
origin of visual discomfort when there are interocular differences in refractive power. 
Monovision has the potential to produce aniseikonia and for that reason it is only 
prescribed with contact lenses, intraocular lenses, or refractive surgery, to avoid the 
more important magnification associated with the vertex distance of ophthalmic lenses. 
The patient of this study may have suffered also from some aniseikonia. But that source 
of visual discomfort would be permanent -as opposed to the Pulfrich effect that only 
appears with moving visual objects- and seems to be minor, as the patient reported 
comfortable vision of static scenes. Besides, previous studies have shown that 
interocular magnification differences do not induce any delay372, and therefore do not 
play a role in the spontaneous Pulfrich effect.  
 
The results of this study suggest that patients with interocular blur differences who report 
discomfort, particularly in dynamic visual environments, should be investigated in the 
search for a potential Reverse Pulfrich effect. In cases where there is a Reverse Pulfrich 
effect, there are other strategies to deal with the symptoms beyond reverting the 
interocular differences. For instance, placing a filter in one eye of a patient with 
spontaneous Pulfrich effect eliminate both the effect and the symptoms214,215. Similarly, 
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Rodriguez-Lopez et al. proposed anti-Pulfrich monovision corrections, where the 
Reverse Pulfrich effect is compensated with a Classic Pulfrich effect of the same size 
and opposite sign103,372. The postoperative exploration of the Reverse Pulfrich effect 
could be particularly useful when monovision is surgically reversible, as in light 
adjustable lenses385 or laser refractive surgery. 
 
In this study, the measurements of the Pulfrich effect have been performed using a time-
consuming psychophysical paradigm (1 hour per measurement). Clinical tools that 
provide fast, straightforward, and reliable measurements of the spontaneous Pulfrich 
effect may help to understand adaptation effects (of Reverse and Classic Pulfrich effects) 
and their relationship to no adaptation to monovision corrections. Future work needs to 
address massive measurements in a higher sample size to confirm the clinical relevance 
of the Reverse Pulfrich effect, establish normative values, and the prevalence of 
associated visual symptoms in patients with monovision corrections.  
 

10.4. Methods 
 
10.4.1. Setup 
The setup and psychophysical paradigm were the same used in Chapters 8 and 9. The 
subject viewed the stimulus from 2 meters, through well-centered trial lenses, and with 
his head stabilized by a chin rest with forehead support. The stimulus in the Stereoscopic 
Monitor (SM, see section 2.2.2). In summary, the 3D monitor uses row-by-row spatial 
interlacing (i.e., the right eye sees pixels from odd rows and the left eye sees pixels from 
even rows) to present different images, coincident in time, to the left and the right eyes. 
The appropriate image for each eye was selected using passive circular polarization 
glasses. The spatial resolution of the display was 3840x2160 pixels. Only 3840x1080 
pixels reached each eye after filtering by the polarization glasses. 
 
As in previous studies of the Reverse Pulfrich effect339,372, the stimulus was a white 
moving bar of 0.125x1º size on a gray background. A window of 1/f noise was used to 
aid fusion. The movement of the bar was horizontal in space with an amplitude of 2.5º, 
and sinusoidal in time, with 2.5º/s of peak speed in the center of the display and 0º/s in 
the lateral limits (at 2.5º to the left and the right). To induce disparity in the image, we 
introduced subtle manipulations of the horizontal position of the moving bar for one eye 
(OS), following a constant interocular temporal shift (∆𝑡, also called delay or advance). 
 
Positive values of ∆𝑡 indicate that the RE is delayed relative to the LE, and negative 
values that the RE is advanced relative to the LE. When the temporal shift is zero, the 
bar moves on the plane of the screen. But delays and advances are translated into 
crossed disparities and uncrossed disparities, resulting in depth illusions that depend on 
the direction and speed of movement. 
 
The task was a two-alternative forced choice (2AFC). The patient had to indicate the sign 
of the depth illusion (closer or further) when the bar was moving to the right or the left, 
obtaining a nine-level (i.e., nine temporal shifts) psychometric function. The 50% point of 
the psychometric means the Point of Subjective Equality (PSE) and indicated the 
interocular delay induced onscreen needed to null the neural delay caused by the 
interocular differences between the images. A more detailed explanation can be found 
in Burge et al.339. The performance of the subject of this study was similar to that of other 
subjects in other studies103,372. 
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10.4.2. Experiments 
The subject performed the measurements with his refractive error corrected, using his 
usual compensation. Besides, we added an extra +0.50D using trial lenses to focus the 
screen. 
 
To induce the Classic Pulfrich effect, we introduced “virtual” differences in light by 
digitally reducing the luminance onscreen by a factor equivalent to a neutral density filter 
with a particular optical density (OD). We produced interocular optical density differences 
reducing the incoming light of one eye while keeping the other one unperturbed, and vice 
versa. We estimated the interocular luminance difference (∆𝑂) as the optical density 
difference between RE (𝑂𝑅) and LE (𝑂𝐿), as shown in Equation 10.1. 
 

∆𝑂 = 𝑂𝑅 − 𝑂𝐿 10.1 
 
Similarly, to induce the Reverse Pulfrich effect, we produced interocular differences in 
defocus introducing defocus in one eye and keeping the other one unperturbed and vice 
versa. The defocus induced was always myopic defocus using concave (positive) trial 
lenses. The resultant retinal blur cannot be compensated by accommodation. We 
estimated the interocular defocus difference (∆𝐹) as the difference in optical power 
between the RE (𝐹𝑅) and the LE (𝐹𝐿) 
 

∆𝐹 = 𝐹𝑅 − 𝐹𝐿 10.2 
 
negative values of ∆𝑂 and ∆𝐹 mean that the LE was perturbed and positive values that 
the RE was perturbed.  
 
We measured the difference in processing speed for two conditions of ∆𝑂, ±0.15 OD 
(Classic Pulfrich effect), and two conditions of ∆𝐹, ±1.00 D (Reverse Pulfrich effect). 
Besides, the spontaneous Pulfrich effect was measured with both eyes equally 
illuminated and sharp.  
 
The three measurements of delay for the Classic Pulfrich effect (negative optical density, 
no optical density, and positive optical density) were linearly fitted via a least-squares 
regression. The slope (delay vs optical density) indicates the Classic Pulfrich effect size. 
Similarly, the delays (or interocular differences in processing speed) for the Reverse 
Pulfrich effect (negative defocus difference, no defocus difference, and positive defocus 
difference) were linearly fitted to provide the size of the Reverse Pulfrich effect.  
 
To evaluate the evolution with time before and after the second surgery, we considered 
those three metrics: 1) the spontaneous Pulfrich effect, i.e., the direct measurement of 
the neural delay without any induced disturbances in any eye; 2) the Classic Pulfrich 
effect size; and 3) the Reverse Pulfrich effect size. 
 
10.4.3. Estimating depth misperceptions 
The delays (or interocular differences in processing speed) caused by the different 
versions of the Pulfrich effect and measured according to the procedures described in 
the previous section, can produce misperceptions in depth. The magnitude of these 
misperceptions not only depends on the interocular differences in blur or luminance, but 
also on other factors such as distance of observation, the direction of motion, and speed 
of the target with respect to the observer, or interpupillary distance of the observer. 
Spiegler202 derived from the problem geometry the equations to predict the 
misperceptions caused by a target moving at a constant speed (Figure 10.5A). A detailed 
derivation of the equations can be found in the original manuscript202. 
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Figure 10.5. Estimating depth misperceptions caused by the Pulfrich effect using geometry. A. 
Schematic diagram on the depth misperception caused by the Pulfrich effect for a given point (O) of the 
trajectory of a moving object at a constant speed (�⃗�). The trajectory subtends an angle θ with the horizontal 
axis. The two white circles represent the left (L) and the right (R) eyes, and 𝑝 the distance between them 
(i.e., the interpupillary distance). A neutral density filter covering the left eye delays the processing speed of 
that eye with respect to the right eye, producing the object to be perceived further than its real position (O’). 
Adapted from Spiegler202. B. Full depth misperception trajectory for the moving object represented in A, with 
the same neutral density filter. The object is moving at a speed of 36 km/h and an angle θ of 70º, for an 
interpupillary distance of 65 mm. The left eye processing speed is delayed 5 ms with respect to the right 
eye. The thin blue line represents the actual trajectory of the object, and the bolded blue line is the apparent 
trajectory due to the Pulfrich effect. Black lines represent the gaze direction of both eyes. This figure also 
shows four representative points along the trajectory. The object is perceived further than its real position 
and the magnitude of the illusion changes with the movement of the object. C. Full depth misperception 
trajectory for two objects moving towards the observer in parallel trajectories separated 1.5m (0.75m at each 
side). The speed and delay are 36 km/h and 5 ms, respectively. The object to the left of the observer (thin 
red line) is perceived closer than its real position and finally collides with the observer (bold red line). The 
object to the right of the observer (thin blue line) is perceived further than its real position and moves away 
(bold blue line). This example can represent the lines of a lane in a road or the two walls of a corridor, each 
one suffering an illusion of different sign and magnitude. 
 
A couple of representative examples can be found in Figures 10.5B and Figure 10.5C. 
In these examples, only the left eye was delayed (𝑡𝑅 = 0). The processing speed of the 
left eye image is delayed 5 ms with respect to the right eye image. In Figure 10.5B, the 
apparent trajectory (thick blue line) dramatically differs from the actual trajectory (thin 
blue line), with differences as high as 4 meters. Figure 10.5C shows an object 
approaching in a straight line 0.75 m separated to the left (red line) and the right (blue 
line) of the observer. For the object approaching from the left, the object appears to move 
towards the face of the observer. For the object approaching from the left, its illusory 
trajectory escapes from the observer at about 2 meters. As shown in these examples, a 
couple of milliseconds could represent a huge misperception in depth. 
 
This mathematical description can estimate any misperception produced by objects 
moving in a predictable trajectory with respect to the eyes of the observer, assuming 
stable fixation without head movements: targets moving in front of the observer (e.g., a 
bicycle intersecting a road), targets that appear laterally from the field of view (e.g., a car 
in the other lane of a highway), targets moving towards the observer (e.g., a baseball 
ball), or static objects perceived as moving objects due to the relative motion of the 
observer (e.g., walls, steps, obstacles, lines, handrails, etc.). However, in the real visual 
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world, with gaze changes and head movements, visual objects move across the visual 
field with unpredictable trajectories and at changing speeds, creating a complex and 
chaotic visual depth environment with considerable spatiotemporal variations which, in 
presence of a spontaneous interocular delay, are likely to produce a strong visual 
discomfort. The analytical description of Spiegler202 may underestimate the potential 
implication of Pulfrich-caused misperceptions in real-world scenes. Retinal optic flow can 
provide a more realistic description of the motion of the objects in a scene, and therefore 
of the resultant depth misperceptions. Retinal optic flow refers to the apparent motion of 
objects in the retina caused by the relative motion of the observer (body, head, and eyes) 
and the visual scene. 
 
In our study, we have used the dataset from Mattis et al.383, describing the change in 
optical flow in visual degrees as a function of time for a subject walking through flat (easy 
to walk) and rough (rocky, more difficult to walk) terrains. For estimating the optic flow, 
they used eye-tracking, but they also monitored head and body movements. For the 
Pulfrich effect, only the horizontal component of the retinal optic flow is relevant (the 
vertical component will not create a meaningful Pulfrich effect). Thus, we estimated the 
speed of change of optical flow v for every time frame. The depth misperception caused 
for every frame was estimated using the following equation 
 

�̂� =
𝑝

𝑝 + 𝑣 · ∆𝑡
· 𝑑 10.3 

 
where �̂� is the apparent position in depth, 𝑝 the interpupillary distance, and 𝑑 the actual 
position. We have computed the potential depth misperception for the first and the last 
measurement of the spontaneous Pulfrich effect of the patient, for an object located at 2 
m. 
 
10.4.4. Ethics 
The research was in compliance with the tenets of the Declaration of Helsinki. Study 
protocols were approved by the CSIC Institutional Review Board. The subject signed a 
consent form after receiving an explanation of the nature of the measurements. 
 

10.5. Conclusions 
In this chapter, we present the case of a patient compensated with a monovision 
correction after unilateral cataract surgery, who showed an important spontaneous 
Pulfrich effect. By longitudinally monitoring the delay after removing the interocular 
differences between the eyes, we demonstrate for the first time a spontaneous Pulfrich 
effect produced by a combination of Classic and Reverse Pulfrich effects. This study 
shows for the first time the existence of readaptation to the Reverse Pulfrich effect, and 
the measurements establish a decay time of weeks, far from the timeline associated with 
the Classic Pulfrich effect, known to last only hours or days. Although strictly speaking 
we did not measure the adaptation process to the Reverse Pulfrich effect, its existence 
can be inferred from the measured readaptation occurring when the physical stimulus 
disappeared. The very different readaptation timelines for Classic and Pulfrich effects 
suggest very different neural adaptation mechanisms. The unique case shown in this 
study demonstrates the importance of the Pulfrich effect in medical interventions 
inducing interocular differences in retinal illuminance and blur. Measuring the 
spontaneous Pulfrich effect may help to understand and manage the symptoms of some 
patients with visual discomfort, even without differences in retinal illuminance. 
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Chapter 11. The effect of overall 
light level on the Classic and 
Reverse Pulfrich effects  

In this chapter, we study the changes in the different versions of the Pulfrich effect as a 
function of luminance light level, aiming at understanding the potential consequences of 
the Reverse Pulfrich effect in daylight and nightlight. 
 
