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ABSTRACT 

Blur Perception and Eye Movements: Relationship to Refractive Error 
Lenna E. Walker 

New England College of Optometry, 2017 
Purpose: 

Human and animal studies suggest that an ability to accurately detect and respond to blur is 

essential for emmetropization, as is an adequate balance between central and peripheral 

retinal stimulation. We evaluated the effect of refractive error on blur sensitivity at different 

retinal eccentricities, under both monocular and binocular viewing conditions.  

Additionally, studies have shown that people with myopia exhibit larger VA loss at low 

luminance than people with emmetropia, and often complain that letters are difficult to fixate 

during visual acuity (VA) measures in dim light. In this study, we also evaluated the effect of 

refractive error on eye movements when reading VA charts under mesopic and photopic 

illumination conditions. 

Methods: 

Subjects were 48 young (21-32 yrs) healthy adults with best-corrected VA 0.0 LogMAR 

(20/20) or better in each eye and no binocular or accommodative dysfunction. Refractive 

error (Range +3.31 to -10.94) was determined by binocular subjective refraction. Soft contact 

lenses were worn if optical correction was necessary. 

Monocular and binocular blur discrimination thresholds were measured as a function of 

pedestal blur using an adaptive 4AFC task. Stimuli were presented in a 46° diameter window 

@ 40cm. Gaussian blur pedestals were confined to an annulus at 0°, 4°, 8° and 12° 

eccentricity, with a blur increment applied to one quadrant of the image. Blur discrimination 

thresholds were fit with a two-parameter (intrinsic blur and blur sensitivity) dipper function. 

Eye movements were measured using a video-based eye tracker (EyeLink 1000; SR 

Research). Mesopic (0.276 cd/m2) and photopic (325 cd/m2) VA was measured with high 

contrast letters, 5 letters per line, displayed on an LCD panel viewed at 4 m. Eye position was 

recorded relative to that display and eye movements were analyzed for letter sizes 
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corresponding to the mesopic and photopic VA levels. Eye movement variability was 

expressed both as the standard deviation (SD) of vertical eye position and overall bivariate 

contour ellipse area (BCEA) during VA reading. 

Results: 

The amount of intrinsic blur increased for retinal eccentricities beyond 4° (p<0.01) and was 

lower in binocular than monocular conditions (p<0.01), but was similar across refractive 

groups (p=0.47). Blur sensitivity decreased with retinal eccentricity (p<0.01) and was highest 

in the binocular condition, but only in central vision (p<0.05). Myopes showed worse blur 

sensitivity than emmetropes monocularly (p<0.05) but not binocularly (p=0.66). 

Retinal acuity was significantly reduced in myopes in both the photopic (p<0.01) and 

mesopic (p<0.01) conditions, and myopes showed a relatively greater log unit loss of acuity 

in dim light than emmetropes (p=0.02). Vertical SD increased significantly with increasing 

myopia for the three conditions examined: mesopic VA limit (p=0.034), photopic VA limit 

(p=0.03), and mesopic VA limit with photopic illumination (p<0.01). BCEA also increased 

significantly with increasing myopia for all three conditions: mesopic VA limit (p=0.05), 

photopic VA limit (p=0.04), and mesopic VA limit with photopic illumination (p=0.04). 

Conclusions: 

As expected, blur perception worsens in the visual periphery and binocular summation is 

most evident in central vision. Myopes were found to exhibit a monocular impairment in blur 

sensitivity that improves under binocular conditions. The latter finding may have 

implications in myopia development as discussed in this thesis. 

Myopes showed a greater loss of visual acuity in dim lighting in comparison to emmetropes. 

Also, eye movement variability increases significantly with increasing myopia during a 

visual acuity task in both mesopic and photopic lighting conditions. This variability may be 

contributing to myopes’ acuity losses in dim lighting and, therefore, may interfere with 

reading or visual tasks in challenging, low light conditions.  
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1. GENERAL INTRODUCTION 

Refractive errors, when left uncorrected, can significantly impair visual function and, as 

such, they can hinder academic performance, limit education and employment opportunities, 

and cause an overall decrease in quality of life. In 2013, uncorrected distance refractive error 

was estimated to affect 108 million people globally and was named the most common cause 

of vision impairment (42%) and the second most common cause of blindness (3%) (Bourne 

et al., 2013). On a global scale, uncorrected refractive errors constitute a heavy economic 

burden, resulting in a global loss of productivity estimated at I$269 billion (international 

dollars) (Smith et al., 2009) or US$202 billion (Fricke et al., 2012). 

Of the refractive errors, myopia presents a particular threat to vision throughout the 

world. Uncorrected myopia as low as -1.50 D can result in moderate vision impairment, 

while more than -4.00 D can result in a classification of blindness (World Health 

Organization, 2015). Even if available, spectacle correction cannot account for the abnormal 

growth of the eyeball or reduce the risk of such conditions as retinal detachment, glaucoma, 

or myopic macular degeneration (e.g., World Health Organization, 2015). The prevalence of 

myopia is increasing at alarming rates worldwide and is already considered an epidemic in 

several East Asian countries (e.g., Dolgin, 2015; Grosvenor, 2003; Rose, French and 

Morgan, 2016). Furthermore, the onset of myopia is occurring at even younger ages in 

childhood. Recent projections indicate that by 2050, 50% of the world’s population will have 

myopia (defined as refractive error ≤ -0.50 D) and 10% will have high myopia (≤ -5.00 D), 

(Holden et al., 2016). This is in comparison to 22% with myopia and 2% with high myopia in 

the year 2000 (Holden et al., 2016). To put it a different way, myopia and high myopia is 
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estimated to affect nearly 5 billion people and 1 billion people, respectively, by 2050, should 

recent trends persist (Holden et al., 2016).  

The increase in myopia prevalence has important implications for eye care professionals 

and vision scientists worldwide. Comprehensive eye care services will continue to be 

necessary, both to correct the refractive component of myopia (with spectacles and contact 

lenses) and to manage myopia-related ocular complications and vision loss. Furthermore, 

interventions aimed at prevention or slowing the progression of myopia are imperative. 

The research presented in this thesis comprises two separate studies. Both studies aim to 

evaluate how visual function differs in individuals with refractive error versus individuals 

with emmetropia (absence of refractive error). We place special emphasis on myopia. Both 

studies have the same subject inclusion criteria and both experimental procedures were 

completed in one single visit. Otherwise, each study stems from different underlying 

questions and measures different outcomes.  

The aim of the first part of this work, the Blur Perception study, was to evaluate 

differences in blur detection and discrimination across refractive groups in both the central 

and near peripheral retina, under both monocular and binocular viewing conditions. 

The process by which the eye grows during postnatal development to match its optical 

components is called emmetropization. It has been established that primary refractive errors 

stem from a failure of the emmetropization mechanism and, subsequently, large amounts of 

research have been dedicated to this topic in recent decades. While evidence from research in 

refractive error development and progression has led to numerous theories, we still do not 

know conclusively why people with refractive error fail to normally emmetropize or why, 
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with age, they lose their emmetropia. The development of myopia is widely considered to be 

driven by optical and environmental factors, such as decreased time outdoors and increased 

near work activities (e.g., World Health Organization, 2015). Genetic predisposition is likely 

to play a role, as well, but that role may largely be to determine a person’s susceptibility to 

environmental influences (e.g., Fan et al., 2014; Pan, Ramamurthy and Saw, 2012; Rose, 

French and Morgan, 2016). Indeed, decreased time outdoors and increased time spent doing 

near work are lifestyle changes associated with increased urbanization and more high-

pressure educational systems, as is seen in East Asia, where the prevalence of myopia is 

surging rapidly. In general, it is accepted that visual feedback is essential to guiding the 

growth of the eye, and that the disruption of a “normal” visual experience can lead to 

refractive error development (e.g., Wallman and Winawer, 2004). 

There is still no consensus as to what aspects of the environment are necessary to provide 

a “normal” visual experience and appropriate signals for emmetropization, but continuous 

retinal blur has repeatedly been shown to induce abnormal eye growth (and therefore 

refractive error) in animal models (e.g., Norton, Siegwart and Amedo, 2006; Smith III et al., 

2007; Smith III and Hung, 1999; Wildsoet and Wallman, 1995; Zhu et al., 2013). 

Considering the essential objective of emmetropization is to minimize retinal blur, it is 

believed that a proper response to blur is needed in order for this mechanism to succeed. An 

adequate response to blur is thought to include the ability to detect a wide range of visual 

spatial frequencies and contrast levels, to determine the sign and magnitude of defocus, and 

then to use those cues accurately to bring retinal images into sharp focus (e.g., Bartmann and 

Schaeffel, 1994; Chin et al., 2015; Diether and Schaeffel, 1997; Wallman and Winawer, 
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2004). Furthermore, the eccentricity of retinal blur and the effects of binocularity may be 

significant to the process (e.g., Ciuffreda, Wang and Vasudevan, 2007; Hoffman and Banks, 

2010; Plainis et al., 2011). 

Blur is a fundamental feature of the human visual system. Emmetropization aside, blur 

serves as a powerful signal to ocular accommodation, vergence and depth perception in 

everyday vision. Blur is also important in the context of image displays and the development 

of new technologies. Consequently, human blur sensitivity has been the subject of 

considerable amounts of research and theoretical modeling. Previous studies have measured 

blur sensitivity across refractive groups, but indirectly, in the form of either changes in 

accommodative response or changes in visual acuity (e.g., Cufflin, Mankowska and Mallen, 

2007; Poulere et al., 2013; Radhakrishnan et al., 2004; Rosenfield and Abraham-Cohen, 

1999; Wang and Ciuffreda, 2004). Previous studies have also largely focused on foveal 

sensitivity and have been completed monocularly. Overall, there is no consensus as to 

whether myopes (in comparison to emmetropes and hyperopes) have a decreased ability to 

perceive normally occurring blur under normal viewing (binocular) conditions. 

Given previous inconclusive results, our intention was to further investigate human blur 

perception. Specifically, we hoped to shed more light on the role of blur perception in 

refractive error development because, at present, there is no effective treatment (without side 

effects) to prevent the onset and progression of myopia. A better understanding of refractive 

error development will be necessary if we hope to discover a valuable myopia control 

therapy. 
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The aim of the second part of this thesis, the Eye Movements study, was to evaluate eye 

movements across refractive groups in two different lighting conditions. Previous work has 

indicated that individuals with myopia exhibit larger visual acuity losses at low luminance 

levels than those with emmetropia when wearing correction, and that this deficit is not 

entirely caused by optical factors (e.g., Coletta, Frericks and Groves, ARVO 2007; Coletta et 

al., ARVO 2008). This new study aimed to measure subjects’ eye movements during VA 

testing in both mesopic and photopic illumination to determine if individuals with myopia 

have more variability in eye position in dim light conditions. We believe that greater eye 

movement variability could possibly be a causative factor for their acuity losses in dim 

lighting. While this study is not as specifically geared towards understanding refractive error 

development as the former, there is a paucity of literature comparing eye movements across 

refractive groups and perhaps our findings can contribute to a better understanding of 

myopia, in general. Also, our findings may provide insight that would allow eye care 

professionals to better care for their myopic patients (a growing population). 
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2. BLUR PERCEPTION STUDY 

2.1 Background & Hypothesis 

The term “blur” is surprisingly difficult to define. Generally, blur implies a smeared or 

indistinct image following low-pass filtering. Blur can either be caused naturally, by optical 

and/or neural elements in the eye, or simulated on an image display using mathematical 

functions. Some amount of blur is inherent in all visual systems and, accordingly, the 

perception of blur is an elemental feature of the human visual system. A blurred retinal image 

serves to drive the accommodation and vergence responses, allowing one to see clearly and 

resolve fine target details (e.g., Fisher and Ciuffreda, 1988; Kruger and Pola, 1986; Lopez-

Gil et al., 2013; Schor, 1999). Blur may also provide cues about the range of depths in the 

visual environment (e.g., Ciuffreda, Wang and Vasudevan, 2007; Held, Cooper and Banks, 

2012; Maiello et al., 2014; Mather and Smith, 2002; Vishwanath, 2012; Vishwanath and 

Blaser, 2010; Watt et al., 2005). As such, blur perception is crucial to one’s ability to 

navigate the world easily, and to accurately perform daily tasks such as reading and driving 

(e.g., Chung, Jarvis and Cheung, 2007; Wood et al., 2014). Additionally, and of interest to 

this study, research with animal models suggests that continuous retinal blur may be a 

causative factor in refractive error development (for a comprehensive review, see Wallman 

and Winawer, 2004).  

Animal models have repeatedly shown that retinal blur can induce abnormal eye growth 

and therefore refractive error (see Wallman and Winawer, 2004). The length of the eye must 

match the focal length of its optics in order for images of distant objects to fall on the retinal 

plane and appear sharply focused (emmetropia). If the length of the eye is longer than the 
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focal length of its optics, images from distant objects will fall in front of the retina and appear 

blurred (myopia). Conversely, if the length of the eye is shorter than the focal length of its 

optics, and accommodation is relaxed, images will fall behind the retina and appear blurred 

(hyperopia). Spectacle lenses can also cause the focal plane to fall either in front of or behind 

the retina: positive lenses cause myopic defocus while negative lenses cause hyperopic 

defocus.  

By manipulating animals’ visual environments with lenses, diffusers, or eyelid suturing, 

scientists have been able to show that the eye uses visual feedback to guide its growth (e.g., 

Norton, Siegwart and Amedo, 2006; Smith III et al., 2007; Smith III and Hung, 1999; 

Wallman and Winawer, 2004; Wildsoet and Wallman, 1995; Zhu et al., 2013). In most 

models studied (e.g., chick, tree shrew, monkey), the eye shortens or lengthens to 

compensate for imposed optical blur, and it does so in two ways: by changing the rate of 

axial growth via scleral remodeling at the posterior pole (e.g., McBrien and Gentle, 2003; 

Wildsoet and Wallman, 1995) and/or by changing the thickness of the choroid (the vascular 

layer between the retina and the sclera) (e.g., Nickla, Sharda and Troilo, 2005; Nickla, 

Wildsoet and Wallman, 1998; Wallman et al., 1994; Wildsoet and Wallman, 1995). These 

findings suggest that the retina detects not only the presence of blur, but also the sign of blur.  

In addition to changes in axial length and choroid thickness, the eye uses ocular 

accommodation to bring the images of near objects onto the retinal plane. Accommodation 

involves the relaxation and contraction of the ciliary muscle to change the thickness and 

effectively the refractive power of the crystalline lens. Individuals with myopia are suggested 

to have weaker blur-driven accommodative responses, especially while the myopia is 
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developing (Abbott, Schmid and Strang, 1998; Gwiazda et al., 1995; Jiang and Morse, 1999), 

and unstable accommodation responses to two-dimensional images (Kerber, 2016). 