This chapter, in collaboration with the University of Pennsylvania, is based on the article 
by Victor Rodriguez-Lopez et al. ‘The effect of overall light level on the Classic and 
Reverse Pulfrich effects” submitted to Journal of Vision (2022). The co-authors of the 
article are Benjamin Chin, Carlos Dorronsoro, and Johannes Burge. 
 
The contribution of the author of the thesis was the conceptualization and design of the 
study in collaboration with Carlos Dorronsoro and Johannes Burge, the literature 
research, the design of the experiments and the collection of the data in collaboration 
with Johannes Burge, the analysis of the data, the writing of the chapter and the editing 
of the chapter in collaboration with Johannes Burge and Carlos Dorronsoro. 
 
This work was presented as a virtual poster contribution at the Vision Science Society 
(VSS) virtual meeting in 2022. 
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11.1. Introduction 
Previous chapters (8 and 9) showed the potential impact of the Pulfrich effect on daily 
tasks and developed and demonstrated the anti-Pulfrich monovision corrections, i.e., 
dimming the blurry eye to compensate for the opposite effects of the Reverse and the 
Classic Pulfrich effect. However, overall light level changes during the day, and may 
affect the Classic Pulfrich effect, the Reverse Pulfrich effect, or both. This chapter 
evaluates the impact of overall light level in both versions of the Pulfrich effect. 
 
Catching a ball at dusk is more difficult than catching a ball at high noon. Often, the ball 
arrives before one has had time to react. This phenomenon is explained, in part, by the 
fact that visual processing is slower when the overall light level is lower. Visual signals 
that are processed more slowly leave less time for action planning and behavioral 
response. The difficulties for vision further increase when the images in the two eyes 
differ from one another in certain ways. For example, when the image in one eye is 
brighter or blurrier than the image in the other, dramatic misperceptions of depth and the 
3D direction of motion occur103,203,367,371,372,386. These effects are known, respectively, as 
the classic and Reverse Pulfrich effects. Signals from the brighter or blurrier eye are 
processed more quickly than those from the other eye. For moving objects, the 
differences in processing speed cause effective neural disparities, resulting in 
misperceptions. It has been reported that stereoacuity is affected by the luminance 
level387,388. But, how does overall light level impact the discrepancy in temporal 
processing caused by a given image difference between the eyes? The answer has 
implications for basic scientific understanding, and clinical ophthalmology practice.  
 
Changes in overall light level are commonplace. Over a 24-hour period, light-level 
changes markedly, ranging from 109 cd/m2 during the day to 10-4 cd/m2 at night389,390. Do 
the images in the two eyes ever differ in retinal illuminance or blur? Substantial 
differences in retinal illumination between the left- and right-eye images occur when 
viewing specular objects, or when looking at a scene through a pair of sunglasses with 
one missing lens. Such viewing situations are relatively rare. Substantial blur differences 
(e.g., +1.0D or more), on the other hand, are comparatively common391,392. 
Anisometropia, a condition characterized by interocular differences in optical power 
±1.0D or more is thought to occur in up to 30% of some important demographic 
groups393,394. And, increasingly, monovision corrections, which intentionally induce blur 
differences between the eyes (e.g., 0.75-2.5D)97, are being surgically implanted or 
delivered with contact lenses as alternatives to reading glasses, bifocals, and 
progressive lenses. 
 
In this chapter, we investigate the influence of overall light level on the Classic Pulfrich 
effect and on the Reverse Pulfrich effect. By projecting diaphragms into the pupil with a 
custom 4f system, we gain control over the pupil size, thereby allowing us to isolate 
neural from optical influences on the effects. We find that the effect of light level on the 
Classic Pulfrich effect matches previous results in the literature203,204. Decreases in 
overall light level are associated with increases in processing speed differences caused 
by a given interocular difference in retinal illuminance. We also find that light level 
similarly impacts the Reverse Pulfrich Effect: decreases in overall light level are 
associated with increases in processing speed differences caused by a given interocular 
difference in retinal defocus blur. Our results implicate higher-order optical aberrations 
in modulating effect sizes because the effect sizes do not follow expectations that follow 
directly from geometric optics. We discuss the public safety implications of these findings 
for the prescription of monovision corrections. 
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11.2. Methods 
 
11.2.1. Setup 
In this chapter, we used the Haploscope system II (HII, see 2.2.1.2), a set of mirrors to 
show the image of one of two monitors (VPixx VIEWPixx LED displays) controlled by the 
same AMD Radion Pro5300M graphics card with 4GB GDDR6 memory. A 4f optical 
system projected optotunable lenses and precision-printed diaphragms of fixed sizes into 
the pupil planes of the eyes. This system provided a means to programmatically change 
the interocular focus difference on each trial, and to control the effective pupil size. One 
of the advantages of this setup is that allows changing only defocus without changes in 
magnification. In addition, the possibility of changing the optical power by software 
instead of manually, as performed in previous chapters, has positive implications in terms 
of measurement time. Through the entire optical system, the maximum luminance was 
12.8cd/m2. The optical distance from the eyes of the observer to the screen was 80 cm. 
Additionally, to avoid accommodation issues, we induced +1.25D using the optotunable 
lens system in both eyes and in all conditions to compensate for the distance of the eye 
to the screen. 
 
11.2.2. Stimulus 
The stimulus consisted of four strips textured with randomly positioned 1.00x0.25deg 
white bars moving horizontally at a constant speed of 4.0 degrees per second. Adjacent 
strips moved in opposite directions (Figure 11.1). 
 

 
Figure 11.1. Stimulus used in this study (2 of 4 strips shown) and the task of nulling the perceived 
depth. Adjacent strips move in opposite directions. A. Stimulus with non-zero onscreen disparities. 
Divergently fuse to see the right-moving plane of bars farther than the left-moving (bottom) plane of bars). 
Cross fuse to see the right-moving plane of bars closer than the left-moving (bottom) plane of bars. B. 3D 
view of experimental stimuli. Stimulus with onscreen disparities specifying non-planar depth structure (e.g., 
the upper plane of bars is specified by disparity to be behind the screen and the bottom plane of bars is 
specified to be in front of the screen). Stimulus with onscreen disparities specifying that both the upper and 
lower plane of bars is in the plane of the screen.  
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To induce an effective onscreen interocular temporal shift Δ𝑡 (i.e., delay or advance), we 
first determine the equivalent onscreen spatial disparity in degrees of visual angle 
 

∆𝑥 = 𝑣Δ𝑡 11.1 
 
where 𝑣 is the movement speed in degrees per second. The onscreen horizontal left- 
and right-eye positions of the strips in the two eyes evolve with time according to 
 

𝑥𝐿(𝑡) = 𝑣𝑡 + ∆𝑥 2⁄  
𝑥𝑅(𝑡) = 𝑣𝑡 − ∆𝑥 2⁄  11.2 

 
where 𝑥𝐿 and 𝑥𝑅 are the left- and right-eye x-positions in degrees of visual angle, and 𝑡 
is time.  
 
When the onscreen interocular temporal shift equals zero, the strips are specified by 
onscreen spatial disparity to move in the plane of the screen. When the onscreen 
interocular temporal shift is non-zero, the strips are specified by onscreen spatial 
disparity to be in front or behind the screen. Negative interocular temporal shifts indicate 
that the left-eye onscreen image is delayed relative to the right-eye image. Positive 
interocular temporal shifts indicate that the left-eye onscreen image is advanced relative 
to the right-eye image. For negative temporal shifts, rightward and leftward moving strips 
are specified by disparity to be farther than and nearer than the screen plane, 
respectively. For positive temporal shifts, rightward and leftward moving strips are 
specified by disparity to be nearer than and farther than the screen plane, respectively. 
 
Procedure 
The task, represented in Figure 11.1, was to set the effective onscreen temporal shift 
(i.e., the onscreen spatial disparity) via an adjustment procedure until all strips appeared 
to move in the same depth plane (i.e., the plane of the screen). In each condition, six 
runs were conducted. On a given run, the initial onscreen interocular temporal shifts 
ranged from -15ms to +15ms. On a given trial within a run, the strips moved continuously 
with a fixed temporal shift until the observer made either a coarse adjustment (+1.0ms) 
or a fine adjustment (+0.2ms). Each adjustment initiated the next trial, with a new 
onscreen temporal shift. The observer continued running trials and adjusting the 
onscreen temporal shift until the observer signaled with a button press that the task had 
been completed. Throughout each trial, the observer fixated on the rightward-moving 
strip nearest the center of the screen. Sometimes, the rightward moving strip was just 
above the vertical midpoint of the screen; sometimes it was just below the vertical 
midpoint. The stimulus texture was updated with a new texture (different random 
configuration of the moving bars of the stimulus) in every run. 
 
The point of subjective equality (PSE) for a given condition was estimated by averaging 
the final settings of the onscreen interocular temporal shift across the six runs. The PSE 
indicates the onscreen temporal shift required to null the neural delay caused by a 
particular interocular difference in retinal illuminance or defocus blur.  
 
11.2.3. Overall luminance levels 
Stimuli were presented at four overall luminance levels ranging from 12.8cd/m2 
(maximum luminance reaching the eye) to 0.2cd/m2. To reduce the luminance from the 
maximum level, we positioned a neutral density filter into the light path for each eye. The 
neutral density filters were always matched between the eyes and had optical densities 
(OD) with one of four values (0.0, 0.6, 1.3, and 1.8). These optical densities correspond 
to transmittances of 100%, 25%, 5%, and 1.5%. 
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11.2.4. Pupil size 
Pupil size was controlled by projecting a diaphragm of known size into the pupil plane of 
each observer using the custom 4f-optical system referenced above. Cycloplegic drops 
-2 drops of phenylephrine 2.5% and 2 drops of tropicamide in each eye- were 
administered to dilate the pupil and ensure that the entrance pupil diameter was 
determined by the projected diaphragm. Measurements were taken with fixed pupil 
diameters of 2mm, 4mm, and 6mm. Measurements were also taken with natural pupil 
diameter. For the natural pupil, no cycloplegic drops were administered and a diaphragm 
with a 10mm diameter was inserted into the 4f-optical system such that the entrance 
pupil of the optical system was the natural pupil of the observer’s eye. 
 
To obtain measurements of the natural pupil size, post-hoc measurements were taken 
under the exact same stimulus and lighting conditions as the main experiment. 
Observers wore Pupil Core 120Hz camera glasses (Pupil Labs, Berlin, Germany), a 
mobile eye tracking system that also provides pupillometry. Pupil diameter data were 
obtained for 1 sec (i.e., 120 frames) after 3 seconds of adaptation to the light level. We 
report the average across frames as the pupil size for a given stimulus condition. The 
results indicated that the natural pupil ranged in size from approximately 4mm to 
approximately 6mm, from the highest to the lowest overall light level. 
 
11.2.5. Experiments 
The conditions were grouped into two different experiments. The first measured the 
Classic Pulfrich effect. The second measured the Reverse Pulfrich effect.  
 
The Classic Pulfrich effect was measured by reducing the luminance of one eye’s image 
onscreen while leaving the other eye unperturbed. The interocular luminance difference, 
expressed in units of optical density (OD) is given by the difference between the effective 
optical density associated with the right-eye image minus the effective optical density on 
the left-eye image 
 

Δ𝑂 = 𝑂𝐷𝑅 − 𝑂𝐷𝐿 11.3 
 
For each overall light level, we measured two conditions. In one the left-eye image had 
lower luminance than the right (Δ𝑂=-0.6 OD). In the other condition, the right eye image 
had lower luminance than the left (Δ𝑂=+0.6 OD). These conditions correspond to the left 
eye receiving 25% of the light that the right eye received, and vice versa.  
 
The Reverse Pulfrich effect was measured by inducing focus error in one eye, while 
leaving the other eye unperturbed. The interocular blur difference in diopters is given by 
the difference between the focus error induced in the right eye minus the focus error in 
the left eye 
 

Δ𝐹 =𝐹𝑅 − 𝐹𝐿 11.4 
 
For each overall light level, we measured two conditions. In one, the left eye was defocus 
blurred and the right eye was sharp (Δ𝐹=-3.0D). On the other, the right eye was defocus 
blurred and the left eye was sharp (Δ𝐹=+3.0D). These defocus differences were induced 
by increasing the power of the optotunable lens in front of either the left eye or the right 
eye, thereby setting the optical distance of the corresponding monitor to beyond infinity 
and causing retinal defocus blur. 
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The effect sizes for the Classic and the Reverse Pulfrich effects were measured at all 
overall light levels and pupil sizes. Retinal illuminance level for each overall luminance 
level and pupil size was computed by multiplying the luminance by the pupil area 
 

𝐼 = 𝐿 · 𝜋(𝐴 2⁄ )2 11.5 
 
where 𝐼 is the retinal illuminance in trolands, 𝐿 is the luminance level in cd/m2 and 𝐴 is 
the pupil size (diameter) in meters.  
 
The delay and error for each retinal illuminance level were estimated as the mean and 
the standard deviation of the 68% confidence intervals from 1,000 bootstrapped datasets 
considering the absolute delay measured for each interocular condition (luminance ±0.60 
for Classic Pulfrich effect and defocus ±3.00 for Reverse Pulfrich effect). The change of 
the delay as a function of retinal illuminance level was estimated as the log-log weighted 
regression. Each human observer ran in a total of 64 conditions (i.e., 4 overall light levels 
x 4 pupil sizes x 2 retinal illuminance differences x 2 defocus differences) for each 
experiment.  
 
11.2.6. Data from the literature 
For the Classic Pulfrich effect, there was data available from other experiments on how 
the Classic Pulfrich changes with overall light level. In both Lit203 and Prestrude204, they 
measured the delay for interocular differences in light levels up to 3.0 OD and for retinal 
illuminance levels ranging from 2.3 to 25000 trolands. Lit carried out measurements in 
two subjects and Prestrude in four subjects. For each luminance level, they measured 
several interocular luminance differences. However, for interocular differences in optical 
density higher than 1.0 OD, the change in the delay is not well-approximated by a linear 
function. Here, we measured luminance differences of 0.6 OD. For a fair comparison 
with the results of this study, we calculated the delay caused by a 0.6OD filter for each 
retinal illuminance level estimating the linear regression of the interocular delays 
measured up to 1.0 OD averaged across subjects in their studies. Figure 11.2 shows 
this estimation. 
 

 
Figure 11.2 Changes in Classic Pulfrich effect as a function of the overall light level. Data from the 
literature. Each plot shows the delay as a function of interocular illuminance difference (in optical density) 
for different light levels, indicated with a different color (the whiter, the higher the light level). Auxiliar lines 
indicate the delay for 0.60 OD, used to compare with the results of this study. A. Lit 1949203. B. Prestrude 
1971204. 
 

11.3. Results 
In Figure 11.2 we show the pupil diameter measured for both subjects. The pupil 
measured will be used to estimate the retinal illuminance for each luminance level. For 
the highest luminance measured (12.8cd/m2), pupil size is 4.56mm for S1 and 4.43 for 
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S2, and for the lowest luminance level measured (0.2 /m2) pupil size is 6 and 6.25mm 
for S1 and S2, respectively. Measurements of the pupil size were used in the estimation 
for retinal illuminance in natural pupil condition. 
 

 
Figure 11.3. Pupil measurements. Pupil size in millimeters as a function of luminance level. Darker dots 
indicate pupil sizes for the overall light level conditions measured in this experiment. Horizontal dotted lines 
indicate fixed pupil sizes measured in this experiment (2, 4, and 6mm). A. Subject 1. B. Subject 2. 

 
In Figure 11.4 we show the results for the Classic Pulfrich effect. In Figure 11.4A, we plot 
the onscreen delay required to null the perceptual illusion associated with interocular 
differences in retinal illuminance. Two conditions were measured for each overall 
luminance level two conditions measured, and – Δ𝑂=0.6OD (left eye dimmer, dark gray 
in Figure 11.4A) and Δ𝑂=+0.6OD (right eye dimmer, light gray in Figure 11.4A). Here 
results are shown for an overall luminance level of 3.2 cd/m2. Negative delays indicate 
that the left eye was delayed onscreen and positive delays that the right eye is delayed 
onscreen. For each condition, the PSE and JND (average and standard deviation across 
the final settings from all runs for each condition) are -12.36±0.89ms and +12.6±1.01ms 
for +0.6OD and -0.6OD, respectively. In Figure 11.4B, the neural delay against the 
optical density difference is plotted. The slope of the linear regression is -20.80 ms/OD 
and the y-intercept 0.12ms, in agreement with previously reported results103,203,372.  
 
To quantify the effect of the overall light level, we estimated the absolute neural delay 
produced by a filter of 0.6 OD for each retinal luminance level. In this study, we measured 
4 different luminance levels for different pupil diameters: natural pupil that changed with 
the overall light level and three fixed pupil sizes of 6, 4, and 2mm. In total, there were 16 
retinal illuminance levels, estimated using Equation 11.5. As can be observed in Figure 
11.4C, the relationship between the delay produced by the Classic Pulfrich effect and 
the illuminance level is linear on log-log axis. For S1 shown in Figure 11.4C, the slope of 
change is -0.14ms/troland and the y-intercept is 19.24ms.  
 

 
Figure 11.4. Classic Pulfrich effect changes for light level for one subject. A. It shows the change in 
onscreen delay in milliseconds across trials for each run. Dots represent the endpoint of the run, where the 
subject perceived the stimulus moving plane on the screen. Negative onscreen delay indicates that the right 
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eye image is processed slower than the left eye image, producing the stereo-depth illusion. Positive 
onscreen delay indicates that the left eye image is processed slower than the right eye image. Dark gray 
runs indicate the condition where the left eye image is perturbed (dimmer than the right eye placing an 
onscreen filter of 0.6 OD), and light gray runs where the right eye image is perturbed (dimmer than the left 
eye). Runs have different starting points (ranging from -15 to 15 ms). A shaded dark or light gray bar 
represents the average and its width the standard deviation across runs, indicating the Point of Subjective 
Equality (PSE) and the Just Noticeable Difference (JND) for both conditions. Particularly, this result is from 
S1 and the overall luminance level of 3.2 cd/m2. B. It plots the PSE in milliseconds (estimated as the average 
across runs, see box A) versus the optical density difference. Also, the 95% confidence interval after 
bootstrapping with 1000 samples is displayed as a shaded error bar around data points. Negative optical 
density difference indicates that the left eye image is darker and positive that the right eye image is darker 
(Equation 11.3). The slope of the linear regression adjustment is an indicator of the effect size. For Classic 
Pulfrich effect is negative. C. It plots the absolute delay for a filter of 0.6 OD in ms for every retinal illuminance 
level measured. Different colors indicate different pupil sizes.  
 
In Figure 11.5, we compare the results obtained from the subjects of this study versus 
the results of Lit203 and Prestrude204, which also measured the change in the Classic 
Pulfrich effect as a function of retinal illuminance. In our study, we measured more levels 
within the mesopic range. We found that the change in delay as a function of retinal 
illuminance is very similar among studies: for S1 and S2 in our study the change is -
0.14ms/tro and -0.10ms/tro and for Lit’s study was -0.17ms/tro to 0.23ms/tro and for 
Prestrude’s was -0.24ms/tro. The difference in the slope may be attributed to the use of 
a different setup and a different stimulus and that both studies measured a different 
range of retinal illuminance levels. 
 

 
Figure 11.5. Classic Pulfrich effect results compared with the literature. Absolute neural delay for a 
condition of 0.6 OD in milliseconds as a function of retinal illuminance level in trolands. A. Results from the 
current study. B. Results obtained from Lit 1949203 and Prestrude 1971204. 
 
In Figure 11.6 we show the results for the Reverse Pulfrich effect. In Figure 11.6A, we 
plot the neural delay measured in milliseconds along trials for each staircase and the two 
conditions measured, +3.0D (right eye blurrier, light gray) and -3.0D (left eye blurrier, 
dark gray), and an overall luminance level of 0.2 cd/m2. For each condition, the PSE and 
the JND are 11.70±3.60ms and -11.40±4.91ms for +3.0D and -3.0D, respectively. In the 
Reverse Pulfrich effect, blurring the image of one eye produces a delay in the fellow eye, 
opposite to what is found in the Classic Pulfrich effect. In Figure 11.6B, the neural delay 
against the focus difference is plotted. The slope of the linear regression is 3.85ms/D 
and the y-intercept 0.15ms, in agreement with previously reported results103,372. To 
quantify the effect of the overall light level, we estimated the absolute neural delay 
produced by a lens of 3.0D for each retinal luminance level, plotted in Figure 6C. As can 
be observed, the relationship between the delay produced by the Classic Pulfrich effect 
and the retinal level is linear. For S1 shown in Figure 11.6C, the slope of change is 0.02 
ms/troland and the y-intercept is 7.75ms. 



The effect of overall light level on the Classic and Reverse Pulfrich effects 

 
201 

 

 

 
Figure 11.6. Reverse Pulfrich effect changes as luminance changes for one subject. A. This plot 
represents conditions of interocular differences in retinal blur (Reverse Pulfrich effect). Dark gray runs 
indicate the condition where the left eye image is perturbed (blurrier than the right eye inducing +3.00D of 
blur), and light gray runs where the right eye image is perturbed (blurrier than the left eye). Particularly, this 
example is from S1 and an overall luminance level of 0.2 cd/m2. B. It plots the onscreen delay (estimated as 
the average across runs, see box A) versus the focus difference. Also, the 95% confidence interval after 
bootstrapping with 1000 samples is displayed as a shaded error bar around data points. Negative focus 
difference indicates that the left eye image is blurrier and positive focus difference that the right eye image 
is blurrier (Equation 11.4). For the Reverse Pulfrich effect, the slope of the linear regression adjustment is 
positive. C. It plots the absolute delay for a defocus of 3.0D in ms for every retinal illuminance level 
measured. Different colors indicate different pupil sizes. 

 
As can be seen in Figure 11.6C, the Reverse Pulfrich effect changes across retinal 
illuminance levels similarly for all pupil sizes, except for 2mm in S1, which seems to 
follow a different trend. Figure 11.7 shows the slope changes for natural, 6mm, and 4mm 
pupil size together and for 2mm pupil size isolated, for both subjects. The slopes of 
change for natural, 6mm, and 4mm are -0.07ms/D and -0.06ms/D, and the y-intercept is 
11.72ms and 17.71ms, respectively for S1 and S2. For 2mm pupil size, the slope and y-
intercept are -0.01ms/D and 5.59ms for S1 and -0.05ms/D and 9.08ms for S2. The 
difference found in 2mm pupil size suggests that another factor different from the 
luminance level is influencing the neural delay, such as high order aberrations. It is 
known that reducing pupil size also reduces the aberrations of the eye and therefore the 
effective retinal blur. Thus, the similarity of interocular delays for 4 and 6 mm suggests 
that high order aberrations equate retinal blur in the Reverse Pulfrich effect. 
 

 
Figure 11.7. Reverse Pulfrich effect changes for 2 mm pupil size. Delays in milliseconds estimated for 
3.0D of defocus for different retinal illuminance levels in trolands. Different colors indicate different pupil 
sizes. A. Subject 1. B. Subject 2. 
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11.4. Discussion 
The Classic and the Reverse Pulfrich effects both increase in strength as overall light-
level decreases. That is, as the overall light level decreases, the interocular delays 
increase, associated with both a given interocular (proportional) difference in luminance 
and a given interocular difference in focus error. The results reported for the Classic 
Pulfrich effect are in agreement with previously published data203,204. However, the 
results for the Reverse Pulfrich effect are novel. Besides. because our experiments had 
conditions in which pupil size was controlled, we also examined the impact of pupil size 
and its effects on the strengths of the classic and Reverse Pulfrich effects.  
 
For the Classic Pulfrich effect, the influence of pupil size was negligible. However, for 
the Reverse Pulfrich effect, the 2mm pupil size is very different from the 4mm, 6mm, and 
natural pupil sizes. The reason behind these differences in the Reverse Pulfrich effect 
might be accounted for optical aberrations, which increase as the pupil size increases 
(especially high order aberrations)17,395–397. Therefore, the effective amount of blur for 
larger pupil sizes (4 and 6mm in our experiment) is higher than for small pupil sizes (2mm 
in our experiment), where mainly defocus is responsible for blur. The hypothesis for the 
Reverse Pulfrich effect is that blurring an image removes its high spatial frequency 
components, which are processed slower by the brain94,96,317,318, and therefore the signal 
is processed faster. Reducing the pupil size reduces the effective retinal blur and the 
effective reduction of high-frequency components, which may explain the low Reverse 
Pulfrich effect when pupil size was small (2mm). Measurement of the optical aberrations 
may provide a more complete model for describing the Reverse Pulfrich effect. 
 
Anti-Pulfrich monovision corrections take advantage of the opposite sign of the Classic 
and Reverse Pulfrich effects to eliminate the depth misperceptions by tinting the blurring 
lens by a certain amount of optical density, depending on the effect sizes measured and 
the amount of monovision339,372. However, both the Classic and Reverse Pulfrich effects 
change with overall light at different rates, needing to change hypothetical anti-Pulfrich 
monovision correction for each light level and therefore complicating the effectiveness of 
the possible solution. Recent solutions can change the transmittance of a contact lens in 
response to the ambient light level, photochromic contact lenses343,398. This type of 
solution may represent an appropriate delivery system for a complete anti-Pulfrich 
monovision correction. However, the efficacy of anti-Pulfrich correction itself must be 
validated. 
 

11.5. Conclusions 
In this study, we report that the Classic Pulfrich effect increases when the light level 
decreases (replicating findings reported in the literature) and that the Reverse Pulfrich 
effect also increases when the light level decreases (a novel result). The similarity of 
interocular delays for 4mm and 6mm pupils suggests that high order aberrations equate 
retinal blur in the Reverse Pulfrich effect.  
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Chapter 12. Prevalence of the 
Pulfrich effect 

This chapter describes the development of a clinical tool to perform reliable 
measurements of the Reverse Pulfrich effect, based on a tablet with a sheet of lenticular 
lenses and a new stimulus designed to ease the visual task. Using these tools, we 
perfected the method to measure the Classic and the Reverse Pulfrich effects and 
performed measurements in 15 volunteers -so far- to get a first estimation of the 
prevalence of both effects in a young population, which will soon be completed in a higher 
sample. 
 
This chapter, in collaboration with the University of Pennsylvania, is based on the article 
in preparation entitled ‘Clinical tool to measure the Pulfrich effect in the clinic” where 
Victor Rodriguez-Lopez is the first author. The co-authors of the article are Calista Dyer, 
Carlos Dorronsoro, and Johannes Burge. 
 