Excessive near-work may be a risk factor for myopia development because of this 

accommodative inaccuracy and subsequent defocus at the retina (e.g., Wallman and 

Winawer, 2004). Unlike the scleral and choroidal mechanisms, accommodation occurs 

within a fraction of a second, but all three circuits are similar in that they seem to rely, at 

least in part, on discerning the sign of defocus.   

Interestingly, some of the animal studies mentioned previously have found that lenses 

and diffusers can act locally within the eye globe such that, if they cover only half of the 

retina, only that half of the eye is affected (e.g., Diether and Schaeffel, 1997; Hodos and 

Kuenzel, 1984; Wallman et al., 1987). For example, if a negative lens covers only the 

temporal retina, only the temporal eye becomes enlarged and myopic. If local eye growth is 

controlled by local blur, it follows that the overall shape of the eye and the eccentricity of 

retinal blur may be significant to the emmetropization process.  

It has been shown that there is a differential elongation along the optic axis in a myopic 

eye such that the eye exhibits a prolate contour and the periphery is relatively hyperopic in 

comparison to the center (e.g., Atchison et al., 2004; Wallman and Winawer, 2004). The 

reverse tends to hold true in a hyperopic eye wherein the eye is oblate and the periphery is 

relatively myopic in comparison to the center (e.g., Wallman and Winawer, 2004). 

Considering the research previously discussed, it would be expected that homeostatic signals 

from the peripheral retina would contradict those from the central retina (i.e. a relatively 

hyperopic periphery would direct the eye to elongate more while a myopic center would 
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direct the eye to elongate less). The fovea is the most significant retinal area in primate 

vision, with the highest density of neurons and greatest resolution acuity of all the areas in 

the retina. Given this, one might think that the central retina would have a greater influence 

on eye growth than the peripheral retina. While this theory is logical, it is interesting to note 

that the vision-dependent mechanisms that regulate eye growth appear to have evolved from 

fish, a species without foveas (e.g., Smith III, Hung and Huang, 2009). Also, the central 

retina is relatively small in terms of total retinal area. If there is spatial summation of signals 

from both central and peripheral retina, the peripheral signal would dominate.  

In general, there has been a wide range of research that supports the idea that visual 

signals in the peripheral retina have considerable sway in refractive development. Selective 

peripheral form deprivation has been shown to produce axial myopia in infant rhesus 

monkeys, both in the presence of unrestricted central vision (Smith III et al., 2005; Smith III, 

Hung and Huang, 2009) and with total foveal ablation (Smith III et al., 2007; Smith III, Hung 

and Huang, 2009). Clinical observations in humans suggest that disease in the retinal 

periphery (e.g. retinopathy of prematurity, retinitis pigmentosa) and treatments that 

selectively impair the periphery (e.g., laser photocoagulation, cryotherapy) are often 

associated with central refractive error (e.g., Knight-Nanan and O’Keefe, 1996; Nathan et al., 

1985; Sieving and Fishman, 1978). Furthermore, multifocal electroretinogram (mfERG) 

responses in humans have shown more significant changes in amplitude in paracentral retinal 

regions (up to 12°) than central regions under defocused conditions (Chin et al., 2015). 

Overall, it seems that a delicate ratio between peripheral and central retinal stimulation may 

be needed in order to derive proper emmetropization signals. 
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Molecular research suggests that amacrine cells and also a number of biochemical 

messengers (e.g., dopamine, glucagon, retinoic acid) play a role in regulating eye growth 

(e.g., Zhong et al., 2004; Wallman and Winawer, 2004), but we do not know conclusively 

what that role is. It is unclear whether these cells are acting to decode the sign and magnitude 

of defocus and, if they are, we do not know what mechanisms they employ to do so. 

Nevertheless, several possible mechanisms have been proposed, some of which involve 

longitudinal chromatic aberrations, monochromatic aberrations, micro-fluctuations of 

accommodation, or even just trial and error (e.g., Wallman and Winawer, 2004). Some 

researchers have looked more specifically at the qualities of visual stimuli in our natural 

environment (rather than elements of our ocular physiology), arguing that, in order to 

understand visual information processing, we must better understand the visual information 

available around us (e.g., Field and Brady, 1997). The visual stimuli projected onto the retina 

are typically rich in pattern information, comprising a wide range of spatial frequencies at 

different levels of contrast and at different orientations. It is not yet clear what aspects of an 

image are important for emmetropization, but some studies suggest that the retina has a 

decoding system for optical defocus that is tuned to specific spatial frequencies. Specifically, 

emmetropization appears to be tuned to low and middle spatial frequencies (Bartmann and 

Schaeffel, 1994; Chin et al., 2015; Schmid and Wildsoet, 1997; Strang et al., 2011). The 

retina may be able to infer that an image is blurred if the ratio of low to high spatial 

frequencies is greater than with typical in-focus scenes (Field and Brady, 1997). This 

decoding system is also likely influenced by motion, and other target attributes such as 

contrast, luminance, texture, and size (e.g., Christman, 1990; Paakkonen and Morgan, 1994; 
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Wang and Ciuffreda, 2004). Altogether, it seems that the retina may employ several different 

cues from its visual environment to interpret defocus and then determine the direction of eye 

growth.  

On the whole, blur perception can be quantified as two major elements: blur detection 

and blur discrimination. In our context, blur detection refers to the amount of defocus 

necessary for one to first perceive or notice the presence of blur. Blur discrimination refers 

instead to the amount of defocus necessary for one to perceive an already blurry target as just 

noticeably blurrier. Overall, the perception of blur is a complex process that involves what 

many call “internal” or “intrinsic” blur. Intrinsic blur, as it is referred to in this thesis, is 

specific to each individual and is derived from the eye’s optical quality (e.g., aberrations, 

astigmatism), as well as both retinal and higher-level neurophysiology (e.g., visual attention, 

sharpness overconstancy, and blur adaptation) (Mather and Smith, 2002). The process of blur 

perception also involves “external” blur which is inherent in the visual stimulus itself.  

Blur perception within central vision has been studied extensively, both with induced 

defocus blur in free space (e.g., creating blur levels with ophthalmic lenses - discussed more 

later) (e.g., Campbell, 1957; Cufflin, Mankowska and Mallen, 2007; Jacobs, Smith and Chan, 

1989; Poulere et al., 2013; Radhakrishnan et al., 2004; Rosenfield and Abraham-Cohen, 

1999; Wang and Ciuffreda, 2005b; Walsh and Charman, 1988) and with simulated blur on an 

image display (i.e. creating blur levels by blurring edges with mathematical convolutions) 

(for a review, see Watson and Ahumada, 2011). A handful of studies, of the former sort, have 

compared blur perception across refractive groups. A majority of these studies have found 

that myopes are less sensitive to the presence of blur than non-myopes (e.g., Cufflin, 
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Mankowska and Mallen, 2007; Poulere et al., 2013; Radhakrishnan et al., 2004; Rosenfield 

and Abraham-Cohen, 1999). Some researchers theorize that this reduced blur sensitivity at 

the fovea could at least partially explain why myopes have demonstrated larger lags of 

accommodation (e.g., Radhakrishnan et al., 2004; Rosenfield and Abraham-Cohen, 1999). 

Some theorize that this decreased sensitivity may cause misinterpretation of visual signals 

and the failure of emmetropization (e.g., Ciuffreda, Wang and Vasudevan, 2007; 

Radhakrishnan et al., 2004; Rosenfield and Abraham-Cohen, 1999). That said, other studies 

report that myopes actually do not show decreased blur sensitivity in comparison to non-

myopes, only that myopes show more substantial inter-subject differences (e.g., Schmid et 

al., 2002).  

Relative to the large breadth of research on central blur perception, there is a paucity of 

information about how we perceive blur throughout the peripheral field of vision (Ciuffreda, 

Wang and Wong, 2005; Ronchi and Molesini, 1975; Rosen, Lundstrom and Unsho, 2011; 

Wang and Ciuffreda, 2004, 2005a; Wang, Ciuffreda and Irish, 2006). This is surprising 

considering peripheral blur impacts visual function and appears to strongly impact the 

development of refractive error, as we discussed previously. These limited studies on 

peripheral blur perception suggest that sensitivity to blur progressively decreases with retinal 

eccentricity, which is likely due to a combination of factors, one of which is decreased cone 

photoreceptor and ganglion cell densities in the peripheral retina (e.g., Anderson, McDowell 

and Ennis, 2001; Wang and Ciuffreda, 2004).  

Of the studies specifically reporting blur detection and discrimination thresholds (both in 

the central and peripheral retina), most show evidence that discrimination is more sensitive 



 13 

than detection (e.g., Wang and Ciuffreda, 2005a, 2005b; Watson and Ahumada, 2011). In 

other words, subjects are better at noticing a difference in blur than the initial presence of 

blur (unless that initial blur exceeds a certain threshold, i.e. the blur level intrinsic to the 

observer’s visual system). The optics of the human visual system are imperfect by nature – 

due to irregularities in the refractive elements of the eye (cornea, lens, vitreous, etc.), and due 

to inevitable diffraction through a small pupil. Even with optical correction, a certain degree 

of imperfections persist. Yet, we are able to perceive a retinal image with apparent sharpness 

and do not experience sensory hallucinations in our everyday vision. This suggests that the 

human visual system discounts its own imperfections (its “intrinsic” blur level) and we 

become conscious of blur only when it exceeds a certain threshold (for example, when we 

need glasses) (Morgan et al., 2008). 

It is important to note that most of the blur perception studies that compare across 

refractive groups and into the retinal periphery do not measure sensitivity to blur directly. 

Rather, they infer blur sensitivity by tracking changes in their subjects’ visual acuity (e.g., 

Poulere et al., 2013; Radhakrishnan et al., 2004) or by evaluating their subjects’ depth-of-

focus (for a good review, see Wang and Ciuffreda, 2006). Depth-of-focus (DOF) is often 

defined as the maximum level of defocus that can be applied to an optimally focused image 

without subjective detection. It can be measured either with ophthalmic lenses or by 

manually displacing the test target. A larger decrease in visual acuity or a smaller depth-of-

focus implies greater blur sensitivity. It is also important to note that most of these studies 

have evaluated perception of blur only monocularly. 
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To understand how blur is employed by the visual system and how blur may contribute to 

the success or failure of emmetropization, it is necessary to further study the perception of 

blur throughout the central and peripheral retina. It is also necessary to study blur perception 

both monocularly and binocularly. Multiple animal studies have found that lens 

compensation and form deprivation myopia still occur if the optic nerve is severed or if the 

action potentials of the optic nerve are blocked (Norton, Essinger and McBrien, 1994; Troilo 

et al., 1987; Wildsoet and Pettigrew, 1988). These findings suggest that some of the signals 

modulating eye growth are specific to the retina, independent of the central nervous system. 

However, proof of interocular transfer of defocus information has been shown in guinea pig 

(McFadden et al., 2014) and human (Kompaniez et al., 2013) models of refractive error 

development. There is also an interocular transfer of accommodative responses (Flitcroft, 

Judge and Morley, 1992), creating a similarity in retinal image focus between the two eyes. 

Binocularity (the neuronal integration of information from two eyes) has been shown to 

improve visual performance through probability summation under blur conditions (Banton 

and Levi, 1991; Heravian, Jenkins and Douthwaite, 1990; Plainis et al., 2011). Binocularity 

improves retinal sensitivity to defocus blur and, simultaneously, defocus blur is a useful cue 

to increase the accuracy of binocularity (both binocular correspondence and binocular 

rivalry) (Arnold, Grove and Wallis, 2007; Hoffman and Banks, 2010). So, although 

emmetropization signals are found locally at the retinal level, binocular vision may play a 

significant role in retinal image focus and therefore in emmetropization. 

The conclusion of a thorough literature review is that it is currently unknown whether 

subjects with refractive error have decreased ability to detect and/or discriminate blur under 
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normal viewing (binocular) conditions, and whether an abnormal perception of blur is a 

causative factor for refractive error development. The aim of the current study was to 

evaluate blur perception across the near peripheral field of vision, both monocularly and 

binocularly, in myopic, emmetropic and hyperopic subjects. To do so, we used naturalistic 

stimuli (Bordenave, Gousseau and Roueff, 2006; Lee, Mumford and Huang, 2001; Pitkow, 

2010; Wallis and Bex, 2012) blurred with Gaussian blur at specific peripheral eccentricities 

(center up to 12°), and measured blur detection and discrimination thresholds using an 

adaptive 4AFC paradigm (Vul et al., 2010). Our hypothesis was that subjects with myopia 

would show an impaired ability to detect but not discriminate blur in the near peripheral 

retina. 

 

2.2 Methods 

2.2.1 Subjects 

A total of 47 subjects were recruited for this study (19 myopes, 20 emmetropes, and 8 

hyperopes), with the goal of obtaining useful data from 15 participants in each refractive 

group. These subjects were recruited primarily from students, staff, and faculty at the New 

England College of Optometry. Attempts were made to include approximately equal numbers 

of males and females and as diverse a population as was possible within the available subject 

pool. This study followed the tenets of the Declaration of Helsinki. Informed consent was 

obtained from all subjects after explanation of the nature and possible consequences of the 

study, and was approved by the New England College of Optometry’s Institutional Review 

Board. 



 16 

Criteria for inclusion and exclusion were: (1) within 18-32 years of age, (2) refractive 

error (spherical equivalent (SE) in each eye) between -12.00 DS and +6.00 DS, with no more 

than 1.25 D of cylinder in either eye and no more than 1.25 DS anisometropia, (3) best 

corrected visual acuity 20/20 or better in each eye, (4) no history of refractive surgery, (5) no 

history of surgery or eye disease that may have resulted in visual consequences, (6) no 

current binocular or accommodative dysfunction, (7) no nystagmus, (8) not using drugs that 

may affect vision, and (9) adequate hearing, language skills and mental ability to understand 

the consent process and the instructions given during the experiment.  

Subjects were classified as either: (1) Myopes, defined as having a spherical equivalent in 

each eye between -0.50 to -12.00 D; (2) Emmetropes, SE between -0.25 to +0.50 D; or (3) 

Hyperopes, SE between +0.75 to +6.00 D. Refractive error was determined by dry binocular 

subjective refraction following objective autorefraction. 

 

2.2.2 Study Procedure 

i) The Investigator explained the purposes of the study and the potential subject read the 

Informed Consent Form (ICF). The Investigator then answered any questions and ensured 

that the procedures were well understood. Once the ICF was signed, a de-identifier form was 

used to assign a study number to the subject. This study number, with no identifiable 

information, was used from that point onward. 

 

ii) A vision screening was performed to determine the subject’s eligibility and refractive 

error group inclusion. The vision screening consisted of the following tests: 
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a) Screening questionnaire that included ocular health and refraction history. 

b) Habitual distance and near visual acuity using a Snellen chart. 

c) Estimated cover test at distance and near. 

d) Eye dominance test using the hole-in-the-card test. (Rice et al., 2008)  

e) Autorefraction with the GrandSeiko WR-5100K open-field autorefractor. 

(http://www.grandseiko.com/en/wr-5100k-binocular-accmmodation-autoref-

keratometer) 

f) Binocular distance subjective refraction. 

g) Slit lamp evaluation to ensure clear optical media. 

h) Axial length and anterior chamber depth measured using the Lenstar LS900 

optical biometer. (https://www.haag-streit.com/haag-streit-usa/products/haag-

streit-diagnostics/lenstar-biometry/) 

 

iii) Once eligibility was determined, the experimental procedure took place. The subject 

was positioned in a chinrest/headrest assembly at 40 cm from a computer monitor upon 

which the experimental stimuli were presented. Testing took place in a dimly lit room so as 

to reduce environmental distractions. (See Figure 1. Please note that all pictures of subjects 

included in this thesis have been obtained and published with their permission.) The monitor 

subtended 73 x 46° visual angle. 

 

https://www.haag-streit.com/haag-streit-usa/products/haag-streit-diagnostics/lenstar-biometry/)
https://www.haag-streit.com/haag-streit-usa/products/haag-streit-diagnostics/lenstar-biometry/)
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Figure 1. Subjects positioned to complete the experimental procedure. 
 
 

The stimuli used were modified natural images, called “dead leaves” (Bordenave, 

Gousseau and Roueff, 2006; Lee, Mumford and Huang, 2001; Pitkow, 2010; Wallis and Bex, 

2012) created with the Psychophysics Toolbox Version 3 (Brainard, 1997; Pelli, 1997) in 

Matlab. The dead leaves model is based on the concept that natural images can be reduced to 

a collage of randomly oriented, flat objects (or “leaves”) that overlap one another. The 

attributes of these objects (i.e. position, size, brightness) are assigned based on pre-

determined mathematical distributions so that the space-averaged luminance and contrast of 

dead leaves patches will match that of the natural images from which they are derived. Our 

stimuli were constructed from a set of 2,000 ellipses, each assigned a pseudo-random center 

position, orientation, aspect ratio, and luminance. Each stimulus image subtended 46 x 46° 

visual angle and was divided into four sections: top, left, right and bottom (Figure 2). All 

sections were blurred up to the same, specific peripheral visual field area, but one section 

was made blurrier than the others.  
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To clarify, a central circular portion of the stimulus was sharply rendered, with no blur, 

up to 0°, 4°, 8°, or 12° of eccentricity. Blur was presented in an annulus with its inner edge 

abutting the central portion at the specified retinal eccentricity (Figure 2). Blur then extended 

into the periphery until it reached the outer edge of the image/computer screen. Blur was 

applied to each quadrant by Gaussian filtering in the frequency domain. Three quadrants 

were blurred by the same amount of “pedestal” blur, while the fourth was blurred by a 

greater amount of “pedestal + increment” blur. Two green concentric circles, at 0.3° and 3° 

eccentricity respectively, served as the central fixation target. Examples of stimuli can be 

seen in Figure 2. Overall, five pedestal blur levels (0.125, 0.5, 2, 8, and 32 arc min) and four 

eccentricities (0°, 4°, 8°, and 12° from fixation) were tested in random order.  

The subject was asked to fixate on the central target and decide which section of the 

presented image was the blurriest. Each image was presented for 250 milliseconds to prevent 

the subject from using eye movements to thoroughly inspect the stimulus before answering. 

She/he answered using a keyboard, and a dipper shaped threshold function was derived from 

the 4AFC psychophysical task, using the Functional Adaptive Sequential Testing (FAST) 

method (Vul et al., 2010). This is described further in Section 2.2.3.  
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Figure 2. Examples of “dead leaves” stimuli used in the study, for each eccentricity condition: 0° (a), 
4° (b), 8° (c), and 12° (d). In each of these examples, the top, right, and bottom quadrants are blurred 
with 0.5 arcmin of “pedestal” blur, while the left quadrant is blurred with 6.5 arcmin of “pedestal (0.5 
arcmin) + increment (6 arcmin)” blur. For the 0° condition (a), blur is present throughout the entire 
image, from the center to the periphery. For the other conditions (b-d), the leaves within the central 
4°, 8°, or 12°, respectively, are sharply rendered. Blur extends beyond the specified retinal 
eccentricity, to the outer edge of the image. 
 
 

The subject was asked to complete two experimental sessions - once monocularly (with 

their non-dominant eye occluded) and once binocularly. The session order was randomized 

across participants. In each session, subjects completed 15 trials at each of the five pedestal 

blur levels for each of the four eccentricities, or 300 trials in total. The two sessions together 

lasted about 40 minutes. The subjects were given regular breaks to avoid fatigue. 
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2.2.3 Study Design 

Previous work has confirmed decidedly that the ability of human subjects to discriminate 

between different amounts of blur varies lawfully as a function of reference (or “pedestal”) 

blur, and that this function is dipper shaped much like that for contrast discrimination. (For a 

review of these studies, see Watson and Ahumada, 2011.) Blur discrimination performance 

first improves for small amounts of reference blur, and then, past the lowest threshold, 

worsens in proportion to reference blur (Mather and Smith, 2002). In other words, as small 

amounts of blur are added to two images, the just-noticeable difference (JND) in blur first 

decreases, and then increases (Morgan et al., 2008).  

As such, blur perception is usually studied by measuring blur discrimination thresholds at 

several different levels of pedestal blur, and then fitting the threshold data with a dipper 

shaped function. In this study, we used the functional adaptive sequential testing (FAST) 

algorithm (Vul et al., 2010) to estimate dipper functions instead of measuring individual 

thresholds. Given the number of conditions we aimed to test in this study (five reference blur 

levels, four eccentricities, two viewing sessions - monocular and binocular), measuring 

individual thresholds as usual would have necessitated several thousand trials and multiple 

hours of testing per subject. The FAST algorithm allowed us to limit our testing time to one 

hour per subject. To our knowledge, the FAST algorithm has not been used to measure blur 

discrimination dipper functions prior to this study. For this reason, we ran a control 

experiment to verify that the procedure would produce meaningful results. We found that our 

estimates using the FAST method were unbiased and compared closely to estimates using 
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classical psychophysical methods with five interleaved staircases in the same subjects. (See 

Appendix II for details.)  

We adopted a parameterization of the blur dipper function (Mather and Smith, 2002; 

Murray and Bex, 2010) with the following equation: 

𝛥𝛥𝛥𝛥 =  �(1 + 1
𝑆𝑆� )(𝜎𝜎𝑖𝑖2 + 𝜎𝜎𝑒𝑒2) − 𝜎𝜎𝑒𝑒 

where blur increment threshold 𝛥𝛥𝛥𝛥 varies as a function of the external (“pedestal”) blur 𝜎𝜎𝑒𝑒 

applied to the stimulus, and is modulated by two parameters: blur sensitivity 𝑆𝑆 and intrinsic 

blur 𝜎𝜎𝑖𝑖. 

Both intrinsic and external blur contribute to the total blur in a retinal image (Mather and 

Smith, 2002). The model’s intrinsic blur parameter takes into account that the human visual 

system has a baseline level of blur derived from optical and neurological sources. External 

blur, again, refers to the blur applied to the stimulus image (i.e. that which is added via 

Gaussian filtering). The dipper shape arises because, at near-zero reference blur levels, more 

external blur must be added to overcome the contribution of intrinsic blur. Then, as reference 

blur increases beyond the value of intrinsic blur, the contribution of intrinsic blur diminishes, 

and blur discrimination worsens in accordance with Weber’s law. The blur sensitivity 

parameter takes into account the proportional increase of the blur threshold with increasing 

external blur. An observer who is better at discriminating blur is said to have a higher 

sensitivity to blur and, on examination, will have globally lower thresholds.  

Figure 3 illustrates how the shape of the dipper function responds to changes in the 

intrinsic blur and blur sensitivity parameters. Increasing the intrinsic blur parameter whilst 

holding the blur sensitivity parameter constant (Figure 3a) shifts the left side of the dipper 
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function upward but does not affect the right side of the function. Increasing the blur 

sensitivity parameter whilst holding the intrinsic blur parameter constant (Figure 3b) shifts 

the entire curve down and to the right. 

 

 

Figure 3. Representation of the effect of modifying the different parameters of the blur dipper model. 
(a) Effect of holding the blur sensitivity parameter fixed at a value of 1 and increasing the intrinsic 
blur parameter from 1 to 4 arcmin. (b) Effect of holding the intrinsic blur parameter fixed at 2 arcmin 
and increasing the blur sensitivity parameter from 0.5 to 2. 
 
 

Figure 4 shows an example of a dipper function estimated for one representative observer 

in one experimental condition. For each dipper function estimate, we required the FAST 

algorithm to select and test 15 trials (or 15 “increment” blur levels) at each of the five 

pedestal blur levels (0.125, 0.5, 2, 8, and 32 arcmin). The FAST algorithm works to select the 

test blur levels that maximize information gain, efficiently constraining the parameter 

estimates of the underlying dipper function. 
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Figure 4. Example of a dipper function estimated for one representative subject in the binocular, 0° 
eccentricity condition. Asterisks represent individual trials: Green and red are correct and incorrect 
responses, respectively. The dipper function estimate is shown by the black curve, which describes 
how the subject’s threshold blur increment varies as a function of reference (or “pedestal”) blur. The 
dotted lines show the 95% bounds of the estimated curves. Note that 25% of the trials below 
threshold are guessed correctly in this 4AFC task.  
 
 

2.2.4 Data Analysis 

For each subject, we derived blur discrimination dipper functions for 0°, 4°, 8°, and 12° 

retinal eccentricity, both monocular and binocular. On some conditions and for certain 

subjects, the FAST algorithm failed to converge. Thus, we preformed outlier removal by 

employing the following procedure: For each estimated parameter, we computed the size of 

the 95% confidence region of the estimate. For intrinsic blur (𝜎𝜎𝑖𝑖) and blur sensitivity (𝑆𝑆) 

parameters separately, we then computed the upper 90th percentile of the size of the 

confidence regions. Finally, we excluded data from those dipper curves in which at least one 

of the parameter estimates confidence region was greater than this 90th percentile. This 
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procedure thus excluded parameters estimated with high uncertainty. 13% of dipper curves 

were excluded overall. 

Estimated intrinsic blur (𝜎𝜎𝑖𝑖) and blur sensitivity (𝑆𝑆) parameters (derived from the dipper 

functions) were analyzed with a 2 (refractive group, between subjects factor) x 2 (viewing 

condition (monocular/binocular), within subjects factor) x 4 (eccentricity, within subjects 

factor) mixed-design ANOVA. Blur sensitivity data did not respect the ANOVA assumption 

on the normality of the residuals, so blur sensitivity data was square-root transformed and 

ANOVA was rerun with the transformed data. We found that the results from the original 

and transformed data do not differ substantially, but decided to report the ANOVA results on 

the transformed data for statistical rigor. Post-hoc comparisons were conducted via 

Bonferroni corrected t tests. 

 

2.3 Results 

2.3.1 Main Findings 

Complete measurements were obtained for 19 subjects with myopia (Mean (SE): -5.88 ± 

3.35DS), 20 emmetropic subjects (Mean (SE): +0.15 ± 0.24DS), and 6 subjects with 

hyperopia (Mean (SE): +1.72 ± 0.92DS), for a total of 45 subjects (Table 1). Given the small 

number of subjects with hyperopia recruited, we ran our final data analysis using only the 

data from subjects with myopia and emmetropia. We published these findings in the Journal 

of Vision in 2017 (Maiello et al., 2017; Appendix II). See Section 2.3.3 for a preliminary 

analysis of data from subjects with hyperopia. 
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Subject Group 
(n) 

Rx (Mean SE) 
(Range) 

Age (Mean) 
(Range) 

Female (%) 

Myopes 
(19) 

-5.88 ± 3.35D 
(-1.50 to -10.94) 

25.05 yrs 
(23-30 yrs) 

15 (75.0%) 

Emmetropes 
(20) 

+0.15 ± 0.24D 
(-0.25 to +0.50) 

24.80 yrs 
(23-27 yrs) 

8 (42.1%) 

Hyperopes 
(6) 

+1.72 ± 0.92D 
(+0.81 to +3.25) 

26.00 yrs 
(21-32 yrs) 

5 (83.3%) 

 
Table 1. Demographic information of subjects enrolled in the study. 

 
 
Figure 5 shows group data dipper functions estimated under monocular and binocular 

viewing conditions, at each tested eccentricity. In both monocular and binocular viewing, 

blur thresholds increase (or blur sensitivity decreases) with eccentricity. Also, blur 

discrimination thresholds are generally lower (higher sensitivity) for the binocular testing 

condition. 

 

Figure 5. Blur dipper functions averaged across all subjects, under monocular (left) and binocular 
(right) conditions and at each eccentricity (0° blue, 4° red, 8° green, and 12° black). Shaded regions 
are 95% bootstrapped confidence intervals of the mean. 
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Figure 6 shows the intrinsic blur parameter (derived from the estimated dipper curves) as 

a function of retinal eccentricity in both monocular and binocular viewing conditions. 

Intrinsic blur is larger under monocular than binocular conditions, F(1, 42) = 12.75, p = 

0.00091, and increases with eccentricity, F(3, 108) = 32.73, p = 10-14. There was no 

significant effect of refractive group, F(1, 38) = 0.54, p = 0.47, and no significant two or 

three way interactions (all ps > 0.6).  

 

 

Figure 6. Intrinsic blur as a function of retinal 
eccentricity. Data are averaged across subjects for both 
monocular (diamonds) and binocular (squares) viewing 
conditions. Monocular and binocular data are shifted left 
and right, respectively, for graphical purposes. Color-
coding of eccentricity conditions is as described in 
Figure 5. Error bars are 95% bootstrapped confidence 
intervals of the mean. Gray data points are individual 
subject data.  

 

 

 

 

 

 

 

Figure 7a shows blur sensitivity as a function of retinal eccentricity, averaged across all 

subjects and both viewing conditions. Blur sensitivity decreases with eccentricity, F(3, 109) 

= 11.6, p = 10-6. Figure 7b shows binocular sensitivity advantage as a function of 
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eccentricity. In comparing monocular and binocular viewing, we found that there was a 

significant main effect of viewing condition, F(1, 43) = 5.88, p = 0.020, and a significant 

two-way interaction between viewing condition and eccentricity, F(3, 75) = 4.91, p = 0.0036. 

Post-hoc testing revealed that blur sensitivity is higher under binocular viewing conditions at 

0° eccentricity (p = 0.012) but that there was no significant difference in blur sensitivity 

between binocular and monocular viewing conditions at 4°, 8°, or 12° eccentricity (all ps > 

0.25). Figure 7b summarizes these results, where we plot the difference between blur 

sensitivity measured binocularly and monocularly at each tested eccentricity. If binocular 

viewing boosts blur sensitivity, the blur sensitivity advantage should appear positive. On 

average, binocular sensitivity advantage was positive, but it was significantly so only with 

central vision. Figure 7c plots averaged monocular and binocular blur sensitivity in 

emmetropes and myopes. There was no significant main effect of refractive group on blur 

sensitivity, F(1, 38) = 3.49, p = 0.069, but there was a marginally significant two-way 

interaction between viewing condition and refractive group, F(1, 39) = 4.11, p = 0.049. 