The contribution of the author of the thesis was the conceptualization and design of the 
study in collaboration with Johannes Burge and Carlos Dorronsoro, the literature 
research, the design of the experiments, the collection of the data in collaboration with 
Calista Dyer and Johannes Burge, the analysis of the data, the writing of the chapter and 
the editing of the chapter in collaboration with Johannes Burge and Carlos Dorronsoro. 
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12.1. Introduction 
Although only spontaneously present in some pathologies, it has been assumed that the 
Classic Pulfrich effect, when forced by inducing interocular luminance differences, 
occurs in all the population. The recent discovery of the Reverse Pulfrich effect (Chapter 
8), caused by blur differences and affecting the optical quality differently for different 
people, poses the question of the prevalence and the size of the effect in the general 
population.  
 
How prevalent are the different versions of the Pulfrich effect and how relevant is the 
effect size? We tackle this question in this chapter, by developing a new method of 
measurement of the Pulfrich effect, suitable for carrying out fast and reliable clinical 
measurements in a larger sample size. We present measurements of the Classic and 
Reverse Pulfrich effect (the latter induced with optical and onscreen blur) in an initial 
sample size of 15 young volunteers to provide a first estimation of the prevalence and 
the effect sizes of the different versions of the Pulfrich effect in the population. We 
developed measurement routines in an autostereoscopic electronic tablet to transfer the 
method from on-bench instruments to portable clinical devices. 
 

12.2. Methods 
 
12.2.1. Setup 
The new stimulus (described below) was displayed on the Lenticular Lenses tablet (LLT) 
setup described in Chapter 2. In summary, the setup comprises an iPad Pro 3rd 
generation 12.9’’ in combination with a MOPIC sheet of lenticular lenses to convert it into 
an autostereoscopic display (see section 2.6). The main limitation of the method is that 
only a specific application can be used to show 3D images and videos (MPlayer3D), and 
therefore the tablet cannot be driven directly from Psychtoolbox. In 3D mode, the 
effective refresh rate of the display, driven by an internal Apple A12X Bionic Graphic 
card, was 30 Hz. The row-by-row spatial interlacing (e.g., pixels in even rows to the left 
eye & pixels in odd rows to the right eye) was used to present different temporally 
coincident images to the left and right eyes, resulting in an effective spatial resolution of 
960x1080. 
 
The observer has their head stabilized with a chinrest and a forehead rest at 67cm from 
the display, which was viewed through trial lenses in custom-built mounts. The mounts 
were adjusted on the horizontal and vertical axes so that the optical element was 
centered along the line of sight of each eye. The display was held with a custom-3D 
printed mount. 
 
12.2.2. Stimulus 
In previous chapters, the stimulus was one moving bar that required concentration to 
perform the task and was difficult for some subjects. In this chapter, where the goal is to 
measure the prevalence of the Pulfrich effect, we developed a stimulus that covered a 
larger region of the visual field to produce a higher neural response and facilitate the 
task, similar to the stimulus designed in Chapter 11. The target was two centered stripes 
moving in opposite directions with random-positioned dynamic bars of 0.125x1º size. 
The size of each stripe was 5x2.25º, and the whole stimulus was 5x4.55º. Each stripe 
moved at 4 degrees/second, in opposite directions. Figure 12.1 shows the stimulus. 
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Figure 12.1. Stimulus used in this experiment. Upper stripe moves to the right and bottom stripe moves 
to the left. 
 
12.2.3. Procedure 
The stimulus was presented as part of a one-interval two-alternative forced-choice 
(2AFC) procedure, where the task was to report, using a keyboard, whether the upper 
or the bottom stripe appeared to be in front of the plane of the screen (crossed disparity). 
The upper stripe was always moving to the right and the bottom stripe to the left. The 
method of constant stimuli was used to present nine evenly spaced levels of onscreen 
interocular delay between -10 and 10 milliseconds. Sixteen trials per level were collected 
for a total of 144 trials per condition. 
 
The proportion of ‘front right’ responses (the stripe moving to the right perceived in front 
of the screen) was collected as a function of onscreen interocular delay and the data was 
fitted to a cumulative Gaussian using maximum likelihood methods. The point of 
subjective equality (PSE) refers to the onscreen interocular delay required to perceive 
the target to move in the plane of the screen. The PSE indicated the neural differences 
in interocular processing speed equal in magnitude but opposite in sign. The just 
noticeable difference (JND) is derived from the psychometric curve as the difference in 
delay between the 70% and the 20% points in the curve. The PSE/JND is a metric used 
for estimating the relevance of the effect measured comparedto the sensitivity of the 
subject. A value of PSE/JND above 1 means that the effect measured is considerable. 
A value of PSE/JND below 1 means that the effect is not perceived by the subject. 
 
Due to the limitations of the MPlayer3D application, the stimuli were presented as videos. 
Videos were conformed of 72 trials (8 repetitions of the same delay level) where the 
stimulus was shown for one second and then one second of response time. MATLAB 
was used to generate the videos that were later presented by MPlayer3D and 
Psychtoolbox241 was used to independently collect responses to the videos. Figure 12.2 
shows a diagram of the procedure. 
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Figure 12.2. Trial sequence of the procedure. A representative trial of the test is shown. In each trial, the 
moving stimulus is presented during 1.0s followed by the response interval also during 1.0s. And an auditory 
tone is represented by a gray speaker. 
 
12.2.4. Experiments 
Each observer collected data in three experiments, each of them with multiple conditions 
(see below). In each experiment, data were collected across all conditions in blocks of 
72 trials, each corresponding to one video. Each block (video) lasted 150 seconds. 
Experiment 1 measured the impact of interocular luminance differences induced 
onscreen. Experiment 2 measured the impact of interocular optical blur differences 
induced by trial lenses. Experiment 3 measured the impact of interocular blur differences 
induced by onscreen filtering of the image with a low-pass filter. 
 
A calibration procedure to align the subject with the autostereoscopic display was 
followed before each procedure. Within MPlayer3D application, a static image 
conformed of 3 white rings surrounded by another larger ring was presented in 3D mode. 
To assure that the image of the left eye and the right were appropriately reaching each 
eye, the inner rings had to be sharply perceived in front of the plane of the screen 
(crossed disparity). If any ghosting was perceived, or the 3D perception was lost, the 
display was slightly moved in the horizontal axis until the subject perceived depth. 
 
Depending on the experience of each observer on stereo psychophysical tasks, their 
sensitivity varied. To obtain sufficient data to construct a psychometric function, videos 
with different evenly spaced onscreen disparities were generated. Onscreen disparities 
varied from -10 to 10ms, -6 to 6ms, and -2 to 2ms. Before beginning each experiment, a 
testing video with onscreen disparities from -10 to 10ms in steps of 1ms was played to 
roughly estimate the threshold. According to that threshold, videos with different 
onscreen disparities were shown. 
 
The Classic Pulfrich effect was measured by reducing the onscreen luminance of one 
eye by an amount of 0.15 optical density (OD) while keeping the other image 
unperturbed. The interocular optical density difference (Δ𝑂) is estimated as the 
difference between the right eye optical density (𝑂𝐷𝑅) and the left eye optical density 
(𝑂𝐷𝐿, Equation 12.1). Two conditions were measured, dimming the left eye image (-
0.15OD) and dimming the right eye (+0.15OD).  
 

Δ𝑂 = 𝑂𝐷𝑅 − 𝑂𝐷𝐿 12.1 
 
The Classic Pulfrich effect size was estimated as the ratio of delay as a function of 
interocular optical density difference (the slope of the linear regression adjustment) 
multiplied by 0.15OD. 
 
The reverse Pulfrich effect was measured by increasing the blur of one eye and keeping 
the other eye sharp. The Reverse Pulfrich effect was tested optically increasing myopic 
defocus with a positive (convex) 1.00D. The interocular defocus difference (Δ𝐹) is 
estimated as the difference between the right eye focus (𝐹𝑅) and the left eye focus (𝐹𝐿, 
Equation 12.2). Two conditions were measured, blurring the left eye image (-1.00D) and 
blurring the right eye (+1.0D). 
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Δ𝐹 =𝐹𝑅 − 𝐹𝐿 12.2 

 
The Reverse Pulfrich effect size with optical blur was estimated as the ratio of delay as 
a function of interocular focus difference (the slope of the linear regression adjustment) 
multiplied by 1.00D.  
 
Besides, the Reverse Pulfrich effect was also measured by defocusing the image 
onscreen with a low pass gaussian filter of 4cpd cutoff frequency (half-height spatial 
frequency). The interocular blur difference (Δ𝐵) is estimated as the difference between 
the right eye blur (𝐵𝑅) and the left eye blur (𝐵𝐿, Equation 12.3). Two conditions were 
measured, blurring the left eye image (-4.00cpd) and blurring the right eye (+4.00cpd). 
 

Δ𝐵 = 𝐵𝑅 − 𝐵𝐿 12.3 
 
The Reverse Pulfrich effect size with onscreen blur was estimated as the ratio of delay 
as a function of interocular focus difference (the slope of the linear regression 
adjustment) multiplied by 4.00cpd.  
 
In each experiment, data were collected across all conditions in blocks of 72 trials, each 
corresponding to one video. Each block (video) lasted 150 seconds and each block was 
repeated twice. In total, 7 conditions were measured (no eyes perturbed, Classic Pulfrich 
effect in both eyes, Reverse Pulfrich effect with optical blur in both eyes, and Reverse 
Pulfrich effect with onscreen blur in both eyes). Therefore, each session took 45 minutes. 
 
The experimental protocols were approved by the International Review Board of the 
University of Pennsylvania Ethics Committee and were in compliance with the 
Declaration of Helsinki. All participants provided written informed consent after 
explaining the nature of the measurements.  
 
12.2.5. Statistical analysis 
We used paired t-tests to analyze the statistical significance of different experiments 
(Classic Pulfrich, Reverse Pulfrich with optical blur, and Reverse Pulfrich with 
onscreen blur). We also analyzed differences in the PSEs, the JNDs, and the 
PSE/JND metric across subjects. The statistical level to achieve statistical 
significance was set to 5% (p=0.05). 
 

12.3. Results 
15 subjects participated in the study (25.1±6.3 years old). The average refractive error 
was -1.52±1.58D in spherical equivalent only 3 subjects reported astigmatism lower than 
0.75D in the amount of astigmatism, estimated from the current prescription or with 
standard optometric techniques. 
 
Figure 12.3 shows the psychometric function perturbing the left and perturbing the right 
eye for each experiment, the Classic Pulfrich effect, optical Reverse Pulfrich effect, and 
onscreen Reverse Pulfrich effect for one subject. Results are in agreement with 
previously reported studies (Chapters 8-11). Dimming the left eye image delays the left 
eye processing speed and the Point of Subjective Equality (PSE) is positive (0.88ms) 
and dimming the right eye image delays the right eye processing speed and the PSE is 
negative (-1.16ms), as shown in Figure 12.3A. The slope of the linear regression is 
negative (-6.8ms/OD). Figure 12.3B shows that blurring the left eye image with optical 
blur (defocus) advances the left eye processing speed and the PSE is negative (-1.73ms) 
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and blurring with optical blur the right eye image advances the right eye processing 
speed and the PSE is positive (-1.34ms). The slope of the linear regression is positive (-
1.5ms/D). Blurring the left eye image with onscreen blur advances the left eye processing 
speed and the PSE is negative (-1.73ms) and blurring with onscreen blur the right eye 
image advances the right eye processing speed and the PSE is positive (-1.34ms), 
shown in Figure 12.3C. The slope of the linear regression is positive (0.3ms/cpd). 
 

 
Figure 12.3. All experiments for one subject (S4). In upper plots of A, B, and C, dark gray indicated that 
the left eye was perturbed and light gray that the right eye was perturbed. Also, dotted lines indicate the 
Point of Subjective Equality (PSE), which represents the delay measured, the same magnitude but opposite 
in sign to the neural delay caused by the interocular difference. A. Classic Pulfrich effect. Upper plot shows 
the psychometric functions for left eye dimmer (-0.15OD, dark gray, PSE positive), for no eye perturbed 
(0.00OD, gray), and for right eye dimmer (0.15OD, light gray, PSE negative). Bottom plot shows the 
onscreen delay (PSE, in milliseconds) as a function of the interocular luminance difference (in OD). The 
slope of the linear regression is negative. B. Reverse Pulfrich effect with optical defocus. Upper plot 
shows the psychometric functions for the left eye defocused (-1.00D, dark gray, PSE negative) and for the 
right eye defocused (1.00D, light gray, PSE positive). Bottom plot shows the PSE as a function of the 
interocular focus difference (in D). The slope of the linear regression is positive. C. Reverse Pulfrich effect 
with onscreen blur. Upper plot shows the psychometric functions for the left eye blurrier (-4.00D, dark gray, 
PSE negative) and for the right eye blurrier (4.00D, light gray, PSE positive). Bottom plot shows the PSE as 
a function of the interocular blur difference (in cpd). The slope of the linear regression is positive.  
 
In Figure 12.4A we show the Pulfrich effect size for each experiment and all subjects. 
For the Classic Pulfrich effect, 14/15 showed a negative effect size. For Reverse Pulfrich 
with optical blur 14/15 showed a positive effect size. For Reverse Pulfrich with onscreen 
blur, all subjects showed a positive effect size. The effect size averaged across subjects 
is -0.69±0.48ms, 1.41±0.91ms, and 1.17±0.67ms for the Classic Pulfrich, Reverse 
Pulfrich effect with optical blur, and Reverse Pulfrich effect with onscreen blur, 
respectively. There is a statistical difference between the Classic Pulfrich effect and the 
Reverse Pulfrich effect with optical and onscreen blur (paired t-test p<.05 in both 
comparisons) and there is no statistical difference comparing the Reverse Pulfrich effect 
with optical and onscreen blur (p>.05). 
 



Prevalence of the Pulfrich effect 

 
209 

 

Figure 12.4B shows the Just Noticeable Difference (JND) for each experiment and all 
subjects. The average JND across subjects is 1.08±1.09ms, 2.08±2.03ms, and 
1.85±1.88ms for the Classic Pulfrich effect, Reverse Pulfrich effect with optical blur, and 
Reverse Pulfrich effect with onscreen blur, respectively. Paired t-tests show statistically 
significant differences between Classic Pulfrich and both versions of the Reverse Pulfrich 
effect (p<.05 in both comparisons), but non-significant differences in JND between the 
Reverse Pulfrich with optical blur and with onscreen blur (p>.05).  
 

 
Figure 12.4. Pulfrich effect sizes for each subject. In gray, Classic Pulfrich effect, in white, Reverse 
Pulfrich effect with optical blur, and in black, Reverse Pulfrich effect with onscreen blur. The average across 
subjects is shown in a subplot at the right. A. Pulfrich effect sizes. B. Just Noticeable Difference (JND). 
 
Correlation plots between Classic Pulfrich, Reverse Pulfrich with optical blur, and 
Reverse Pulfrich with onscreen blur are shown in Figure 12.5. The correlation 
coefficients are low and not significant, except for Figure 12.5C (r=.49 and p<.05). 
 

 
Figure 12.5. Correlation among experiments. A. Correlation between Reverse Pulfrich effect size with 
optical blur and Classic Pulfrich effect size. B. Correlation between Reverse Pulfrich effect size with 
onscreen blur and Classic Pulfrich effect size. C. Correlation between Reverse Pulfrich effect size with 
onscreen blur and Reverse Pulfrich effect size with optical blur. 
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Although the effect sizes are considerable for most of the subjects and experiments, the 
impact on perception is also affected by JND. Dividing the PSE by the Just Noticeable 
Difference (JND) is an accepted indicator of the actual impact of the illusion on the 
perception. If the PSE/JND metric is higher than one, the illusion caused by different 
versions of the Pulfrich effect is noticeable. Figure 12.6 shows this metric for all 
experiments and subjects. The PSE/JND averaged across subjects is 1.32±1.16, 
1.37±1.57, and 1.37±1.58 for the Classic Pulfrich, Reverse Pulfrich effect with optical, 
Reverse Pulfrich effect with onscreen blur, respectively. For the three experiments, the 
average PSE/JND is above one. However, only 8/15 subjects reported results above one 
for the Classic Pulfrich effect, 6/15 for the Reverse Pulfrich effect with optical blur, and 
7/15 for the Reverse Pulfrich effect with onscreen blur. Besides, only 5/15 subjects report 
results above one for the three experiments. Paired t-test showed no statistical difference 
between the PSE/JND metric (p>.05 in all comparisons). 
 

 
Figure 12.6. PSE vs. JND for all subjects and experiments. Also, the average across subjects is shown 
at the left of the plot. In gray, Classic Pulfrich effect, in white, Reverse Pulfrich effect with optical blur, and in 
black, Reverse Pulfrich effect with onscreen blur. 
 

12.4. Discussion 
Prevalence of the Pulfrich effect 
This study provides for the first time an estimation of the prevalence of the Classic and 
Reverse Pulfrich effect in a young population. This study reveals that most of the subjects 
showed the Classic and Reverse Pulfrich effect (93% for Classic and Reverse with 
optical blur and 100% for Reverse with onscreen blur), all of them with the expected 
trend: dimming one eye delays the processing speed of one eye and blurring one eye 
advances the processing speed.  
 
However, the just noticeable difference (JND) determines the perception of the optical 
illusion. The JND averaged across subjects is significantly lower for Classic Pulfrich than 
for Reverse Pulfrich (both optically and onscreen). This result suggests that dimming one 
eye does not affect binocular vision as much as blurring one eye does, in agreement with 
results already reported in the literature for blur 399 and luminance 388.  
 
Furthermore, the PSE/JND metric reveals that only a few subjects were able to perceive 
a considerable optical illusion. Only 53% of the subjects, 40%, and 47% were above the 
limit to perceive a considerable optical illusion (PSE/JND>1) for Classic Pulfrich, Reverse 
Pulfrich with optical blur, and Reverse Pulfrich with onscreen blur. These results suggest 
that the optical illusion elicited by different versions of the Pulfrich effect might not have 
a strong impact on the perception of the population. However, the sample size is still 
relatively small and should be increased to yield conclusions about the prevalence of the 
different versions of the Pulfrich effect and its impact. Moreover, other age groups such 
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as presbyopes -who can have a residual cataract or wear monovision and other 
presbyopia corrections- could be more affected and suffer more from the Reverse 
Pulfrich effect.  
 
Clinical relevance 
This study carried out an important technological advance in the study of Pulfrich effects. 
We have demonstrated the use of a portable autostereoscopic device (the combination 
of a tablet and a lenticular lens sheet) to measure different versions of the Reverse 
Pulfrich effect. Besides, the use of a new covering more retinal region and the use of a 
new paradigm with a moving stimulus with a constant speed movement instead of 
sinusoidal movement (like in Chapters 8,9, and 10) have facilitated the task, even for 
naïve subjects. Although full control of the screen would be needed to decrease 
measurement time and validation in a higher sample size, this technological advance 
shown in this study is promising for allowing fast and reliable measurements of the 
Pulfrich effect.  
 
The Pulfrich effect is not very common in clinical practice, and it usually appears as a 
spontaneous Pulfrich effect. However, it has been reported to be relevant in some 
pathologies such as cataracts214–216, laser surgery214, optic neuritis212,400,401, and multiple 
sclerosis212,400, among others217. In Chapter 10, we also reported the presence of 
spontaneous Pulfrich effect due to monovision after a cataract procedure. The 
measurement of the Pulfrich effect in the clinic has not evolved much and clinicians carry 
out tests from the most traditional methods (based on positioning markers and using a 
pendulum)402 to a digitally-generated pendulum on a computer403. None of them has 
been established as a gold standard217. In this chapter, we present a portable device that 
can potentially fill the gap and provide fast and accurate measurements of the 
spontaneous Pulfrich effect in clinic. 
 

12.5. Conclusions 
In this chapter, we have provided a first estimation of the prevalence of the Classic and 
Reverse Pulfrich effects in a young population. Most subjects showed both effects, and 
with the expected trend. Besides, we have described the development of a portable 
autostereoscopic tablet to allow measurements of the different versions of the Pulfrich 
effect, with the potential to approach standard clinical practice. 
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Chapter 13. Exploration of new 
technologies to improve binocular 
vision evaluation 

This chapter describes the development of a fast stereoacuity test to be used in 
combination with Simvis Gekko in clinical sites, based on random dots and a four 
alternatives forced-choice task. The stereoacuity test was evaluated at different 
distances (far at 4m and near at 0.4m) and using different methods to create depth 
(anaglyph, polarizers, parallax barrier -only in near distance-).  
 
Once a sufficient sample of subjects will be measured, this chapter will be the base for 
an article entitled ‘Evaluation of stereoacuity for different distances using SimVis Gekko” 
where Victor Rodriguez-Lopez is the first author. The co-authors of the study are Xoana 
Barcala, Irene Sisó, Alberto de Castro, Nora El Harchaoui, and Carlos Dorronsoro. 
 
The contribution of the author of the thesis was the design of the stimuli in collaboration 
with Alberto de Castro and Carlos Dorronsoro, the conceptualization and design of the 
study in collaboration with Xoana Barcala and Irene Siso, the literature research, the 
design and programming of the experiments, the collection of the data in collaboration 
with Nora El Harchaoui, the analysis of the data, the writing of the chapter, and the editing 
of the chapter in collaboration with Carlos Dorronsoro. 
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13.1. Introduction 
Some presbyopia corrections such as multifocal or monovision can potentially harm 
binocular vision, as previous chapters have shown with the Reverse Pulfrich effect. 
Besides, it has been reported that monovision and other presbyopia corrections increase 
stereoacuity thresholds98,99. 
 
The main use of SimVis Gekko is letting the patient test presbyopia corrections before 
prescribing them, something especially important in surgery-related corrections 
(intraocular lenses and monovision). The accuracy of the simulation provided by SimVis 
Gekko in terms of optical quality has been validated using through-focus visual acuity, 
perceptual scoring methods, or questionnaires229,269,295. However, to fully predict the 
behavior of different presbyopia corrections, binocular vision and stereoacuity should be 
part of that visual evaluation.  
 
SimVis Gekko is binocular and see-through, and therefore stereoacuity measurements 
can be performed straightforwardly. However, those measurements had not been 
validated, until this study. The validation is important since SimVis Gekko projects 
optotunable lenses onto the eye using a different optical projection system for each eye. 
The superimposition of visual fields is different for each distance, potentially affecting 
binocular vision in far vision, near vision, or both.  
 
During this thesis, important know-how has been gathered on designing binocular vision 
tests and using and programming SimVis Gekko for research purposes. This know-how 
has allowed us to tackle the validation of binocular measurements and stereoacuity 
through SimVis Gekko. 
 
Stereoacuity measures the discrimination threshold of depth. Different methods have 
been developed to measure stereoacuity, for example using physical depth, or creating 
disparity using filters (anaglyph, polarizer). For physical depth, the Frisby test is the most 
used. Some tests that use polarizer filters are the Titmus or Randot tests, which are the 
most extended in clinical practice. The most common commercial test that uses anaglyph 
filters is the TNO test, which uses red/green filters. Interestingly, a poor agreement has 
been reported across the different methods48. 
 
Some novel technologies aimed at eliminating the use of filters to create stereoacuity are 
the so-called autostereoscopic technologies. These technologies present a different 
image to each eye (alternating pixel rows) mainly by using lenticular lenses or parallax 
barriers. The working principle of these methods is described in section 1.4.2.2. Their 
main advantage is that they don’t need glasses to create 3D perception. Oriented to 
clinical measurements, new methodologies to estimate stereoacuity have arisen from 
autostereoscopic technologies. ASTEROID is a gamified application to estimate 
stereoacuity using a parallax barrier tablet200,404. Lang stereo test196 and BEST198 test 
use lenticular lenses approach to estimate stereoacuity. 
 
This chapter shows the development and validation of a new method for estimating 
stereoacuity using an adaptive procedure and compares one of the clinical gold 
standards, the Titmus test, with different methods to create 3D perception (anaglyph, 
polarizers, and parallax barrier), for different distances (far and near vision), and using 
different devices (Trial Frame and SimVis Gekko). Additionally, we also evaluated, using 
SimVis Gekko, the impact of monovision corrections on stereoacuity. 
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13.2. Methods 
 
13.2.1. Subjects 
Five subjects (26±2.3 years old on average) participated in the study. All of them had 
normal color vision and no history of eye surgery or eye disease. The spherical 
equivalent component of the refractive error was tested with standard optometric 
techniques and ranged between -7.50 and +1.75D (-3.05±3.21D on average), and the 
cylindrical component between 0 and 1.75D (-0.72±0.56D). The study followed the tenets 
of the Declaration of Helsinki. Study protocols were approved by the CSIC Institutional 
Review Board. Subjects signed a consent form after receiving an explanation of the 
nature and possible consequences of the study. 
 
13.2.2. Stimulus 
Figure 13.1 shows the stimulus designed for this study. The stimulus was a large square 
subtending 5.5x5.5º, divided into 4 medium squares 2.5x2.5º each, made of randomly 
distributed white square dots of 0.075x0.075º over a gray background. The center of 
each medium square was displaced 1.5x1.5º from the center of the large square, which 
was centered with the screen.  
 

 
Figure 13.1. Stimulus used in the experiment. A. Stimulus. Disparity is randomly assigned to one of the 
squares. B. Fixation cross for alignment purposes. The central cross has 300’’ of crossed disparity and the 
white square is plane on the screen and serves as a reference. 
 
13.2.3. Apparatus 
Two different systems were used and directly compared, to induce different corrections 
(far vision, near vision, and, monovision; described in the next section) while measuring 
stereoacuity: the traditional trial frame and SimVis Gekko. Already described in section 
2.1.1 of this thesis, SimVis Gekko is a binocular device able to induce programmable 
optical power variations with an optotunable lens (Optotune Inc, Dietikon, Switzerland) 
in each eye channel. The refractive error of the subject was corrected with trial lenses in 
both systems. 
 
Custom software was written in MATLAB (Math-works Inc., Natick, MA, USA) to control 
the optical power induced independently in the right and left SimVis Gekko channels. 
The Psychophysical Toolbox for MATLAB241 was used for stimuli creation and 
presentation, and response collection.  
 
Stimuli for far and near vision were displayed on the Stereoscopic Monitor (SM, see 
section 2.2.2, of the General Methodology), a stereo-3D UK UHD 49” monitor 
(LG49UH850V, LG, Seoul, South Korea), driven by an NVIDIA® Quadro® P4000 dual 
Graphic card. In the anaglyph experiment (described later), all the resolution of the 
monitor was used. In the polarizers experiment, after filtering with the glasses, only 
3840x1080 interlaced pixels reached each eye. For the experiments at far vision, the 
subject viewed the display at 2 meters, and, for near, vision at 40 cm. 
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Another setup based on parallax barrier technology (PBII setup, see section 2.2.3.3) was 
also used to evaluate stereoacuity at near distance: a prototype tablet display by See3D 
10.1’’ (See3D Tablet Corporation, Toronto, Canada), driven by the same graphic card. 
A custom setup for holding the tablet in front of the subject was designed and 3D-printed. 
Pilot experiments were performed with the setup PBI (Commander 3D) before obtaining 
the updated parallax barrier tablet (See 3D). 
 