Bonferroni corrected t tests revealed that myopes had significantly worse blur sensitivity than 

emmetropes monocularly (p = 0.037) but not binocularly (p = 0.66). Lastly, there was no 

significant two-way interaction between eccentricity and refractive group, F(3, 109) = 0.28, p 

= 0.84, and no significant three-way interaction, F(3, 75) = 1.09, p = 0.36.   
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Figure 7. Blur sensitivity. (a) Blur sensitivity as a function of eccentricity, averaged across subjects 
and viewing conditions. (b) Blur sensitivity advantage for binocular viewing compared with 
monocular viewing, as a function of eccentricity, averaged across all subjects. Color-coding of 
eccentricity conditions in (a) and (b) is as described in Figure 5. (c) Monocular and binocular blur 
sensitivity in emmetropes (upward pointing triangles) and myopes (downward pointing triangles). 
Data are averaged across eccentricities and across subjects in each refractive group. Error bars are 
95% bootstrapped confidence intervals of the mean. Gray data points are individual subject data. *p < 
0.05. 
 
 

2.3.2 Difference between “Best” and Habitual Eyeglass Prescription 

As stated previously, subjects were classified into refractive groups based on dry 

binocular subjective refraction on the day of testing. These values are what we term the 

subject’s “best” refraction or prescription. If the subject habitually wore correction during 

near tasks, they were asked to bring and wear that correction during the experimental 

procedure. If subjects habitually wore no correction, they completed the experiment without 

correction. We noted that in some cases the “best” prescription did not match what subjects 

used on the day of the experiment. Because several previous studies have shown that blur 
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sensitivity increases after a period of blur adaptation, and that myopes demonstrate higher 

experience-based blur compensation (e.g., Cufflin, Mankowska and Mallen, 2007; George 

and Rosenfield, 2004; Ghosh et al., 2017; Poulere et al., 2013; Radhakrishnan et al., 2004; 

Wang, Ciuffreda and Vasudevan, 2006), we thought that it would be interesting to see 

whether there was an effect of best versus habitual prescription on blur perception in this 

experiment. In other words, we thought that the subjects who were not habitually corrected 

with their best prescription may have been adapted to blur and may have therefore shown 

different blur sensitivity responses. In plotting these comparisons, no correlations were found 

(R2 values ranged from 0.0064 to 0.273), suggesting blur adaptation did not play a role in this 

blur perception task. 

 

2.3.3 Preliminary Data from Subjects with Hyperopia 

Because of the small number of subjects with hyperopia we were able to recruit, we did 

not feel it appropriate to run statistics on their data and attempt to draw conclusions. Rather, 

we plotted their data and evaluated it for possible trends. Figures 8 and 9 compare the mean 

parameter estimates described in the previous section (pooled across both myopes and 

emmetropes) to the mean parameter estimates calculated for our hyperopes. Figure 8 shows 

intrinsic blur as a function of retinal eccentricity (averaged across monocular and binocular 

viewing conditions) and the reduction in intrinsic blur with binocular viewing. Similarly, 

Figure 9 shows blur sensitivity as a function of retinal eccentricity, and the improvement in 

blur sensitivity (or “advantage”) with binocular viewing. Overall, hyperopes mimic the 

patterns reported in the previous section and in our Journal of Vision article (Maiello et al., 
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2017). Hyperopes, like emmetropes and myopes, show: (1) increasing intrinsic blur with 

eccentricity, (2) a binocular reduction in intrinsic blur, (3) decreasing blur sensitivity with 

eccentricity, and (4) a binocular improvement in blur sensitivity. 

 

 
 
Figure 8. Intrinsic blur as a function of retinal eccentricity (left) and the reduction in intrinsic blur 
under binocular conditions (right). Black diamonds are the mean parameter estimates from the 
previous section and reported in JoV (averaged across all myopes and emmetropes). Error bars are 
95% bootstrapped confidence intervals of the mean. Large blue circles are the mean parameter 
estimates of our hyperopes. Small blue circles are individual hyperope subject data.  
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Figure 9. Blur sensitivity as a function of retinal eccentricity (left) and the improvement in blur 
sensitivity under binocular conditions (right). Black diamonds are the mean parameter estimates from 
the previous section and reported in JoV (averaged across all myopes and emmetropes). Error bars are 
95% bootstrapped confidence intervals of the mean. Large blue circles are the mean parameter 
estimates of our hyperopes. Small blue circles are individual hyperope subject data.  
 
 

On average, these pilot data show that hyperopes may have, with respect to the Journal of 

Vision subject pool of emmetropes and myopes: (1) less intrinsic blur, (2) a greater binocular 

reduction in intrinsic blur, (3) greater blur sensitivity, and (4) a greater binocular 

improvement in blur sensitivity. There is not enough statistical power with so few hyperopes 

to draw solid conclusions, but these trends may be worth further investigation in future 

studies. 
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2.4 Discussion 

In this study, we assessed monocular and binocular blur perception in various distinct 

near peripheral retinal areas of subjects with myopia and emmetropia. Our hypothesis was 

that myopes would show an impaired ability to detect blur in the near peripheral retina. (An 

impaired ability to detect blur in the retinal periphery could possibly contribute to a 

misinterpretation of emmetropization signals and the failure of the emmetropization 

mechanism.) Previous studies have found that, in comparison to central vision, subjects are 

less sensitive to blur (i.e. show a higher tolerance to blur) in the far (out to 60° from the 

fovea) (e.g., Ronchi and Molesini, 1975) and near (≤8° from the fovea) (e.g., Ciuffreda, 

Wang and Wong, 2005; Wang and Ciuffreda, 2004, 2005a; Wang, Ciuffreda and Irish, 2006) 

peripheral visual field. Previous studies have also found that blur perception follows a 

characteristic dipper shaped curve (for a review, see Watson and Ahumada, 2011), with blur 

discrimination thresholds being lower than detection thresholds for small blur pedestals, and 

then rising in proportion to reference blur past the dipper minimum.  

We have replicated both of these findings, showing that responses to blur worsen in the 

visual periphery and that performance can be described by a dipper shaped function. We 

have extended these findings to show that the increase in blur discrimination thresholds with 

increasing eccentricity can be attributed to two sources: (1) observers’ increased intrinsic blur 

and (2) decreased blur sensitivity in the periphery. 

We fit a variance discrimination model to our data, where intrinsic blur represents the 

internal noise or variance in luminance gradient (across an edge) that is due to our sensory 

system (Morgan et al., 2008). Intrinsic blur, then, results from the combined effects of 
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aberrations from the eye’s optics and noise from the eye’s neural machinery. We found that 

intrinsic blur increased with eccentricity and, specifically, that intrinsic blur increased by 

56% beyond 12° in the visual periphery. We think this increase in intrinsic blur is due to a 

combination of a couple of different factors. First, there is an increased amount of optical 

aberrations in the retinal periphery (astigmatism, coma, and higher order aberrations) (e.g., 

Westheimer, 2006), but, on this point, it is important to note that other studies have found no 

improvement in peripheral visual resolution after removing these aberrations via adaptive 

optics (e.g., Lundstrom et al., 2007). Second, and probably most importantly, the retinal 

periphery experiences a decrease in cone and ganglion cell sampling density, which results in 

a decrease in resolution acuity (e.g., Dabir et al., 2015; Wolsley et al., 2008). 

In addition to the increase in intrinsic blur into the retinal periphery, we found that blur 

sensitivity decreased into the periphery. Specifically, blur sensitivity decreased by 34% 

beyond 12°. We believe that the same factors contributing to increased intrinsic blur may 

also be contributing to decreased blur sensitivity, especially the decrease in neural sampling 

density in the peripheral retina. Additionally, two cortically-based mechanisms—a decrease 

in visual attention and an increase in sharpness overconstancy—may play a role in 

decreasing blur sensitivity into the retinal periphery (Ciuffreda, Wang and Wong, 2005; 

Wang and Ciuffreda, 2004). 

Evidence for differences in the perception of blur across refractive groups is conflicting. 

Classically, blur perception experiments involve inducing blur by applying ophthalmic lenses 

or manipulating target distance and then inferring sensitivity to blur from changes in visual 

acuity or depth-of-focus. The majority of studies completed this way have found that myopes 
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are less sensitive to blur than emmetropes (e.g., Cufflin, Mankowska and Mallen, 2007; 

Poulere et al., 2013; Radhakrishnan et al., 2004; Rosenfield and Abraham-Cohen, 1999). 

Schmid et al. (2002), is an example of a study with different methodology. This research 

group induced blur in images (text and scenes) using image processing, and measured 

sensitivity to blur using a 2AFC task. Also, their subject population consisted of children 

between 8 and 12 years old. Interestingly, they found no statistically significant differences 

in blur sensitivity between myopic and emmetropic subjects.  

Like Schmid et al. (2002), we employed a computer-based experimental procedure and 

found that there was no statistically significant overall effect of refractive group on either 

intrinsic blur or blur sensitivity. We found that there was no significant overall effect of 

refractive group on blur detection or blur discrimination thresholds. Perhaps the difference in 

methodology is important. Our assumption has been that the retinal and higher order 

mechanisms involved in analyzing blur remain the same (or similar) regardless of how that 

blur is produced, but perhaps blur induced by mathematical functions on a computer screen 

(e.g., Gaussian blur) is not as connected to myopia development as blur induced by lenses or 

distance (i.e. defocus blur). That said, Jacobs, Smith and Chan (1989) found no difference in 

what they called “source” and “observer” methods – the former involved viewing defocused 

stimuli presented on a projection screen, while the latter involved inducing defocus with 

lenses placed in the spectacle plane. The differences in results across studies could be 

attributed to a number of other factors instead, such as subject age, variations in 

accommodation (i.e. cycloplegia) and/or vergence responses, variations in target spatial 

frequency content and/or size, etc.  
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Several studies support the theory that visual signals in the retinal periphery have a 

significant influence on refractive error development (e.g., Smith III et al., 2005, 2007; Smith 

III, Hung and Huang, 2009; Knight-Nanan and O’Keefe, 1996; Nathan et al., 1985; Sieving 

and Fishman, 1978; Chin et al., 2015).  Some studies have found, in particular, a strong 

association between relative peripheral hyperopia and the development of myopia 

(Hoogerheide, Rempt and Hoogenboom, 1971; Mutti et al., 2007). We do not know 

conclusively whether peripheral hyperopia is a risk factor for or a consequence of myopia 

development, but, if the former, the implication is that the peripheral retina can somehow 

detect the sign and magnitude of defocus and generate signals to control ocular growth. The 

hope is that at-risk individuals could be identified at an early age and started on a treatment 

option that helps to reduce hyperopic defocus in the retinal periphery. Some of the options 

currently being studied include spectacle lens designs that introduce peripheral myopic 

defocus (Sankaridurg et al., 2010), multifocal soft contact lenses (Anstice and Phillips, 2011; 

Lam et al., 2014), and orthokeratology (Cho and Cheung, 2012; Hiraoka et al., 2012).  It is 

important to point out that our study did not look specifically at sensitivity to positive versus 

negative defocus, so we cannot contribute very much to this area of discussion. We can only 

repeat that we did not find any differences in sensitivity to Gaussian blur in the near-

peripheral retina between refractive groups. 

Our study stands apart from existing literature because we compared blur sensitivity 

under monocular and binocular conditions. Previous studies have shown that binocularity 

improves visual performance through probability summation under blur conditions (Arnold, 

Grove and Wallis, 2007; Banton and Levi, 1991; Hoffman and Banks, 2010; Heravian, 
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Jenkins and Douthwaite, 1990; Plainis et al., 2011). Plainis et al. (2011) have shown that, 

with visual blur induced by positive lenses, binocularity improved visual acuity (a subjective 

finding) and also enhanced the P100 component of visual evoked potentials (an objective, 

electrophysiological finding). We have found that binocularity also improves visual blur 

perception. Our results show that combining information from the two eyes leads to a 

reduction in the system’s intrinsic blur, which is consistent with the notion that combining 

information from the two eyes reduces noise (Legge, 1984a, 1984b). Our results also show a 

small but statistically significant advantage in blur sensitivity at the fovea when viewing 

stimuli binocularly. This suggests that there may be additional binocular processing of blur in 

the center of the visual field. 

While we did not find an overall main effect of refractive group on blur sensitivity, we 

did find that myopes have, on average, worse blur sensitivity than emmetropes monocularly 

but not binocularly. This suggests that myopes may process blur less efficiently than 

emmetropes under monocular conditions. We could speculate that monocular deficits in blur 

processing could be linked to refractive error development, but functionally these deficits are 

masked by binocular summation. Perhaps a better speculation is that decreased binocular 

processing in childhood could be a culprit in refractive error development. In other words, if 

a child’s binocular vision is slow to fully develop, that child might suffer from decreased (i.e. 

a monocular level of) blur sensitivity during the emmetropization period and may be at 

greater risk for myopia development. 

Our understanding of the role of defocus in refractive error is largely derived from animal 

studies, in which optical defocus induced by ophthalmic lenses has been used extensively to 
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induce refractive error (e.g., Schaeffel and Feldkaemper, 2015; Wallman and Winawer, 

2004). It is important to realize that, for practical reasons, most of these animal studies were 

completed on non-primates and observations cannot be assumed totally transferable to 

humans. Observations in primate models are more likely to be transferable because primates 

have a fovea, accommodation and visual resolution similar to humans (Schaeffel and 

Feldkaemper, 2015). Unfortunately, the myopia studies using primate models are relatively 

limited and, like human studies, show conflicting results. In particular, primates show 

significant inter-subject variability in the response to defocus blur (for a review, see 

Schaeffel and Feldkaemper, 2015). It is also important to realize that most of these animal 

studies have been completed monocularly, which is an inadequate parallel with most 

naturally occurring myopia as most individuals are binocular. Considering the complexity of 

primate and human visual systems, and considering the results of the present study, we feel 

that binocularity should be examined more closely as a factor in refractive error development 

going forward. 

As mentioned previously, a potential limitation of the present study is that we assessed 

blur sensitivity using only Gaussian blur. Also, we were unable to recruit an adequate 

number of hyperopes to compare blur sensitivity responses across all three refractive groups 

with sufficient statistical power. Finally, we recognize that we did not control for variations 

in accommodation with cycloplegia or employ a fixed pupil size.  

Further investigations will be necessary to evaluate the effect of binocularity and the 

effect of different types of blur on blur sensitivity. Also, in regards to binocularity, blur 

sensitivity should be assessed both binocularly and monocularly in both eyes (not just the 
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dominant eye) to verify the degree to which binocular summation occurs in different 

refractive groups. Additionally, while mechanisms that lead to hyperopia may not be the 

same as those that lead to myopia, investigations involving subjects with hyperopia will be 

necessary if we hope to fully understand the relationship between blur sensitivity and 

refractive error development. Investigations with children would also shed light on the 

emmetropization process, and whether any differences in blur sensitivity exist prior to or 

result from myopia development. Finally, it could be interesting to study whether there is an 

effect of retinal quadrant (superior, inferior, nasal or temporal) on blur sensitivity responses, 

which was not possible in our study due to the limited sample size. 
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3. EYE MOVEMENTS STUDY 

3.1 Background & Hypothesis  

Previous studies have shown that myopes have lower visual acuity than emmetropes 

when acuity is converted from angular units in cyc/deg to retinal units in cyc/mm (this 

conversion compensates for larger images on the retina in longer eyes and is described in 

detail in Section 3.2.3) (Coletta and Watson, 2006; Strang, Winn and Bradley, 1998).  

Previous studies have also shown that myopes with corrected refractive error suffer a greater 

deficit in visual acuity in low luminance than emmetropes (e.g., Coletta, Frericks and Groves, 

ARVO 2007; Coletta et al., ARVO 2008). This result was repeated with laser interference 

fringes as the stimuli (Coletta et al., ARVO 2008), suggesting that the deficit is not entirely 

caused by the potentially decreased optical quality in myopic eyes.  

The question that remains is what other, non-optical factors could be causing visual 

acuity to be reduced to a greater extent under dim illumination in myopes than in 

emmetropes. One possible hypothesis for a contributing factor to this difference emerged 

during the measurements of acuity with letter charts in dim light, as myopes often 

complained that the letters of the chart were moving around or were difficult to fixate 

(Coletta and Moskowitz, 2003). We thought that it might be possible that subjects with 

myopia have more variable eye movements in dim light than other subjects. 
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Figure 10: Findings from Coletta, Frericks, and Groves (2007), i.e. myopes’ acuity deficit in low 
luminance. Visual acuity (in cyc/deg) measured under photopic (open symbols) and mesopic (filled 
symbols) light levels, plotted against spherical equivalent refraction (in Diopters). 
 
 

In foveate species (e.g., primates and humans), eye movements function to place and hold 

images of objects onto the fovea, the central area of the retina with the highest density of 

photoreceptors and the best resolution acuity. Before describing our experiment in detail, it 

seems appropriate to define these movements, of which there are several different types. 

Firstly, eye movements can be broadly classified into two categories: saccades or smooth 

pursuits (Krauzlis, Goffart and Hafed, 2016). Saccades are rapid, ballistic movements that 

can be elicited voluntarily or reflexively to abruptly change the point of fixation.  Smooth 

pursuits are much slower, continuous movements that are used to track moving visual targets. 

Saccadic eye movements, then, can be further classified as large saccades (with amplitudes 

>2 deg, peak velocities of up to >500 deg/s, and durations of 20-100 ms) or microsaccades 
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(with amplitudes smaller than the diameter of the foveal region, usually <2 deg, but 

otherwise, similar velocities and durations) (Ahissar et al., 2016).  

Eye movements during fixation on an immobile target are comprised of microsaccades, 

as well as tremor and drifts (e.g., Martinez-Conde, Macknik and Hubel, 2004; Otero-Millan 

et al., 2008). Microsaccades are saccades (fast, jerk-like movements) with very small 

amplitudes. They are usually about 25 ms in duration and, in that time, they can carry the 

image of the object of interest across several dozen to several hundred photoreceptors 

(Martinez-Conde, Macknik and Hubel, 2004). Interestingly, microsaccades are seldom 

recorded in afoveate species (e.g., rabbits, frogs, goldfish), so it seems that these movements 

are most important in species with foveal vision (e.g., primates and humans) (Martinez-

Conde and Macknik, 2008). Ocular tremor is sometimes referred to as “physiological 

nystagmus,” and consists of irregular, oscillatory movements with very low amplitudes 

(about the diameter of a cone photoreceptor in the fovea, or ~6 arc-seconds) and very high 

frequencies (~90 Hz) (Krauzlis, Goffart and Hafed, 2016; Martinez-Conde, Macknik and 

Hubel, 2004). In regards to eye movement recordings, tremor amplitudes and frequencies are 

typically in the range of the recording system’s noise (Martinez-Conde, Macknik and Hubel, 

2004). Tremor is therefore very difficult to measure and not often studied (Krauzlis, Goffart 

and Hafed, 2016). It remains unclear how tremor contributes to vision/fixation. Ocular drifts 

occur simultaneously with tremor. These drifts are slower, meandering movements, with 

larger amplitudes (many arc-minutes) and lower frequencies (<40 Hz) (Krauzlis, Goffart and 

Hafed, 2016). During drifts, the image of the object of interest can move across a dozen 

photoreceptors (Martinez-Conde, Macknik and Hubel, 2004). Interestingly, drifts occur only 
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in the nasal direction prior to the development of binocularity (i.e. prior to binocular input 

from the striate cortex). Drifts may have a compensatory role in maintaining fixation when 

microsaccades are absent or inaccurate (Martinez-Conde, Macknik and Hubel, 2004), and 

they may be important to judging the orientation of the visual stimulus (Krauzlis, Goffart and 

Hafed, 2016). Another possibility is that drifts (and tremor, for that matter) are just noise, 

resulting from random neuronal firing to the ocular muscles (Martinez-Conde, Macknik and 

Hubel, 2004). It may be that microsaccades are actually serving the compensatory role, 

correcting for drifts and bringing the object/region of interest back to the fovea (Martinez-

Conde and Macknik, 2008).  

In regards to fixation, researchers have shown that dynamic eye movements are not just a 

random anomaly of the oculomotor system. Instead, these dynamic eye movements act to 

prevent neural adaptation and, as such, have substantial effects on visual perception (e.g., 

Krauzlis, Goffart and Hafed, 2016; Martinez-Conde and Macknik, 2008; Martinez-Conde, 

Macknik and Hubel, 2004; Martinez-Conde et al., 2006). It was found that, after stabilizing a 

retinal image (for example, by flashing a stimulus and testing the retinal after-image), the 

perception of that image fades over several seconds and can even disappear completely (e.g., 

Krauzlis, Goffart and Hafed, 2016). Fixational eye movements serve to counteract this visual 

fading by continuously shifting the position of an image on the retina (e.g., Krauzlis, Goffart 

and Hafed, 2016). Microsaccades have been shown to serve this purpose during prolonged 

fixation and also during the fixation periods in visual exploration and search (e.g., Otero-

Millan et al., 2008; Snodderly, 2016).  
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Additionally, microsaccades may serve to optimize sampling of fine spatial detail, 

especially when retinal contrast is low due to optical blurring (e.g., Donner and Hemila, 

2007; Snodderly, 2016). In other words, the retinal slip (i.e. the shift of the image on the 

retina) that counteracts visual fading may also be acting to elicit photoreceptor responses and, 

resultantly, may be helping to encode visual details more efficiently at the ganglion cell level 

and beyond (e.g., Martinez-Conde, Macknik and Hubel, 2004; Snodderly, 2016). Several 

findings seem to support this theory—for example, Gilchrist, Brown and Findlay (1997) 

found that a patient with total ophthalmoplegia (i.e. unable to make any eye movements) was 

able to read normally by using comparable head movements or “head-saccades” (Otero-

Millan et al., 2008). This sampling mechanism could be similar to when objects are 

recognized via tactile information, i.e. when we run our fingers across an object with our 

eyes closed (Otero-Millan et al., 2008). 

While microsaccades are beneficial in their ability to counteract neural adaptation and 

possibly to enhance spatial acuity, microsaccades also temporarily interrupt visual processing 

in a process called “saccadic suppression” (e.g., Hafed, Chen and Tian, 2015; Ibbotson and 

Krekelberg, 2011; Krauzlis, Goffart and Hafed, 2016). Saccadic suppression has been found 

to reduce visual sensitivity during an eye movement, but also ~100 ms before the eye 

movement begins and ~100 ms after it has ended (Hafed, Chen and Tian, 2015; Ibbotson and 

Krekelberg, 2011). Our visual system works to link the representation of objects before and 

after a saccade. This mechanism is necessary so that we perceive a stable environment 

instead of “visual jitter” when we fixate an object (i.e. when our eyes are continuously 

moving) (e.g., Martinez-Conde, Macknik and Hubel, 2004). However, some researchers have 
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looked more closely at perisaccadic perception (i.e. visual perception just before and after a 

microsaccade), and they have shown that, among other things, orientation discrimination is 

impaired and high spatial frequency letters are more difficult to identify during these 

perisaccadic time periods (Ibbotson and Krekelberg, 2011). Furthermore, microsaccades are 

also associated with misinterpretations of object locations (e.g., Krauzlis, Goffart and Hafed, 

2016). Researchers have shown that there is a compression of the visual field during 

microsaccades such that, if a visual stimulus is flashed at the fovea just before a 

microsaccade, it is mistakenly localized more in the direction of the microsaccade (i.e. if the 

microsaccade is shifting the eye rightward, the stimulus appears to be towards the right of 

center) (e.g., Krauzlis, Goffart and Hafed, 2016; Ross, Morrone and Burr, 1997). If a visual 

stimulus is flashed in the retinal periphery just before a microsaccade, it is displaced foveally, 

opposite to the direction of the microsaccade (e.g., Krauzlis, Goffart and Hafed, 2016).  

We are interested in the role of microsaccades and scanning eye movements in visual 

tasks, specifically visual acuity tasks, and how eye movements may differ across refractive 

groups. Previous studies into eye movements (their mechanics, associated neuronal 

responses, etc.) have provided valuable insight into some of the ways the visual system 

acquires information about the visual environment, both normally and in the presence of 

ocular pathology. Given our interest in the relationship between eye movement variability 

and visual acuity, we found a couple of studies in subjects with amblyopia to be particularly 

interesting. Raveendran et al. (2014) used a video based infrared eye tracker to measure 

fixational eye movements in subjects with strabismic amblyopia. They calculated bivariate 

contour ellipse areas (or BCEA, explained further in Section 3.2.3) to show that these 
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subjects have larger variability in eye position in their amblyopic eye (i.e. the eye with 

reduced visual acuity) when compared to their non-amblyopic eye. Chung et al. (2015) used 

retinal imaging to measure and determine the characteristics of fixational eye movements in 

subjects with anisometropic and/or strabismic amblyopia. Specifically, they compared 

fixational eye movements among amblyopic eyes, non-amblyopic fellow eyes, and normal 

control eyes.  Similarly, they found that amblyopic eyes exhibit microsaccades with larger 

error magnitudes (i.e. microsaccades are less accurate in their landing positions), as well as 

microsaccades with increased amplitude and frequency. In regards to visual acuity, they 

found a significant correlation between fixational stability and visual acuity, but could not 

determine whether fixational stability is the limiting factor on acuity, or vice versa. 

In reviewing the existing literature, it seems that there are relatively few studies that have 

explicitly examined eye movements in subjects with myopia. Hartwig et al. (2013) compared 

large saccadic eye movements (their amplitudes, peak velocities, and durations) between 

groups of myopes and emmetropes, and found no statistically significant differences. 

Alhazmi, Seidel and Gray (2014) measured large saccades as well, but they found that 

subjects with low ocular rigidity (myopes) had decreased peak velocities and took longer 

both to reach peak velocity and to respond in comparison to subjects with high ocular rigidity 

(hyperopes). Regarding fixational eye movements, Ghasia and Shaikh (2015) measured 

microsaccades during a fixation task in myopes, both with and without refractive correction 

(in a randomly determined sequence). They found that myopes have larger, more variable 

patterns of fixation when left uncorrected, suggesting that optical blur may result in 

decreased fixational stability or, in other words, may reduce the precision of oculomotor 
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control. While it can be assumed that uncorrected refractive error is associated with 

decreased visual acuity, this study did not specifically compare acuity and eye movements, 

and they did not compare eye movements across refractive groups.  

The aim of this study is to measure the variability of eye movements during eye chart 

reading under photopic and mesopic lighting conditions, and to relate those eye movements 

to the subjects’ refractive error and visual acuity. Our recordings are comprised mostly of 

larger, voluntary scanning movements.  We are averaging all of these movements together to 

get an overall idea of eye movement variability.  Our expectation was that myopes would 

have greater variability in eye movements compared to emmetropes, and that this might 

relate to a greater loss of acuity in dim light. 

 

3.2 Methods 

3.2.1 Subjects 

A total of 48 subjects were recruited for this study (20 myopes, 20 emmetropes, and 8 

hyperopes). Based on a prior study of visual acuity and its dependence upon refractive error 

(Coletta and Moskowitz, 2003), we found that a minimum sample size of 37 subjects should 

have provided a power of 0.8 for alpha=0.05.  Thus, a subject group of 48 should provide 

sufficient power for statistical significance in regression analysis. 

These subjects were recruited primarily from students, staff, and faculty at the New 

England College of Optometry. Attempts were made to include approximately equal numbers 

of males and females and as diverse a population as was possible with the available subject 

pool. This study followed the tenets of the Declaration of Helsinki; informed consent was 
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obtained from all subjects after explanation of the nature and possible consequences of the 

study, and was approved by the New England College of Optometry’s Institutional Review 

Board. 

Criteria for inclusion were: (1) within 18-32 years of age, (2) refractive error between -

12.00 DS and +6.00 DS spherical equivalent (SE) in each eye, with no more than 1.25 D of 

cylinder or 1.25 DS anisometropia, (3) best corrected visual acuity 20/20 or better in each 

eye, (4) no history of refractive surgery, (5) no history of surgery or eye disease that may 

have resulted in visual consequences, (6) no current binocular or accommodative 

dysfunction, (7) no nystagmus, (8) not using drugs that may affect vision, (9) contact lens 

wearer if distance correction was necessary, and (10) adequate hearing, language skills and 

mental ability to understand the consent process and the instructions given during the 

experiment.  

Subjects were classified as either: (1) Myopes, defined as having a spherical equivalent in 

each eye between -0.50 to -12.00 D; (2) Emmetropes, SE between -0.25 to +0.50 D; or (3) 

Hyperopes, SE between +0.75 to +6.00 D. In some group analyses, myopes were further 

subdivided into high myopes (-6.00 D or more minus) and low/mid myopes (-0.50 D to -

5.75D). Refractive error was determined by dry binocular subjective refraction following 

objective autorefraction. 

 

3.2.2 Study Procedure 

i) The Investigator explained the purposes of the study and the potential subject read the 

Informed Consent Form (ICF). The Investigator then answered any questions and ensured 
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that the procedures were well understood. Once the ICF was signed, a de-identifier form was 

used to assign a study number to the subject. This study number, with no identifiable 

information, was used from that point onward. 

 

ii) A vision screening was performed to determine the subject’s eligibility and refractive 

error group inclusion. The vision screening consisted of the following tests: 

a) Screening questionnaire that included ocular health and refraction history. 

b) Habitual distance and near visual acuity using a Snellen chart. 

c) Estimated cover test at distance and near. 

d) Eye dominance testing using hole-in-the-card test. (Rice et al., 2008) 

e) Autorefraction with the GrandSeiko WR-5100K open-field autorefractor. 