13.2.4. Experiments 
To obtain the stereoacuity, we used a QUEST Bayesian adaptive procedure228 
implemented in a four-alternative forced-choice (4AFC) task over 30 trials. In each trial, 
only one of the medium squares of the stimulus had crossed disparity, that was randomly 
assigned. The task of the observer was to indicate which of the 4 squares is perceived 
in front of the screen. To create disparity and depth perception, the stimulus for the right 
eye was displaced some pixels in the horizontal axis. Antialiasing sub-pixel technique 
based on Serrano-Pedraza et al. description199 allows displaying disparities as low as 3 
arc seconds for far distance and 7 arc seconds for near distance. 
 
In this study, we measured 24 different conditions, illustrated in the diagrams of Figure 
13.2, each condition taken from the combinations of two possible distances (far and near 
vision, 2 and 0.4 m, respectively), two devices (Trial Frame and SimVis Gekko), four 3D 
methods (Titmus test, anaglyph filters, polarizer filters, and parallax barrier), and three 
optical corrections (both eyes focusing the screen, monovision in one eye, monovision 
in the other eye).  
 
Of the four methods of creating 3D that were tested in this study, anaglyph filters (using 
red/green filters) and polarizer filters were used for both far and near vision, and 
conventional Titmus and parallax barrier were used only for near vision. 
  
Four different corrections were tested. Each correction was named with the value of the 
optical power difference between the right eye and the left eye. For far vision, far 
correction (FF, both eyes focused on far vision, correction 0.00D) was evaluated using 
Trial Frame and using SimVis Gekko. With SimVis Gekko, monovision of 1.50D in the 
left eye (ML, left eye focused on near and right eye focused on far vision, correction -
1.50D) and monovision of 1.50D in the right eye (MR, left eye focused on far and right 
eye focused on near vision, correction 1.50D) were also tested. For near vision, near 
correction (NN, both eyes focused on far vision, correction 0.00D, equivalent to FF but 
in near vision) was evaluated using trial lenses in the Trial Frame and using SimVis 
Gekko. SimVis Gekko was also used in near vision to test monovision of 1.50D in the 
left eye and the right eye (corrections -1.50D and 1.50D, respectively). To avoid 
accommodation issues and to compensate for the optical distance to the monitor, an 
extra 0.50D was added to the optical correction in both eyes for far vision, and an extra 
2.50D to the optical correction in near vision. With SimVis Gekko, the extra power was 
added using the tunable lenses, and Trial Frame using trial lenses.  
 
The head of the subject was stabilized with a chin rest, that aligned the eyes with the 
center of the monitor. Before beginning each measurement, the experimenter made sure 
that the Trial Frame or the SimVis Gekko were perfectly aligned with the visual axis of 
the subject. Before beginning each condition, a white cross with 300’’ arc sec of crossed 
disparity inside a white frame without disparity (served as a reference, Figure 13.1B) was 
displayed to check that the optical axis of the eyes and both optical systems (Trial Frame 
and SimVis Gekko) were properly aligned. If the subject did not or barely perceived depth 
in the cross, the experiment was interrupted, and the alignment procedure was 
performed again. 
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Figure 13.2. Conditions measured in the study. FF means far correction (both eyes focused on far vision), 
NN means near correction (both eyes focused on near vision), ML means monovision in the left eye (left eye 
focused on near vision and right eye focused on far vision), and MR monovision in the right eye (left eye 
focused on near vision and right eye focused on far vision). 
 
 
13.2.5. Statistical analysis 
Kruskal-Wallis test for non-parametric variables was performed to analyze differences 
between conditions (distances, 3D method, device, and corrections). Wilcoxon signed-
rank test was used to compare the results for each condition individually. The difference 
is considered significant if p<.05.  
 

13.3. Results  
As an example of a particular measurement for the adaptive psychophysical method, 
Figure 13.3 shows the result for subject S1 for anaglyph filters using SimVis Gekko for 
far vision, for three corrections: far correction (FF, black), monovision in the left eye (ML, 
blue), and monovision in the right eye (MR, red). Figure 13.3A displays the evolution of 
each QUEST staircase for each condition. Each staircase results in a threshold (i.e., the 
stereoacuity of the subject for the particular condition), illustrated in Figure 13.3A as the 
final point of each QUEST curve. Figure 13.3B gathers the final stereoacuity estimations 
across the conditions shown in Figure 13.3A. For this subject, the stereoacuity for FF is 
7.2’’, ML is 11.2’’, and MR is 17.0’’. Stereoacuity slightly increases with monovision, 
although the change is negligible. 
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Figure 13.3. Result for one subject (S1) for anaglyph filters using SimVis Gekko in far vision. Black 
data represents the FF condition, blue data ML condition, and red data MR condition. A. Progress along 
trials of the QUEST procedure for each condition. Endpoints represent the threshold (i.e., stereoacuity). B. 
Stereoacuity (in arc seconds) as a function of interocular defocus difference (in D). 
 
Figure 13.4 shows the result obtained with the Titmus test for all subjects. Figure 13.4A 
shows the result for Trial Frame and Figure 13.4B for SimVis. On average across 
subjects, stereoacuity for NN (black bars in Figure 13.4) is 25±8.7’’ and 27.4±8.6’’ for 
Trial Frame and SimVis, respectively, for ML (blue bars in Figure 13.4) and MR (red bars 
in Figure 13.4) with SimVis is 29.8±7.6’’ and 34.4±8.8’’, respectively.  
 

 
Figure 13.4. Stereoacuity measured with the Titmus test in far vision for all subjects. A subplot to the 
right shows the average across subjects. Black bars represent NN condition, blue bars ML condition, and 
red bar MR condition. A. Using Trial Frame. B. Using SimVis Gekko. 
 
Figure 13.5 shows the result obtained with anaglyph filters in near vision for all subjects. 
Figure 13.5A shows the result for Trial Frame and Figure 13.5B for SimVis. On average 
across subjects, stereoacuity for NN is 55.3±25.3’’ and 69.1±39.6’’ for Trial Frame and 
SimVis, respectively, for ML and MR with SimVis is 47±9.8’’ and 65.3±37.7’’, 
respectively.  
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Figure 13.5. Stereoacuity measured with anaglyph filters in near vision for all subjects. A subplot to 
the right shows the average across subjects. Black bars represent NN condition, blue bars ML condition, 
and red bar MR condition. A. Using Trial Frame. B. Using SimVis Gekko. 
 
Figure 13.6 shows the result obtained with polarizer filters in near vision for all subjects. 
Figure 13.6A shows the result for Trial Frame and Figure 13.6B for SimVis. On average 
across subjects, stereoacuity for NN is 24.2±14.1’’ and 22.4±5.7’’ for Trial Frame and 
SimVis, respectively, for ML and MR with SimVis is 19.8±7.1’’ and 22.7±12’’, 
respectively.  
 

 
Figure 13.6. Stereoacuity measured with polarizer filters in near vision for all subjects. A subplot to 
the right shows the average across subjects. Black bars represent NN condition, blue bars ML condition, 
and red bar MR condition. A. Using Trial Frame. B. Using SimVis Gekko. 
 
Figure 13.7 shows the result obtained with parallax barrier in near vision for all subjects. 
Figure 13.7A shows the result for Trial Frame and Figure 13.7B for SimVis. On average 
across subjects, stereoacuity for NN is 20.8±12.6’’ and 12.9±4.5’’ for Trial Frame and 
SimVis, respectively, for ML and MR with SimVis is 30.0±24.3’’ and 44.6±38.5’’, 
respectively.  
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Figure 13.7. Stereoacuity measured with parallax barrier in near vision for all subjects. A subplot to 
the right shows the average across subjects. Black bars represent NN condition, blue bars ML condition, 
and red bar MR condition. A. Using Trial Frame. B. Using SimVis Gekko. 
 
Figure 13.8 shows the result obtained with anaglyph filters in far vision for all subjects. 
Figure 13.8A shows the result for Trial Frame and Figure 13.8B for SimVis. On average 
across subjects, stereoacuity for FF (black bars in Figure 13.8) is 36.1±19.8’’ and 
26.3±9.2’’ for Trial Frame and SimVis, respectively, for ML and MR with SimVis is 
35.5±15.5’’ and 41.7±14.4’’, respectively.  

 

 
Figure 13.8. Stereoacuity measured with anaglyph filters in far vision for all subjects. A subplot to the 
right shows the average across subjects. Black bars represent FF condition, blue bars ML condition, and 
red bar MR condition. A. Using trial frame. B. Using SimVis Gekko. 
 
Figure 13.9 shows the result obtained with polarizer filters in far vision for all subjects. 
Figure 13.9A shows the result for Trial Frame and Figure 13.9B for SimVis. On average 
across subjects, stereoacuity for FF is 16.0±6.5’’ and 17.5±8.2’’ for Trial Frame and 
SimVis, respectively, for ML and MR with SimVis is 11.8±4.9’’ and 25.8±16.3’’, 
respectively.  
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Figure 13.9. Stereoacuity measured with polarizer filters in far vision for all subjects. A subplot to the 
right shows the average across subjects. Black bars represent FF condition, blue bars ML condition, and 
red bar MR condition. A. Using trial frame. B. Using SimVis Gekko. 
 
Summary of the results 
Figure 13.10 shows the average stereoacuity across subjects for all corrections, 3D 
methods, devices, and distances. Figure 13.10A shows the results for Trial frame (FF 
and NN conditions in black) and Figure 13.10B for SimVis (FF and NN, ML, and MR 
conditions in black, blue, and red, respectively).  
 

 
Figure 13.10. Summary of the experimental data. Stereoacuity averaged across subjects for all 
conditions. Black bars represent FF correction (in far vision) and NN correction (in near vision), blue bars 
ML correction, and red bars MR correction. A. Trial Frame results. B. SimVis Gekko results. 
 
In this study, all 4 variables are categorical: distance (far vs. near), device (trial frame vs. 
SimVis Gekko), 3D method (anaglyph filters, polarizer filters, parallax barrier, and Titmus 
test), and correction (FF, ML, and MR). A Kruskal-Wallis test reports non-significant 
differences (p>0.05) for the device (Trial Frame vs. SimVis), in 3D methods for parallax 
barrier compared both with Titmus and polarizer filters and in corrections for FF 
compared with ML. For the rest of the conditions, there are statistical differences 
(p<0.05). 
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Figure 13.11 shows Bland-Altman plots comparing distance, device, and Titmus vs the 
other 3D methods. The mean difference in stereopsis obtained when comparing near 
vs far vision (Figure 13.11A) was -14.39±24.04’’ (Limits of Agreement (LOAs): [-61.51 
to 32.74]’’), indicating a better stereoacuity (lower magnitude) in far vision than in 
near vision, that is statistically significant (Wilcoxon signed-rank test p<.05). The 
mean difference in stereopsis obtained when comparing Trial Frame vs. SimVis 
Gekko (Figure 13.11B) was 0.31±18.54’’ (LOAs: [-36.03 to 36.65]’’), indicating 
essentially the same stereopsis with both devices (Wilcoxon signed-rank test p>.05). 
The mean difference in stereopsis obtained comparing Titmus with anaglyph filters, 
polarizer filters, and parallax barrier (Figure 13.11C) are -30.01±33.13’’ (LOAs: [-
94.94 to 34.92]’’), 6.88±13.43’’ (LOAs: [-19.44 to 33.20]’’), and -2.05±22.88’’ (LOAs: 
[-42.80 to 46.90]’’), respectively, reporting significant differences for Titmus vs 
anaglyph filters and polarizer filters (Wilcoxon signed-rank test p<.05), but non-
significant for Titmus vs parallax barrier (Wilcoxon signed-rank test p>.05).  
 

 
Figure 13.11. Bland-Altman analysis for different conditions. Each panel shows a Bland-Altman plot, 
indicating the Limits of Agreement (LOAs, 95% Confidence Interval), mean, and standard deviation of the 
sample. A. Plot comparing near and far distances for all corrections, devices, and 3D methods. B. Plot 
comparing Trial Frame and SimVis Gekko for all distances and 3D methods. C. Plot comparing Titmus test 
vs. other 3D methods in near distance for all devices and corrections. Titmus and anaglyph filters in the left 
plot, Titmus and polarizer filters in the middle plot, and Titmus and parallax barrier in the right plot. 
 

13.4. Discussion 
SimVis Gekko for measuring stereopsis 
In clinical practice, stereoacuity with conventional tests (considering Titmus test the gold 
standard in this study) is routinely measured using trial lenses in a trial frame. The results 
of this study report non-significant differences between measuring the Titmus test using 
Trial Frame or SimVis Gekko. Moreover, not only for the conventional Titmus test but 
also across all conditions (different 3D methods and distances) there were no statistical 
differences. These results demonstrate that the projection of the pupils of the eyes and 
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the convergence of both eye channels taking place in SimVis Gekko do not influence the 
measurement of stereoacuity and therefore measurements through this device are 
possible and accurate. However, higher sample size must be evaluated before drawing 
further conclusions.  
 