(http://www.grandseiko.com/en/wr-5100k-binocular-accmmodation-autoref-

keratometer) 

f) Binocular distance subjective refraction. 

g) Slit lamp evaluation to ensure clear optical media. 

h) Central corneal power measured using the Humphrey Atlas Corneal Topography 

System Model 995. (https://www.zeiss.com/meditec/us/products/ophthalmology-

optometry/cornea-refractive/cornea-diagnostics/corneal-topography-system/atlas-

9000.html) 

i) Axial length and anterior chamber depth measured using the Lenstar LS900 

optical biometer. (https://www.haag-streit.com/haag-streit-usa/products/haag-

streit-diagnostics/lenstar-biometry/) 
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iii) Once eligibility was determined, the experimental procedure took place. The subject 

was positioned in a chinrest/headrest assembly four meters from a computer monitor upon 

which a computerized visual acuity chart was presented. This chinrest/headrest reduced the 

influence of head movements during the experiment. The non-dominant eye was fully 

occluded with a black cloth eye patch, and the subject was asked to wear contact lens 

correction on their dominant eye if distance correction was necessary. An EyeLink 1000 

Desktop eye tracker (SR Research, Ontario, Canada; http://www.sr-

research.com/EL_1000.html) was placed approximately 40 cm in front of the subject so as to 

record eye movements during visual acuity measurements. (See Figure 11.)  

 

Figure 11. A subject positioned to complete the experimental procedure. 
 
 

The EyeLink 1000 is a remote video-based eye tracker that records gaze position every 2 

msec, with 0.6 arcmin spatial resolution. The system consists of a high-speed camera (see 
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Figure 12), a “host” computer which is dedicated to data collection, and a second “display” 

computer used to present stimuli. (The two computers are connected via an Ethernet cable.)  

 
 

Figure 12. EyeLink 1000 Desktop Mount, with camera 
on the left and IR illuminator on the right (EyeLink 1000 
User Manual). 

 
 
 
 
 
 
 
 
 

Before recording eye movements, the camera had to be positioned so that the eye image 

was roughly centered in the overall camera image and focused so that the pupil was easily 

detectable (see Figure 13). An infrared illuminator, attached to the camera, causes a visible 

reflection on the subject’s cornea. The eye tracker uses changes in the subject’s pupil center 

and corneal reflection (CR) to deduce changes in eye movement, so a careful setup is 

necessary, as is a careful calibration. We had each subject slowly look along the edges of the 

display surface to ensure that the pupil center and corneal reflection were well established. 

We also required subjects needing distance correction to wear contact lenses instead of 

eyeglasses because eyeglasses can cause extra reflections and poor image contrast which, in 

turn, can cause unstable and noisy measurements.  

Calibration was necessary with each subject so that the EyeLink system was able to 

associate pupil position on the camera image and gaze position on the display computer. This 

was completed using a thirteen-point calibration type, wherein thirteen different point targets 
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are displayed in succession on the display monitor and the subject is asked to fixate each 

target. The pupil-CR position was recorded for each target, and this set of target and pupil-

CR positions was used to compute gaze positions during the experimental task. 

 

Figure 13. An example of the “Camera 
Setup” screen on the host computer. Here, 
the eye is set up such that there are good 
pupil and corneal reflection thresholds. 

 

 

 

 

 

 

The stimulus used in this study was a back-illuminated, high contrast LogMAR ETDRS 

visual acuity chart. A Matlab program was written to control the letter display. The letters 

were generated in a random order but kept to the LogMAR design (Sloan font, five letters per 

line, logarithmic spacing between letters and between lines, calibrated for four meters). 

Overall, our chart showed thirteen lines of letters, ranging from 1.0 to -0.2 logMAR (or 

20/200 to 20/12.5 Snellen), but the monitor’s vertical dimension limited the number of lines 

that could be shown at once (Figure 14). The program was written so that the chart would 

shift upward during testing. The examiner asked the subject to read the letters out loud (as is 

conventional during visual acuity testing) and would simultaneously type in the subjects’ 

responses. After each line of five letters, the examiner would press the “Enter” key at which 
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time the chart would shift upward on the display. The chart shifted such that the line the 

subject was reading was always centered on the display monitor. 

Eye movements were recorded during visual acuity measurements in a darkened room so 

that the only illumination was from the acuity display screen. Measurements were made at 

two illumination levels of the acuity screen: 

a) VA was first assessed under photopic illumination, with an average chart 

luminance of 325 cd/m2.  

b) Subjects then dark-adapted for 15 minutes in a darkened room. 

c) VA was assessed again under mesopic illumination, with a 3.0 ND neutral density 

filter over the display monitor (Figure 14). The average chart luminance was 

reduced by approximately a factor of 1000—to 0.276 cd/m2.  
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Figure 14. (a) Display monitor without (left) and with (right) the 3.0 ND neutral density filter. (b) 
LogMAR visual acuity chart without (left) and with (right) the filter. 
 
 
3.2.3 Data Analysis 

The EyeLink 1000 eye tracker uses the EyeLink Data Format (EDF) file format to record 

eye movements and other data, but can translate an EDF file into an ActionScript (ASC) file 

if desired. The ASC file includes the most important data from the EDF file in a text format 

that is more easily accessible (EyeLink 1000 User Manual). Eye position is given as 

horizontal and vertical coordinates on the display monitor, in pixels, for every 2 msec. Our 

first step for data analysis was to copy the ASC file into Microsoft Excel, and then to isolate 

the eye movements we were interested in. 
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Eye movement recordings were taken for all lines read on the visual acuity chart, but we 

decided to analyze only the movements corresponding to each subject’s photopic and 

mesopic acuity levels. Specifically, we analyzed movements when subjects read letters at 

their (1) mesopic VA limit, (2) photopic VA limit, and (3) when subjects read the line of 

letters corresponding to their mesopic VA in the photopic condition. For each visual acuity 

line, we analyzed movements for the entire duration of line reading and also during only the 

first two seconds of line reading. After isolating those three lines for each subject, we 

removed “noisy” data points associated with blinks (see Figure 15), and then assessed their 

eye movement variability two ways: by determining (1) the standard deviation (SD) of 

vertical eye position and (2) the bivariate contour ellipse area (BCEA) (explained below). A 

larger SD and a larger BCEA signify greater variability in eye movements. 

 
 
Figure 15. Example graphs of vertical eye position (in degrees) plotted against time (in seconds) for 
our first subject during line reading at their photopic visual acuity limit. The graph on the left shows 
all data points recorded, while the graph on the right shows remaining data points after removal of 
“noise” associated with blinks.  

 
 
For each subject, during each of the three conditions described above, we derived the 

standard deviation of vertical eye position (in degrees). We then plotted vertical SD as a 
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function of refractive error and used least square linear regression to determine if there was a 

significant positive correlation between eye movement variability and amount of myopia as 

we had hypothesized. We used single factor ANOVA to determine if there were significant 

differences in vertical SD between the refractive groups (high myopes, myopes, emmetropes 

and hyperopes, as defined previously, run with and without the hyperopes). We also used a 

two sample t-test to compare all myopes together and emmetropes. 

Bivariate contour ellipse area (BCEA) has been defined as the area of fixation for 68.2% 

of the time and is calculated using the following equation: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜋𝜋𝜒𝜒2𝜎𝜎𝑥𝑥𝜎𝜎𝑦𝑦�1 − 𝜌𝜌2 

where 𝜎𝜎𝑥𝑥 and 𝜎𝜎𝑦𝑦 are standard deviation of the horizontal and vertical eye position, 

respectively, and ρ is the Pearson correlation between the horizontal and vertical eye 

positions during the trial, and 𝜒𝜒2 = 2.291 is the chi-square value (2 degrees of freedom) 

corresponding to a probability value of 0.682 (i.e. ± 1 SD) (Raveendran et al., 2014). In our 

context, BCEA serves as a measure of variability in fixational as well as scanning eye 

movements (averaged together). BCEA has the added advantage over vertical SD in that it 

considers contributions from horizontal eye movements. Again, the larger the BCEA value, 

the larger the eye movement variability. As we did with vertical SD, we plotted BCEA in 

degrees2) as a function of refractive error and used least square linear regression to determine 

if there was a significant positive correlation between eye movement variability and amount 

of myopia. We used single factor ANOVA to determine if there were significant differences 

in BCEA between the refractive groups (high myopes, myopes, emmetropes and hyperopes, 

as defined previously, run with and without the hyperopes). We used a two sample t-test to 
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compare all myopes together and emmetropes. Additionally, we compared BCEA as a 

function of retinal acuity using least square linear regression. 

Retinal acuity computes the limit of acuity in terms of actual distance on the retina (i.e. 

cycles/mm) as opposed to conventional angular measurements (i.e. cycles/deg). This is 

important in comparing acuity across subjects with different axial lengths, since a larger eye 

will form a larger retinal image of an object that has a certain angular dimension. In other 

words, one degree of angular subtense corresponds to a larger dimension on a long myopic 

eye than on a shorter emmetropic eye. In addition to comparing BCEA as a function of 

retinal acuity, we wanted to assess whether subjects with higher amounts of myopia had 

lower retinal acuity than emmetropes, as has been shown in previous studies (Coletta and 

Watson, 2006; Strang, Winn and Bradley, 1998). For these analyses, our first step was to use 

biometry and refraction data to construct a computational eye model for each subject, in 

Excel. This schematic eye was used to compute the subject’s Retinal Magnification Factor in 

mm/deg, and the RMF was then used to convert acuity data in cyc/deg to retinal units of 

cyc/mm (Figure 16). This conversion allowed comparison of acuity across subjects as it 

compensated for variation in eye sizes. Both mesopic and photopic retinal acuity were 

compared to refractive error by least square linear regression. Additionally, acuity deficits in 

the mesopic condition, relative to the photopic condition, were compared across refractive 

error by two sample t-test and least square linear regression. 
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Figure 16. Retinal image size is larger in axial 
myopia. Acuity in angular units (cyc/deg) can be 
converted to retinal units (cyc/mm) using the 
Retinal Magnification Factor. 

 

 

 

 
A previous study by Kanonidou, Proudlock, and Gottlob (2010) reported that slower 

reading speed is associated with more regressive saccades and longer fixation durations in 

people with amblyopia. This report inspired us to also assess reading duration in our subjects, 

both in the photopic and mesopic conditions, and to compare these durations to refractive 

error, visual acuity (in cpd), and eye movement variability, again, with least square linear 

regressions. 

 

3.3 Results 

Useful measurements were completed for 16 subjects with myopia (Mean (SE): -5.51 ± 

3.47DS), 14 subjects with emmetropia (Mean (SE): +0.25 ± 0.22DS), and 4 subjects with 

hyperopia (Mean (SE): +1.69 ± 1.13DS), for a total of n=34 subjects. Myopes were further 

classified into Low/Mid Myopes (n=11; Mean (SE): -3.36 ± 1.31DS) and High Myopes (n=5; 

Mean (SE): -10.23 ± 0.61DS). (See Table 2.) 
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Subject Group 
(n) 

Rx (Mean SE) 
(Range) 

Age (Mean) 
(Range) 

Female (%) 

High Myopes 
(5) 

-10.23 ± 0.61D 
 (-9.25 to -10.88) 

25.00 yrs 
(24-28 yrs) 

5 (100.0%) 

Low/Mid Myopes 
(11) 

-3.36 ± 1.31D 
(-1.50 to -5.38) 

25.36 yrs 
(23-30 yrs) 

7 (63.6%) 

Emmetropes 
(14) 

+0.25 ± 0.22D 
(-0.13 to +0.50) 

24.64 yrs 
(23-27 yrs) 

5 (35.7%) 

Hyperopes 
(4) 

+1.68 ± 1.13D 
(+0.63 to +3.00) 

25.75 yrs 
(22-30 yrs) 

3 (75.0%) 

 
Table 2. Demographic information of subjects enrolled in the study. 

 
 

Altogether, we excluded 14 of our 48 recruited subjects. The majority (eleven) of these 

subjects (n=3 myopes, n=4 emmetropes, and n=4 hyperopes) were excluded because we 

discovered during data analysis that they failed to read the Snellen equivalent of 20/20 during 

the experimental photopic acuity measurement. We did not expect this hiccup because all 

eleven of these subjects easily read the 20/20 Snellen line during our baseline vision 

screening. We attribute the difference in acuity measurements (vision screening vs. 

experimental procedure) to two factors: memorization and difference in chart design. In 

regards to the former, almost all of the subjects recruited for this study were optometry 

students and, as such, it is likely that they were very familiar with the classic Snellen visual 

acuity chart and may have had the 20/20 line memorized. In regards to the latter, it is well 

known that Snellen and ETDRS visual acuity charts exhibit several design differences – e.g., 

a Snellen chart has a variable number of letters per line, and variable distances between 

letters and rows, leading to different contour interactions. Many studies have found 

differences in visual acuity measured with these two charts (e.g., Kaiser, 2009). While we 
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preferred not to exclude such a substantial percentage of our subject pool, our IRB protocol 

specified an inclusion criterion of best corrected visual acuity 20/20 or better in each eye. 

Also, we did not want sub-optimal distance correction to confound our eye movement or 

mesopic acuity deficit calculations and decided that excluding these eleven subjects would 

provide more accurate results. (Please note that this exclusion did not apply to the Blur 

Perception experiment because that experimental procedure was completed at a distance of 

40 cm.) The remaining three subjects (n=1 myope, n=1 emmetrope, and n=1 hyperope) were 

excluded due to poor quality eye movement data (the EyeLink failed to continuously track 

eye movements, possibly losing the subject’s pupil center and/or corneal reflex because of 

misalignment, small palpebral apertures, excessive blinking, etc.). 

We have summarized our results below, but want to preface this section by 

acknowledging that we only have a small number of subjects with high myopia and with 

hyperopia. Statistically, this makes for weaker conclusions. We also want to acknowledge 

that we did not acquire useful data from subjects with refractive errors between -5.38 and -

9.25 D. This gap drove us to refine our definition of high myopia: instead of classifying 

subjects with ≤ -5.00 D of refractive error as high myopes (like Holden et al. (2016)), we 

decided to use ≤ -6.00 D. 

 

3.3.1 Acuity vs. Refractive Error 

We found that there was a strong correlation between axial length and refractive error in 

this group of subjects (Figure 17), which suggests that the myopia in this group of subjects 
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was primarily axial in nature, and, resultantly, that the longer myopic eyes should have larger 

retinal image sizes than the shorter, more emmetropic/hyperopic eyes.   

 

Figure 17. Axial length (in mm) plotted against spherical equivalent refraction (in Diopters) for our 
group of subjects. 
 
 

With acuity expressed in retinal units of log cycles per mm on the retina, we found that 

acuity is significantly reduced in myopes in both the photopic (p=0.002) and mesopic 

(p=0.0028) conditions (Figure 18). With acuity expressed in conventional angular units 

(logMAR), there was no reduction in photopic acuity with increasing myopia (p=0.45) as we 

expected (considering our exclusion criteria), but there was a trend of decreased mesopic 

acuity with increasing myopia that did not reach statistical significance (p=0.09).  
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Figure 18. Retinal acuity (in log cyc/mm) plotted against spherical equivalent refraction (in 
Diopters), for photopic acuity (green) and mesopic acuity (blue). P-values are for the linear 
regressions.  
 
 

Overall, subjects with higher photopic acuity had higher mesopic acuity (p=0.0011). 

Myopes showed a relatively greater log unit loss of acuity in dim light than emmetropes (i.e. 

the difference between mesopic and photopic acuity increased with myopia). Figure 19 

shows the mean log unit loss in mesopic acuity for all 16 myopes (high and low/mid myopes 

together) and for the 14 emmetropes. A two sample t-test showed that the difference in mean 

log unit acuity loss between myopes and emmetropes is significant (p=0.02). A linear 

regression of the relative log unit loss of mesopic acuity against refraction showed a trend of 

increasing acuity loss with increasing myopia but this effect did not reach significance 

(p=0.09).   

1.0

1.4

1.8

2.2

2.6

-15 -10 -5 0 5

Lo
g 

cy
c/

m
m

  

Spherical Equivalent  (D)

Retinal Acuity

photopic

mesopic

p = 0.002

p = 0.0028



 63 

 
Figure 19. Mean loss of acuity in the mesopic condition relative to the photopic condition, in log 
units. Data are shown for all 16 myopes and 14 emmetropes. Error bars are one standard error of the 
mean. 
 
 

3.3.2 Eye Movement Variability vs. Refractive Error 

As mentioned previously, we analyzed movements when subjects read letters at their (1) 

mesopic VA limit, (2) photopic VA limit, and (3) when subjects read the line of letters 

corresponding to their mesopic VA in the photopic condition, both (a) for the entire duration 

of VA line reading and (b) for the duration up to the first two seconds of VA line reading. 

We thought that a subject’s variability in eye position could possibly be influenced by the 

time taken to read the acuity line, so we decided to look at a shorter duration in addition to 

entire duration for comparison. For each subject, during each of these six conditions, we 

derived the standard deviation of vertical eye position (vertical SD) and bivariate contour 

ellipse area (BCEA). We then compared these vertical SD and BCEA values across refractive 

error with least squares linear regression. 
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For the entire duration of VA line reading, vertical SD increased significantly with 

increasing myopia for all three conditions: mesopic VA limit (p=0.038), photopic VA limit 

(p=0.026), and mesopic VA limit with photopic illumination (p=0.0002). BCEA also 

increased significantly with increasing myopia for all three conditions: mesopic VA limit 

(p=0.048), photopic VA limit (p=0.036), and mesopic VA limit with photopic illumination 

(p=0.036). 

Similarly, for the first two seconds of VA line reading, vertical SD increased significantly 

with increasing myopia for all three conditions: mesopic VA limit (p=0.013), photopic VA 

limit (p=0.029), and mesopic VA limit with photopic illumination (p=0.0008). BCEA also 

increased significantly with increasing myopia for all three conditions: mesopic VA limit 

(p=0.01), photopic VA limit (p=0.016), and mesopic VA limit with photopic illumination 

(p=0.028). 

The standard deviation of vertical eye position (in degrees) is plotted as means for the 

four refractive groups in Figure 20.  Results are shown for the first 2 sec of data, for letters at 

the mesopic acuity limit, viewed both in mesopic (blue) and photopic (red) conditions, and 

for letters at the photopic acuity limit (green). High myopes appear to have much greater 

variability in eye movements than the other refractive groups. A single factor ANOVA for 

each of the three conditions showed significant differences among the four refractive groups 

(mesopic VA, p=0.007; mesopic letter at photopic, p=0.0002; photopic VA, p=0.022). A 

single factor ANOVA run with all myopes together in one refractive group (three refractive 

groups total) also showed significant differences. We realize that we cannot derive solid 

conclusions with so few subjects in our high myopia and hyperopia groups, and without post-
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hoc testing, but we assume the significant differences found in this preliminary analysis is 

due to the high myopes (again, see Figure 20). A two-sample t-test comparing all myopes 

(high and low/mid myopes together) to emmetropes (no hyperopes included) shows no 

significant difference between groups (p>0.05).  

Figure 21 shows a comparable plot for the BCEA parameter (in degrees2) for the four 

refractive groups, with high myopes showing much greater variability in eye movements than 

the other refractive groups. A single factor ANOVA showed significant difference among 

refractive groups for the mesopic letter size read at the photopic light level (p=0.037). Again, 

a two-sample t-test comparing all myopes to emmetropes (no hyperopes included) shows no 

significant difference between groups (p>0.05). 

 
Figure 20. Mean vertical SD (in degrees) for three acuity line conditions: letters read at the mesopic 
acuity limit (blue), letters read at the mesopic acuity limit in photopic illumination (red), and letters 
read at the photopic acuity limit (green). Subjects were divided into refractive groups as detailed in 
Table 2. 
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Figure 21. Mean BCEA (in degrees2) for three acuity line conditions: letters read at the mesopic 
acuity limit (blue), letters read at the mesopic acuity limit in photopic illumination (red), and letters 
read at the photopic acuity limit (green). Subjects were divided into refractive groups as detailed in 
Table 2. 
 
 

Because we read letters in the horizontal dimension (left to right), we were concerned 

that subjects with worse visual acuities would have larger horizontal standard deviations 

simply because the letters at their acuity limit are larger and span more distance horizontally. 

We did not plan to report results using only the standard deviation of horizontal eye position 

(horizontal SD), however, we did complete this analysis. We found that horizontal SD 

increased significantly with increasing myopia only if averaged across the entire duration of 

VA line reading for the mesopic VA limit with photopic illumination (p=0.02). Horizontal 

SD was not significantly correlated with refractive error for any condition when averaged 

across only the first two seconds of VA line reading. 
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3.3.3 Eye Movement Variability and Mesopic Acuity 

Subjects who exhibited less variability in eye movements under photopic conditions (i.e. 

smaller BCEA) had better mesopic Snellen acuity (p=0.04 for BCEA at photopic VA letter 

size; p=0.01 for BCEA at mesopic VA letter size) and better mesopic retinal acuity in log 

cyc/mm (p=0.023 for BCEA at photopic VA letter size; p=0.009 for BCEA at mesopic VA 

letter size). 

  

Figure 22. Mesopic retinal acuity (in log cyc/mm) plotted against photopic BCEA (in degrees2) for 
the letters at the mesopic acuity limit (left) and at the photopic acuity limit (right). 
 
 

3.3.4 Reading Duration  

We also examined the relationship between reading duration (i.e. the time taken by the 

subject to read each acuity line) and refractive error, acuity, and eye movement variability. 

First of all, the time taken to read the mesopic VA line was not correlated with the time taken 

to read the photopic VA line (p=0.42), but the time taken to read the mesopic VA line was 

positively correlated with the time taken to read the same line under photopic illumination 

(p=0.0067). No correlation was found between reading duration and refractive error, in any 
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of the three conditions (mesopic VA limit (p=0.73), photopic VA limit (p=0.19), and 

mesopic VA limit with photopic illumination (p=0.33)). In regards to reading duration vs. 

acuity, subjects who took longer to read the mesopic VA line had higher mesopic acuity, 

whether acuity was expressed in angular units (cyc/deg; p=0.001, as shown in Figure 23) or 

in retinal units (cyc/mm; p=0.0062). Similarly, subjects who took longer to read the mesopic 

VA line had less loss of acuity in dim light relative to their photopic visual acuity (p=0.022). 

Subjects who took longer to read the mesopic VA line with photopic illumination also had 

less relative loss of acuity in dim light (p=0.049). 

 
 
Figure 23. Duration taken to read the mesopic VA line (in seconds) plotted against mesopic acuity (in 
cyc/deg). 
 

 
Finally, in regards to reading duration vs. eye movement variability, subjects who took 

longer to read the mesopic VA line under photopic illumination had less variability as 

measured by vertical SD (p=0.01), BCEA (p=0.024), or horizontal SD (p=0.03). 
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3.4 Discussion 

In this study, we assessed eye movements during a visual acuity task under photopic and 

mesopic lighting conditions, and then related those eye movements to refractive error and 

visual acuity. Our hypothesis was that subjects with myopia would show a greater variability 

in eye movements compared to emmetropes and hyperopes. We also predicted that myopes 

would show a greater loss of visual acuity in the mesopic condition relative to the photopic 

condition, as has been demonstrated in previous studies. While it is more likely that 

decreased visual acuity (i.e. impaired sensory control) is causing larger variability in eye 

movements in myopes, we think that it could be possible that greater variability in eye 

movements could be contributing to their greater loss of visual acuity in dim illumination. 

Our main finding was that vertical eye position (as measured by standard deviation) was 

more variable in subjects with high myopia than in subjects with other refractive errors in all 

conditions and, similarly, that the bivariate contour ellipse area of eye movement was larger 

in subjects with high myopia in all conditions. Additionally, myopes tended to show a greater 

log unit loss of acuity in dim illumination as we expected, consistent with earlier findings 

(e.g., Coletta, Frericks and Groves, ARVO 2007; Coletta et al., ARVO 2008). In relating eye 

movements to acuity, we found that subjects with less variability in eye movements (i.e. 

smaller BCEA) under photopic conditions had better mesopic Snellen acuity and better 

mesopic retinal acuity (in cyc/mm). This suggests that greater variability in eye position is 

associated with greater loss of acuity in dim light.  

In reviewing the existing eye movements literature, there does not seem to be a previous 

study that is comparable to ours. In fact, there seems to be a scarcity of research on eye 
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movements across refractive groups, in general. Consequently, we cannot say for sure why 

myopes would show greater variability in eye position during an acuity task. Researchers 

have shown that amblyopic eyes (with reduced visual acuity) show a greater variability in 

eye position than fellow non-amblyopic eyes and normal control eyes (Chung et al., 2015; 

Raveendran et al., 2014). We acknowledge that subjects with amblyopia are not a reasonable 

model for subjects with myopia, as the former suffer from a developmental anomaly and 

have poor spatial vision. Still, we wonder if these findings are in some way analogous to our 

findings in subjects with high myopia. There is a definite association between eye movement 

stability and visual acuity, but the question that remains is whether eye movement variability 

is causing reduced visual acuity or if reduced visual acuity is causing eye movement 

variability.  

Chung et al. (2015) list reasons to believe the former (eye movement variability causes 

reduced visual acuity). Namely, Chung and Bedell (1995) found that incessant retinal image 

motion degrades acuity in subjects with congenital nystagmus and that random jittering of an 

acuity target (which simulates retinal image motion) also degrades acuity in observers with 

normal vision. The assumption behind these findings is that, with unsteady eye movements, 

the acuity target falls on several different locations on the retina, causing positional 

uncertainty and rendering it difficult for the observer to integrate information over time and 

space (Chung et al., 2015).  

On the other hand, Hess (1977) compared the grating acuity of two strabismic amblyopes 

under stabilized (using afterimages) and unstabilized conditions, and found that eye 

movements did not play a large role in reducing acuity. As we mentioned previously, it could 
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be possible that microsaccades actually improve the sampling efficiency of fine spatial detail. 

It follows, then, that greater eye movement variability could be a result of the visual system 

attempting to overcome reduced visual acuity (i.e. reduced visual acuity causes greater eye 

movement variability). In regards to myopes, it is well established that cone photoreceptor 

packing density is lower in myopic eyes (i.e. there are larger spaces between cones) (e.g., 

Chui, Song and Burns, 2008; Coletta and Watson, 2006). Perhaps the visual system is 

required to use larger eye movements in order to project the target image adequately across a 

coarser neural grain. Or, perhaps retinal stretching causes some amount of damage to inner 

retinal neurons in myopic eyes, requiring larger eye movements to refresh perception. In 

other words, eye movements with larger amplitudes may be required in myopes (in 

comparison to emmetropes and hyperopes) so that they may integrate a similar amount of 

information and form a similar (but perhaps imperfect) overall perception of the target. 

Perhaps this mechanism is more evident in situations that place higher demands on the visual 

system (e.g., dim lighting conditions). Indeed, Otero-Millan et al. (2008) found that 

microsaccade generation increases as the difficulty of the visual task increases (e.g., there 

were increased rates of microsaccades in a Where’s Waldo visual search than in free visual 

exploration).   

If we suppose that eye movement variability is the limiting factor on visual acuity, we 

must consider other reasons (other than visual acuity or coarser neural grain) for why eye 

movements are more variable with increasing amounts of myopia. Interestingly, Alhazmi, 

Seidel and Gray (2014) found that subjects with low ocular rigidity (myopes) had saccades 

with decreased peak velocities and longer total response times in comparison to subjects with 
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high ocular rigidity (hyperopes). This suggests that there are differences in the physics 

behind moving a larger, softer eyeball (i.e. the eyeball of an axial myope). Perhaps eye 

movement variability in high myopes is due, at least in part, to structural characteristics of 

the eyeballs themselves. It is important to note that eye movement variability due to ocular 

size and rigidity does not explain the greater acuity loss in mesopic conditions seen by 

myopes in comparison to emmetropes. 

In addition to relating eye movements to refractive error and visual acuity, we explored 

whether there were associations between reading duration and refractive error, visual acuity, 

and eye movement variability. There was no correlation between reading duration and 

refractive error, but we did find that subjects who took longer to perform the mesopic acuity 

task generally had better mesopic acuity and also a smaller acuity loss in the mesopic 

condition relative to the photopic condition. Unsurprisingly, this implies that spending more 

time to read letters in dim light may assist in increasing acuity.  

Additionally, we found that subjects who took longer to perform the mesopic acuity task 

in photopic illumination had less variability in eye movements. A previous study by 

Kanonidou, Proudlock, and Gottlob (2010) reported that slower reading speed is associated 

with more regressive saccades and longer fixation durations in people with amblyopia. Our 

findings show the opposite, implying that faster reading speed in an acuity task (instead of 

slower) is associated with larger variabilities in eye movements. Perhaps this difference in 

findings is due to the task itself. Visual strategies during an acuity task may not be the same 

as during a normal text reading task. 
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To our knowledge, there have been a handful of previous studies that have examined eye 

movements in dark environments (though, none during an acuity task and none comparing 

across refractive groups). Most of these studies measured eye movements in humans in 

complete darkness, and found that microsaccades are larger and less frequent without a visual 

target to guide fixation (e.g., Martinez-Conde, Macknik and Hubel, 2004). This finding does 

not entirely apply to our study, as we had appreciable visual stimuli in our mesopic 

condition, but it might be interesting to investigate the frequency of microsaccades per acuity 

line across refractive groups in future studies. There have also been a couple of studies that 

have measured eye movements in humans and monkeys while varying the background 

luminance behind a fixation spot (Barash et al., 1998; Snodderly, 1987). These studies found 

that dark backgrounds lead to a fixational upshift (i.e. the eyes tend to fixate above the 

fixation target), perhaps so that the line of gaze falls on a retinal area with a greater 

distribution of rod photoreceptors (Barash et al., 1998; Snodderly, 1987). This suggests 

another interesting avenue for future studies—that is, analyzing eye movements for 

consistent directional shifts during an acuity task in dim illumination and comparing findings 

across refractive groups. 