Adaptive method and 3D tablet 
In this study, we have developed a test to measured stereoacuity using an adaptive 
psychophysical method, which allowed us to find the threshold with high precision by 
adapting the disparity displayed at each step, based on the previous responses of the 
subject. Instead, conventional clinical tests use the psychophysical method of limits to 
find the threshold by testing every fixed step of disparity of the test. The main limitation 
of conventional tests is the use of fixed steps, that may not precisely capture the actual 
threshold and can induce a learning effect177,405. Moreover, if testing many corrections, 
the fixed steps of the Titmus can induce a learning effect that might falsify the 
stereoacuity measurement. The random nature of the adaptive method eliminates any 
learning effect. We have demonstrated the possibility to measure stereoacuity using 
adaptive methods, as other studies have carried out 200,406. 
 
Additionally, we have measured stereoacuity using a novel 3D autostereoscopic display 
based on parallax barrier technology, providing similar results to the gold standard of this 
study, the Titmus test, which uses polarizer filters. Parallax barrier technologies have 
previously been used to measure stereoacuity. ASTEROID stereoacuity test uses 
moving stimuli instead of static stimuli. It has already been tested in the clinic with 
promising results in adult200,230,404 and pediatric201 populations.  
 
The combination of the adaptive procedure, the new parallax barrier tablet, and SimVis 
Gekko has the potential to provide fast and reliable measurements of stereoacuity for 
different optical corrections in a clinical environment. However, further validation and 
development of this synergic combination need to be addressed. 
 
Influence of the 3D method 
At least for the sample size measured in this study, stereoacuity depends on the method 
for producing 3D. The stereoacuity found with anaglyph filters is worse than for the other 
methods and reports statistical differences among them. Other studies found similar 
results comparing the most extended anaglyph-based test (TNO) with other commercial 
tests, reporting worse values of stereopsis with the TNO but non-significant 
differences407–410. The fact that we found statistical differences might be due to the small 
sample size. Although most of the subjects subjectively found it more difficult to carry out 
the anaglyph test, which might account for the worse stereoacuity measured, this result 
should be confirmed in a higher sample size. 
 
Influence of the distance 
The distance was another variable in this study. We measured stereoacuity using 
anaglyph and polarizer filters at far distance (optical infinity) and near distance (40 cm). 
We report non-significant differences between the results at far and at near distances, 
suggesting that distance does not influence stereoacuity. Other studies have also 
reported non-significant differences in testing in near and far vision181,182,184, in agreement 
with the results of this study, for both Trial Frame and SimVis.  
 
Influence of the optical correction 
Additionally, we measured stereoacuity for different optical corrections: both eyes 
focused (FF correction and NN correction, at far and near distance, respectively), 
monovision in the left eye (more optical power in the right eye, ML), and monovision in 
the right eye (more optical power in the right eye, MR). We did not find statistical 
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differences across corrections. In contrast, it has been reported in the literature that 
monovision corrections harm stereovision and therefore stereoacuity98,99. We did not find 
in our study this reduction with monovision, and the reason might be in the age of the 
sample size. Our observers were still young (26 years old on average) and with intact 
accommodation capacity. Further studies must include a presbyopic population.  
 

13.5. Conclusions 
There are many different corrections for presbyopia in the market, and the selection of 
the optimal correction is difficult for the patients. SimVis Gekko has already been used 
to help in this selection, replicating the through-focus optical quality of existing lens 
models. In this chapter of the thesis, we have expanded the use of SimVis Gekko to the 
measurement of stereoacuity, the most important feature of binocular vision, with 
different methods, and we have validated their accuracy against a standard clinical test. 
Besides, we have developed a new stereoacuity test using an adaptive psychophysical 
method in a parallax barrier tablet. Their combination can potentially help clinicians to 
also perform fast and reliable measurements of stereoacuity, providing a more complete 
description of the visual function of their patients with different optical corrections. 
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Chapter 14. Ongoing research 

During this thesis, we have developed the proof of concept for new methods and new 
research lines, that are in all cases complementary to the research activities described 
in previous chapters and continue the research results obtained. The most promising 
preliminary results are described here. Although still incipient and non-conclusive, these 
results are relevant because have the potential to open future research lines and 
anticipate several future experiments.  
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14.1. Chromatic temporal defocus sensitivity function 
In Chapter 3 we have described the use of tunable lenses to measure for the first time 
the temporal defocus sensitivity function (TDSF), using grayscale stimuli (Gabor patches 
and natural images). Chapter 4 describes the Direct Subjective Refraction, a method that 
takes advantage of the maximum temporal frequency of sensitivity to defocus to create 
flicker chromatic cues in a blue and red stimulus that can provide the refractive error of 
an eye. Furthermore, Chapter 6 describes the evolution of the stimulus of the DSR 
method to a custom display made of pure monochromatic LEDs. That chapter also 
shows that the DSR task is not easy for many of the subjects, which is probably the most 
important limitation of the DSR method, and the issue requires more research effort. 
Considering all those results of this thesis altogether, it seems evident that studying the 
temporal defocus sensitivity function for chromatic stimuli could provide key knowledge 
to advance the DSR method and maximize the performance of the patients while 
performing the task. 
 
Pilot measurements of the chromatic TDSF were carried out using a display of Red LEDs 
(peak wavelength at 627nm) and a display of Blue LEDs (peak wavelength at 470 nm). 
The stimulus used was a dot stimulus subtending 1 degree. One experimented subject 
performed the task with free accommodation. The task was not easier, not more difficult, 
than with the grayscale stimuli. Figure 14.1 shows the TDSF for the red stimulus (red 
line) and the TDSF for the blue stimulus (blue line). The influence of the wavelength does 
not seem to be critical at the medium temporal frequencies of interest, although the graph 
suggests some deviations at low and high temporal frequencies. Those results should 
be confirmed and quantified in a higher number of subjects. 
 

 
Figure 14.1. Chromatic Temporal Defocus Threshold Function. It shows the peak-to-valley defocus 
change threshold as a function of the temporal frequency. Dots represent temporal frequencies measured 
and line the fitting. In red, for a red stimulus, and in blue for a blue stimulus. 
 

14.2. Reverse Pulfrich effect and multifocal contact lenses  
The Reverse Pulfrich effect, discovered with monovision, a popular correction for 
presbyopia, might have a potential impact on the daily life of the patients. The main 
hypothesis to explain the effect suggests that the high-spatial frequency filtering, 
producing a reduction in high spatial frequencies in the blurrier image, is responsible for 
the depth illusion, as described in Chapters 8 to 12. However, monovision is not the only 
correction for presbyopia. The use of multifocal approaches is increasing, particularly 
mix and match, modified monovision, or blended vision, all of them placing different 
corrections in the two eyes, and at least one multifocal correction in one of the eyes. As 
in pure monovision, combining monovision with multifocality introduces interocular 
differences in blur. We performed a pilot experiment to evaluate if the Reverse Pulfrich 
effect also occurs with multifocal lenses of different additions. We measured in one 
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subject the delay produced by placing a multifocal contact lens in one eye while keeping 
the other eye unperturbed (sharp image). The procedure was the same as used in 
Chapters 8, 9, and 10. We measured three types of multifocal contact lenses with 
additions of 1.25D, 1.75D, and 2.50D. After measuring with the multifocal contact lens in 
one eye, the lens was removed, and we measured with an identical multifocal contact 
lens in the other eye. Figure 14.2 describes the results. Figure 14.2A shows the 
psychometric functions and the PSE for each condition indicated in the upper-left corner 
(negative conditions mean that the multifocal lens was induced in the left eye and positive 
in the right eye). Positive PSEs mean that the right eye processing speed was advanced 
with respect to the left eye, and negative PSEs that the left eye processing speed was 
advanced. In Figure 14.2B, we plotted the PSEs as a function of the condition, 
distinguishing between the three multifocal designs using different levels of gray. The 
ratio of delay per diopter of multifocal addition is much higher for 2.50D of addition 
(0.90ms/D) than for 1.25 and 1.75D (0.22ms/D and 0.16ms/D, respectively), which are 
essentially the same. This result suggests that the multifocal designs of 1.25D and 
1.75D, which induce much less blur than the design of 2.50D, are not inducing relevant 
depth distortions. However, the design 2.50D is certainly inducing a Reverse Pulfrich 
effect, of a comparable magnitude that the one obtained with pure monovision in the 
same subject (see Figure 8.1 in Chapter 8). These pilot results encourage the study of 
the Reverse Pulfrich effect also in multifocal corrections due to its potential impact on 
vision and therefore its clinical relevance. 
 

 
Figure 14.2. Multifocal blur and Reverse Pulfrich effect. A. Psychometric function for each condition 
(from -2.50 to 2.50D interocular addition differences). Left eye perturbed conditions are plotted in the upper 
row and right eye conditions in the bottom row. B. Delay as a function of the interocular addition difference. 
Data for 1.25, 1.75, and 2.50D of addition is displayed in light gray, dark gray, and black, respectively. 
 

14.3. Reverse Pulfrich effect and pupil dilation 
Increasing pupil size also increases the amount of light entering the eye and magnifies 
the degrading effect of optical aberrations. Regarding the Pulfrich effect, the two 
components (amount of light and retinal blur) interact in the same direction when the 
pupil of only one eye dilates. On the one hand, the increased retinal blur also increases 
the processing speed of the dilated eye. On the other hand, the increased retinal 
illuminance reduces the processing speed of the dimmer eye (in this case, the non-
dilated eye) and effectively increases the processing speed of the dilated eye. Therefore, 
dilating the pupil should increase the processing for two different reasons. In our pilot 
experiment, two subjects measured the interocular delay dilating only one eye (the right 
eye) using cycloplegic drugs. We also dimmed the dilated eye to find the filter needed to 
compensate for the increase of light produced by the higher pupil size. Figure 14.3 shows 
the results. For subject S1 (Figure 14.3A), the difference in delay between dilated pupil 
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and normal pupil was 4.82ms, and the filter needed to null the extra delay induced by 
the dilation was 0.13OD. For subject S2 (Figure 14.3B), the difference in delay was 
3.35ms, and the filter needed for nulling the extra delay induced by the dilation was 
0.32OD. The extra neural delay caused by pupil dilation cannot be attributed to the 
additional luminance or the additional retinal blur alone. This condition, easy to induce, 
provides a framework to investigate the influence of each factor, as each factor can be 
independently removed, and therefore the other factor isolated. The effect of luminance 
can be isolated by equalizing the interocular retinal blur (with lenses or even with 
adaptive optics) and the effect of blur by equalizing the interocular retinal luminance with 
neutral density filters or with on-screen virtual filters. The use of artificial pupils (in contact 
lenses or projected onto the eye with SimVis Gekko or with a similar device) provides 
even more versatility. This line of research can help us understand the role of the different 
mechanisms involved in the Reverse Pulfrich effect. 
 

 
Figure 14.3. Pupil dilation and the Pulfrich effect. Blue data represents the condition with no dilation. Red 
data represents the condition with the right eye dilated. A. Subject 1. B. Subject 2. 
 

14.4. Reverse Pulfrich effect and an aberration model  
Along the same lines as the previous paragraph, the Reverse Pulfrich effect has been 
hypothesized to be caused by the filtering of high-spatial frequencies in the image, when 
the image is degraded by blur. According to that hypothesis, the blurred image is 
processed faster because the visual system does not need to process all the information 
contained in those frequencies. The effect of defocus in the image can be predicted from 
the aberration wavefront with several metrics, described in section 1.2.2. For example, 
the MTF describes the contrast passing through the optical system. It has been 
described that metrics such as the Strehl Ratio (SR) or the Visual Strehl Ratio (VSOTF) 
provide a high correlation with perceptual visual quality. The goal of this study is to 
develop a model based on aberrations that can predict the Reverse Pulfrich effect of a 
given interocular condition. This model is based on computing the interocular difference 
of a given aberration-based metrics (such as SR, VSOTF, or others), for different defocus 
differences. For example 
 

𝑑𝑖𝑓𝑉𝑆𝑂𝑇𝐹 = 𝑉𝑆𝑂𝑇𝐹𝐿(𝐷𝐿) − 𝑉𝑆𝑂𝑇𝐹𝑅(𝐷𝑅) 14.1 
 
where 𝑑𝑖𝑓𝑉𝑆𝑂𝑇𝐹 is interocular difference in Visual Strehl Ration, and 𝑉𝑆𝑂𝑇𝐹𝐿 and 
𝑉𝑆𝑂𝑇𝐹𝑅 are the Visual Strehl Ratios of the right and left eye, and 𝐷𝐿 and 𝐷𝑅 is the defocus 
for the right and left eye, respectively. To simulate the Reverse Pulfrich effect, like in 
monovision corrections, when one eye is defocused (for example, 𝐷𝐿 > 0), the other eye 
is focused (𝐷𝑅 = 0). Therefore, positive values of 𝑑𝑖𝑓𝑉𝑆𝑂𝑇𝐹 mean defocus in the right 
eye and negative values mean defocus in the left eye. Figure 14.4A shows the process 
to obtain this metric for VSOTF (Equation 14.1). A similar calculation can be performed 
for the Strehl Ratio 
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𝑑𝑖𝑓𝑆𝑅 = 𝑆𝑅𝐿(𝐷𝐿) − 𝑆𝑅𝑅(𝐷𝑅) 14.2 

 
𝑑𝑖𝑓𝑆𝑅 is the interocular SR difference, and 𝑆𝑅𝐿 and 𝑆𝑅𝑅 are the SR of the right and left 
eye, respectively.  
 
The first predictions of the model are shown in Figure 14.4B for the two metrics (VSOTF 
and SR) and the same subject. Black circles represent the Reverse Pulfrich effect 
measured, and red circles the prediction with each metric. All the metrics follow a similar 
trend to predict the Reverse Pulfrich effect and provide similar ratios of 5:1 of the delay 
in milliseconds to the difSR or difVSOTF, at least for this subject (correlations r=.97 and 
p<.05 for both metrics). Both metrics correlate well with the Reverse Pulfrich effect data. 
This result is not surprising, as VSOTF and SR are the metrics that better predict the 
perceptual response to blur and degraded optical quality. There are dozens of metrics in 
the literature that can be tested in future studies, and certainly, a much higher number of 
patients should be used. Nevertheless, the model proposed could already be used as a 
first approximation to predict the Reverse Pulfrich effect from the wavefront map.  
 

 
Figure 14.4. Pulfrich effect and aberration model. A. Explanation of the obtention of aberration metrics 
(in this case, difVSOTF metric). B. Reverse Pulfrich effect results and aberration metrics (difVSOTF in the 
left plot, and difSR in the right plot) as a function of the interocular function difference.  
 

14.5. The Pulfrich effect measured in the periphery of the visual 
field 
Within the retina, different types of photoreceptors populate each region. In the central 
retina, the fovea, cones are much more prevalent than rods. However, when eccentricity 
increases, the amount of rods increases, and the number of cones decreases (see 
Figure 1.2). This implies that the visual paths that send to the brain the information 
reaching the retina differ. In fact, the information collected by rods is faster processed 
than the information collected by cones (see section 1.2.1). In this experiment, we 
measured the Classic and Reverse Pulfrich effects by changing the interocular 
luminance onscreen and by changing the optical blur, respectively, in two different 
regions of the retina, in the central (fovea, 0º) and the periphery (at 5º of eccentricity). 
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One subject participated. The procedure followed was the same as the one described in 
Chapters 8, 9, and 10. For the Classic Pulfrich effect (Figure 14.5A), there is barely any 
difference in the measurement performed in the fovea or the periphery (slope of linear 
regression is -13.1 and -11.0 ms/OD for the fovea and the periphery, respectively). 
However, for the Reverse Pulfrich effect (Figure 14.5B), there is no effect when the blur 
differences occur in the periphery, compared with the fovea (slope of linear regression 
is 0.2 and 1.98ms/D, respectively). These results might be explained by the different 
sampling rates of the two photoreceptors (cones and rods) in the different peripheral 
regions, and by the different wiring of the ganglion cells in different retinal regions, 
leading to a very different performance in the processing of highly detailed images with 
or without blur. Again, addressing measurements in higher sample sizes can provide 
more insights into the role of the visual pathway in the Pulfrich effect optical illusion. 
 

 
Figure 14.5.Pulfrich effect in the periphery. Red data represents the results in the central retina (fovea) 
and blue data represents the results in the peripheral retina (5º of eccentricity). A. Classic Pulfrich effect. B. 
Reverse Pulfrich effect. 
 

14.6. Chromatic Pulfrich effect 
One common and cheap method to generate 3D images is anaglyph 3D, in which a 
red/green stimulus is filtered with green/red filters. Cyan or blue are often used instead 
of green. Using anaglyph filters to generate the stereoscopic image seems to be a natural 
alternative to the measurement of the Pulfrich effect. However, placing one filter in one 
eye and another filter in the other eye, produces two different effects. On one hand, and 
according to the human spectral sensitivity function, the visual system is more sensitive 
to green wavelengths than to red wavelengths. The difference in perceived brightness 
may produce a Classic Pulfrich effect. On the other hand, due to the longitudinal 
chromatic aberration of the eye, there is a dioptric difference between green and red 
wavelengths. This defocus difference between the eyes may produce a Reverse Pulfrich 
effect. Therefore, the eye with the red filter may suffer theoretically, at the same time, a 
delay in the processing speed due to less brightness (Classic Pulfrich) and an advance 
in the processing speed due to more defocus (Reverse Pulfrich). In a pilot study, we 
measured one subject the Pulfrich effect when placing a green filter in the left eye and a 
red filter in the right eye and compared it with a grayscale stimulus with polarizer filters. 
The task was possible. The results displayed in Figure 14.6 show a negative delay (-
1.88ms, meaning right eye delayed) in the anaglyph condition compared to the polarizer 
filters (-0.28ms, negligible delay). This result suggests that the only presence of anaglyph 
filters produces a meaningful Pulfrich effect. However, we cannot confidently attribute 
the difference measured to Classic Pulfrich or Reverse Pulfrich. More research is needed 
to understand the effect of the anaglyph on the Pulfrich effect, and the possibility of 
compensating for it.  
 



Ongoing research 

 
231 

 

 
Figure 14.6. Chromatic Pulfrich effect. Delay measured using polarizer filters (white dot) vs. anaglyph 
filters (red dot). 
 

14.7. Measurement of the Pulfrich effect using portable glasses-
free displays 
The results of this thesis have shown the influence of monovision corrections or cataracts 
on the depth perception of moving objects. Therefore, the potential impact of the Pulfrich 
effect on public safety increases the interest in measuring it in the clinical environment. 
More measurements of the prevalence of the Pulfrich effect are needed. This entails the 
measurement of a high number of patients in a clinical environment. Developing an easy 
and portable tool for measuring the Pulfrich effect may enable it. Years ago, at the 
beginning of this thesis, we tried to perform these measurements using the Commander 
3D autostereoscopic tablet, based on parallax barrier technology (see section 2.2.3.2). 
However, we found that the temporal resolution of the tablet was not enough for showing 
fast-moving stimuli, like the ones we used in Chapter 8. We then began a scientific 
collaboration with the Commander 3D development team, where new requirements and 
possibilities for the tablet were established. In 2022, the development came to an end 
the company provided us with a See 3D tablet display prototype, a proof of concept with 
the specifications needed to tackle Reverse Pulfrich measurements in the clinical 
environment. New experiments have been programmed for the new display. Preliminary 
measurements, some of them reported in Chapter 13 (stereoacuity), have demonstrated 
the enormous potential of this new display for clinical use. The full scientific and clinical 
potential will be demonstrated in future studies. 
 
In Chapter 12 we have shown the use of an autostereoscopic display based on lenticular 
lenses to measure the Pulfrich effect. However, both the hardware and the software (an 
iPad 12.9’’ tablet with MPlayer3D application) imposed serious restrictions (especially 
regarding the temporal rate and the control of the display), limiting the implementation of 
psychophysical methods and ultimately the scope of the experiments. However, the 
See3D tablet can be used in the future as a secondary screen of a computer, therefore 
providing unlimited control in the experiment design. Thus, the paradigm used in the 
experiment of Chapter 12, which has already provided fast and repeatable 
measurements of the Pulfrich effect, could be directly applied to an autostereoscopic 
tablet with very little effort. In a pilot experiment, one subject measured the Pulfrich effect 
using the See 3D tablet (PBII setup), using the same stimulus, procedure, and task as in 
Chapter 11. This subject also participated in the experiments of Chapter 11 (using 
Haploscope system II (HII) and the same psychophysical paradigm -nulling task in a 
staircase) and in the experiments of Chapter 12 (Lenticular Lens Tablet (LLT) display 
and a constant stimuli procedure). The results of this subject in terms of the Pulfrich 
effect and JND measured are essentially the same in the three setups, but the time in 
each setup is very different (1.5 minutes using the PBII setup and the HII setup vs. 5 
minutes of the LLT setup). 
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Chapter 15. Conclusions 

The main goal of the thesis, to study blur perception and its potential application to the 
development of clinical instrumentation for eye care in clinical practice, have been 
fulfilled, as well as all of the specific goals (section 1.7). Particularly, four main clinical 
applications have been developed in the field of optometry and ophthalmology by 
manipulating the perception of the subjects with blur, both in static and dynamic 
conditions, using regular lenses and optotunable lenses: 1) the Direct Subjective 
Refraction method using temporal defocus changes, 2) the Eye Dominance Strength 
(EDS) metric for monovision corrections, 3) the Reverse Pulfrich effect, an optical illusion 
induced by interocular differences in blur, and 4) the development of the anti-Pulfrich 
monovision corrections. Besides, two portable devices, based on autostereoscopic 
techniques, have been developed to measure different features of binocular vision. 
 
The main accomplishments of this thesis are: 
 

1. Development of seven setups for measuring different aspects of vision related to 
blur, from basic features of blur perception to refractive error, eye dominance, and 
binocular vision. 
 

2. Measurement of the spatiotemporal sensitivity to defocus, providing basic 
scientific knowledge about human perception (goals 1 and 2). 

 

3. Development of a new method to measure the refractive error of an eye, the 
Direct Subjective Refraction. Additionally, an evolution from an on-bench setup to a 
portable device to perform the first measurements in real patients in a clinical 
environment (goals 3 and 4). 

 

4. Development of a new metric for measuring the strength of eye dominance (goal 
5).  

 

5. Discovery of the Reverse Pulfrich effect, a new version of a 100-year-old optical 
illusion of moving objects in depth, with implications in monovision corrections for 
presbyopia. 

 

6. Development of an anti-Pulfrich monovision correction, that eliminates the 
undesirable effect caused by the Reverse Pulfrich effect.  

 

7. Progress on the knowledge of the Pulfrich effect illusion, particularly in the 
physical sources that elicit the illusion, the presentation of the first clinical case of 
spontaneous Reverse Pulfrich effect, the influence of overall light level, and the 
prevalence of the Classic and Reverse Pulfrich effects on a young population. 
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8. Development of a portable device for measuring stereoacuity using an adaptive 
psychophysical procedure. 

 
 
The main results of the specific conclusions of the different studies of this thesis are: 

1. The use of tunable lenses allows for the description of the spatiotemporal defocus 
sensitivity function (STDSF), determining the perceptual limits to defocus perception. 
The STDSF provides a framework for emerging technologies that take advantage of 
changes in defocus. This result demonstrates hypotheses 1 and 2. 
 

2. The Direct Subjective Refraction (DSR) method to measure the refractive error 
of an eye was conceived and developed. The DSR method uses a tunable lens to 
create fast changes in defocus and a bichromatic stimulus to create flicker and 
chromatic distortions cues, and the task is to minimize said cues. For the spherical 
equivalent, it has been demonstrated in 25 young volunteers that the DSR method 
is more repeatable (average standard deviation across subjects: ±0.17D) and faster 
(average time per repetition: 39 seconds) than the gold standard, the traditional 
subjective refraction method (SD: 0.28D, time: more than 6 minutes). Besides, the 
method barely requires any supervision by the clinician and minimizes the impact of 
the accommodation on the outcome.  

 

3. The DSR method was also demonstrated to be fast and precise in measuring the 
astigmatism amount of an eye. Pilot measurements in 4 experienced observers 
showed the suitability of the method for capturing the amount of astigmatism in high 
agreement with the results of the gold standard. 

 

4. The setup for performing the DSR method evolved into a clinical device that 
allowed measurements in clinical environments. In fact, the DSR technology was 
tested in real patients. Although the validation of the technology needs to be 
addressed in higher sample size and some improvements to the methodology have 
to be carried out, the initial results show the potential of this technology to evaluate 
the refractive error fast and accurately. Hypothesis 3 has been demonstrated, 
although more validation is needed. 

 

5. A metric for estimating the Eye Dominance Strength (EDS) for determining the 
laterality in monovision corrections was developed and validated in 20 subjects. The 
use of this new metric can be useful for prescribing more accurate presbyopia 
corrections. Hypothesis 4 has been validated.  

 

6. The Reverse Pulfrich effect, a motion-in-depth optical illusion elicited by 
interocular differences in blur, was discovered in this thesis, with potential 
implications for public safety. A blurry image is processed faster than a sharp image. 
Moreover, the hypothesis that the Reverse Pulfrich effect is driven due to the high-
frequency spatial filtering caused by blur was also confirmed. Hypothesis 5 has been 
demonstrated. 
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7. The development of anti-Pulfrich monovision corrections for compensating the 
potential illusion caused by the Reverse Pulfrich effect was confirmed with contact 
lenses, the most common delivery system for monovision corrections. Besides, in 
this thesis, we demonstrated that interocular magnification differences do not elicit 
any type of Pulfrich effect. Hypotheses 6 and 7 have been demonstrated. 

 

8. A spontaneous Pulfrich effect caused by the Reverse Pulfrich effect was found 
for the first time in a patient after monocular cataract surgery and a subsequent 
surgical monovision correction. A process of adaptation to the Reverse Pulfrich 
effect and the timeframe of the readaptation was also reported. Hypothesis 8 has 
been demonstrated. 

 

9. The influence of overall light level in the different versions of the Classic and 
Reverse Pulfrich effect was described in this thesis, finding that reducing the overall 
light level increases both versions of the Pulfrich effect and therefore their associated 
optical illusions. This result has implications for the development of anti-Pulfrich 
monovision corrections. Hypothesis 9 has been demonstrated. 

 

10. The prevalence of the Classic and Reverse Pulfrich effect was reported in 
a small young population thanks to the development of a portable device that allowed 
fast and reliable measurements. Although most of the subjects reported the Classic 
and Reverse Pulfrich effects, only half of them were able to perceive the optical 
illusions. 

 

11. A new method for estimating stereoacuity fast and accurately was 
developed using an adaptive psychophysical method. Besides, an autostereoscopic 
display based on parallax barrier technology was used to perform the 
measurements, reporting similar results to clinical tests of reference (Titmus). The 
suitability of SimVis Gekko to perform stereoacuity measurements was validated. 
The combination of the new method, display, and SimVis Gekko allow fast and 
reliable measurements of stereoacuity for different presbyopia corrections. 
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