As mentioned previously, a limitation of the present study is that we only have a small 

number of subjects with high myopia and with hyperopia, and we did not acquire useful data 

from subjects with refractive errors between -5.38 and -9.25 D. Statistically, this makes for 

weaker conclusions. We are confident that there is a significant trend in our data showing 

that high myopes have greater eye movement variability than the other subjects, but further 
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investigations will still be necessary (with larger numbers of high myopic and hyperopic 

subjects) to confirm this finding.  

We recognize that our eye movements data may have been affected by a number of 

different factors: EyeLink calibration, fatigue, level of interest (i.e. attention), dryness with 

contact lens wear, etc. Special care was taken to calibrate the EyeLink machine as carefully 

as possible, and to give identical and specific instructions to all subjects before the visual 

acuity task. We also had lubricating drops on hand to offer our subjects should they 

experience subjective dryness. 

Another potential limitation of this study is that we only assessed eye movements 

monocularly. We did so to match the conditions of previous studies showing corrected 

myopes show a greater deficit in visual acuity in low luminance than emmetropes (e.g., 

Coletta, Frericks and Groves, ARVO 2007; Coletta et al., ARVO 2008). Multiple studies, 

using different recording systems, have found that microsaccades are generally conjugate 

between the two eyes (e.g., Martinez-Conde, Macknik and Hubel, 2004; Otero-Millan, 

Macknik and Martinez-Conde, 2014). That is, most microsaccades have the same direction in 

both eyes (unless they are correcting for errors in vergence) and similar magnitudes (Otero-

Millan, Macknik and Martinez-Conde, 2014). So, it may be that our monocular eye 

movement recordings are good estimates of overall binocular eye movements, but we cannot 

say for sure. It is more likely that microsaccades are conjugate in order to maintain binocular 

alignment and that there may be functional differences in eye movements monocularly. 

Further investigations will be necessary to evaluate the effect of binocularity on eye 

movements across refractive groups. 
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4. GENERAL CONCLUSIONS & SUMMARY 

Our Blur Perception study shows that, for all subjects, responses to blur worsen in the 

visual periphery due to the observers’ (1) increased intrinsic blur and (2) decreased blur 

sensitivity in the periphery. Our study stands apart from existing literature because we 

compared blur sensitivity under monocular and binocular conditions. We have found that 

binocularity improves visual blur perception, both by reducing the amount of intrinsic blur in 

the visual system, and by improving blur sensitivity at the fovea. This latter point suggests 

that there may be additional binocular processing of blur in the center of the visual field. 

Overall, we did not find a significant effect of refractive group on blur detection or blur 

discrimination thresholds, but we did find that myopes have, on average, worse blur 

sensitivity than emmetropes monocularly but not binocularly. This suggests that myopes may 

process blur less efficiently than emmetropes under monocular conditions, and we could 

speculate that, if a child’s binocular vision is slow to fully develop, that child might suffer 

from decreased blur sensitivity during the emmetropization period and may be at greater risk 

for myopia development. Further studies will be necessary to evaluate the effect of 

binocularity and the effect of different types of blur on blur sensitivity. Further studies with 

more hyperopic subjects and children will be necessary if we hope to fully understand the 

relationship between blur sensitivity and refractive error development. 

 

Our Eye Movements study shows that eye movement variability (as measured by vertical 

SD and BCEA) increases with increasing amounts of myopia, and is most substantial in the 
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high myopia subject group (≤ -6.00 D). Additionally, myopes tend to show a greater log unit 

loss of acuity in dim illumination in comparison to emmetropes and hyperopes. In relating 

eye movements to acuity, we found that subjects with less eye movement variability (i.e. 

smaller BCEA) under photopic conditions had better mesopic Snellen acuity and better 

mesopic retinal acuity (in cyc/mm). This suggests that greater variability in eye position is 

associated with greater loss of acuity in dim light, but the question that remains is whether 

reduced visual acuity is causing eye movement variability or if eye movement variability is 

causing reduced visual acuity. Further studies, with a larger number of high myopic and 

hyperopic subjects, will be necessary to confirm our findings, and further studies will be 

necessary to evaluate the effect of binocularity on eye movements across refractive groups. 
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We evaluated the ability of emmetropic and myopic
observers to detect and discriminate blur across the
retina under monocular or binocular viewing conditions.
We recruited 39 young (23–30 years) healthy adults (n¼
19 myopes) with best-corrected visual acuity 0.0 LogMAR
(20/20) or better in each eye and no binocular or
accommodative dysfunction. Monocular and binocular
blur discrimination thresholds were measured as a
function of pedestal blur using naturalistic stimuli with
an adaptive 4AFC procedure. Stimuli were presented in a
468 diameter window at 40 cm. Gaussian blur pedestals
were confined to an annulus at either 08, 48, 88, or 128
eccentricity, with a blur increment applied to only one
quadrant of the image. The adaptive procedure
efficiently estimated a dipper shaped blur discrimination
threshold function with two parameters: intrinsic blur
and blur sensitivity. The amount of intrinsic blur
increased for retinal eccentricities beyond 48 (p , 0.001)
and was lower in binocular than monocular conditions (p
, 0.001), but was similar across refractive groups (p ¼
0.47). Blur sensitivity decreased with retinal eccentricity
(p , 0.001) and was highest for binocular viewing, but
only for central vision (p , 0.05). Myopes showed worse
blur sensitivity than emmetropes monocularly (p , 0.05)
but not binocularly (p ¼ 0.66). As expected, blur
perception worsens in the visual periphery and binocular
summation is most evident in central vision.
Furthermore, myopes exhibit a monocular impairment in
blur sensitivity that improves under binocular
conditions. Implications for the development of myopia
are discussed.

Introduction

Blur perception is an elemental feature of the human
visual system. A blurred retinal image serves to drive
the accommodation and vergence responses, allowing
one to see clearly and resolve fine target details
(Ciuffreda, 1991, 1998; Ciuffreda, Wang, & Vasudevan,
2007; Fisher & Ciuffreda, 1988; Horwood & Riddell,
2009; Lin et al., 2013; López-Gil et al., 2013; Schor,
1999; Yamaguchi et al., 2013). Retinal blur also may
provide information about the range of depths in one’s
environment (Maiello, Chessa, Solari, & Bex, 2014;
Mather, 1997; Mather & Smith, 2002; Vishwanath,
2012; Vishwanath & Blaser, 2010; Watt, Akeley, Ernst,
& Banks, 2005) (but see Langer & Siciliano, 2015;
Maiello, Chessa, Solari, & Bex, 2015). As such, blur
perception is crucial to one’s ability to navigate the
world easily, and to accurately perform daily tasks such
as reading and driving (Poulere, Moschandreas, Kon-
tadakis, Pallikaris, & Plainis, 2013; Wood et al., 2014).
Furthermore, it has been suggested that continuous
retinal defocus may be a causative factor in refractive
error development, although the evidence is conflicting
(Cufflin, Mankowska, & Mallen, 2007; Flitcroft, 1998;
Hess, Schmid, Dumoulin, Field, & Brinkworth, 2006;
Norton, Siegwart, & Amedo, 2006; Rosenfield &
Abraham-Cohen, 1999; Schmid, Iskander, Li, Ed-
wards, & Lew, 2002; Smith III & Li-Fang, 1999; Smith
III, Li-Fang, & Harwerth, 1994; Strang, Day, Gray, &
Seidel, 2011; Taylor, Charman, O’Donnell, & Radha-
krishnan, 2009; Vera-Diaz, Maiello, Kerber, Thorn, &
Bex, 2015; Wallman & Winawer, 2004; Wildsoet &
Wallman, 1995).

Citation: Maiello, G., Walker, L., Bex, P. J., & Vera-Diaz, F. A (2017). Blur perception throughout the visual field in myopia and
emmetropia. Journal of Vision, 17(5):3, 1–13, doi:10.1167/17.5.3.

Journal of Vision (2017) 17(5):3, 1–13 1

doi: 10 .1167 /17 .5 .3 ISSN 1534-7362 Copyright 2017 The AuthorsReceived October 6, 2016; published May 5, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
Downloaded From: http://jov.arvojournals.org/pdfaccess.ashx?url=/data/journals/jov/936220/ on 05/29/2017

https://creativecommons.org/licenses/by-nc-nd/4.0/


There are two major components in the perception
of blur: blur detection and blur discrimination (Ciuf-
freda et al., 2007; Wang, Ciuffreda, & Irish, 2006). Blur
detection refers to the amount of defocus necessary for
an observer to first perceive or notice the presence of
blur. Blur discrimination refers to the amount of
defocus necessary for an observer to perceive an
already blurry target as just noticeably blurrier. Both
aspects of blur contribute to our perception of image
quality (Wang & Ciuffreda, 2006). Overall, the
perception of blur is a complex process that depends on
the eye’s optical quality (i.e., aberrations) as well as
both retinal and higher level neurophysiology (Ciuf-
freda et al., 2007; Mather & Smith, 2002; Wang &
Ciuffreda, 2004, 2005a, 2005b). Motion, visual atten-
tion, sharpness overconstancy, and target attributes
such as luminance, contrast, texture, and size also
contribute to the perception of image blur (Christman,
1990; Galvin, O’Shea, Squire, & Hailstone, 1999;
Pääkkönen & Morgan, 1994; Wang & Ciuffreda, 2004,
2005b).

The perception of blur within central vision has been
studied extensively (Campbell, 1957; Jacobs, Smith, &
Chan, 1989; Oshima, 1958; Rosenfield & Abraham-
Cohen, 1999; Walsh & Charman, 1988), but there is
relatively limited information about how we perceive
blur throughout the peripheral field of vision (Ronchi
& Molesini, 1975; Wang & Ciuffreda, 2004, 2005a;
Wang et al., 2006), even though peripheral blur
strongly impacts peripheral visual function (Maiello,
Harrison, Vera-Diaz, & Bex, 2015; Rosén, Lundström,
& Unsbo, 2011). Altogether, the limited studies on
peripheral blur perception suggest that blur detection
and discrimination thresholds increase progressively
with retinal eccentricity, and that blur detection may be
less sensitive than blur discrimination to eccentric
viewing. However, most of these studies do not
measure blur thresholds directly, rather they infer blur
sensitivity by evaluating the subject’s depth-of-focus,
either with ophthalmic lenses or by manually displacing
the test target. Additionally, most of these studies have
evaluated perception of blur only monocularly (Wang
& Ciuffreda, 2004, 2005a; Wang et al., 2006).

To understand how blur is employed by the visual
system it is necessary to further study blur perception
throughout the peripheral field. Studying blur percep-
tion at different eccentricities may also shed light on
emmetropization and its failure, as the interaction
between peripheral and central vision may be signifi-
cant to this process (Huang, Hung, & Smith III, 2012;
Smith III, Campbell, & Irving, 2013; Smith III et al.,
2007; Vera-Diaz, Kerber, Thorn, & Bex, 2013; Wall-
man & Winawer, 2004; Yamaguchi et al., 2013).
Binocularity (the neuronal integration of information
from the two eyes) needs to also be considered when
investigating perception of blur. Previous studies have

found that binocularity improves visual performance
through probability summation under blur conditions
(Banton & Levi, 1991; Heravian, Jenkins, & Douth-
waite, 1990; Plainis, Petratou, Giannakopoulou, Atch-
ison, & Tsilimbaris, 2011).

Binocularity improves retinal sensitivity to defocus
blur, and defocus blur is a useful cue to increase the
accuracy of binocularity (Hoffman & Banks, 2010;
Mather, 1997), including binocular rivalry (Arnold,
Grove, & Wallis, 2007). In addition, proof of inter-
ocular transfer of defocus information has been shown
in guinea pig (McFadden et al., 2014) and human
(Kompaniez, Sawides, Marcos, & Webster, 2013)
models of refractive error development. There is also
interocular transfer of accommodative responses (Flit-
croft, Judge, & Morley, 1992), creating similarity in
retinal image focus. Therefore, although emmetrop-
ization signals are found locally at the retinal level,
binocular vision may play a significant role in retinal
image focus and therefore in emmetropization.

Psychophysical studies on the perception of blur
have repeatedly shown that blur discrimination follows
a typical ‘‘dipper’’ shape (for a comprehensive review
see Watson & Ahumada, 2011), meaning that perfor-
mance in blur discrimination tasks is best with a
nonzero amount of reference blur. These data are often
described using a variance discrimination model (e.g.,
Mather & Smith, 2002), since blur perception can be
conceptualized as variance discrimination of luminance
gradients (Morgan, Chubb, & Solomon, 2008). The
variance discrimination model of blur assumes that the
visual system is attempting to estimate the local
variance of the luminance profile of an image from a set
of luminance samples. Each of these samples is,
however, perturbed by some level of internal noise or
intrinsic blur. This intrinsic blur arises from optical
sources (the optical aberrations of the eye) and neural
sources (neural noise within the visual pathways). At
near-zero levels of reference blur, in order to discrim-
inate blur, the system has to overcome this level of
intrinsic blur. As the reference level of blur increases,
blur discrimination is initially facilitated owing to the
additivity of variance (hence the dipper shape). Finally,
for levels of reference blur much greater than intrinsic
blur, discrimination performance worsens in accor-
dance with Weber’s law. This model well describes the
dipper data and is grounded in signal detection theories
of sensory discrimination and decision making (Green
& Swets, 1966).

How the visual system represents and computes blur
is actually a matter of current scientific debate. Watson
and Ahumada (2011) provide a thorough overview of
the models that have been proposed in the literature to
explain the discrimination of blurred edges and provide
support for a model in which blur discrimination is
accomplished by discriminating local image contrast
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energy after filtering by the contrast sensitivity func-
tion. Georgeson, May, Freeman, and Hesse (2007)
propose instead a scale-space model that employs
Gaussian derivative filters arranged in a structure that
resembles the organization of simple and complex cells
in visual cortex.

Here, we study blur perception throughout the visual
field using the variance discrimination model of the
blur dipper function that is agnostic to how the visual
system computes and encodes blur. Using this model
we ask how blur perception changes in the periphery
and whether these chances are due to an increase in
intrinsic noise (that combines all sources of visual blur,
including optics and sampling) or because of different
neural resources allotted to blur perception throughout
the visual field (which would lead to changes in decision
making—i.e., the Weber fraction of blur discrimina-
tion). We differentiate these accounts by estimating
both intrinsic blur and blur sensitivity as a function of
eccentricity, refractive status, and monocular or bin-
ocular viewing conditions.

The aim of the current study was to assess blur
perception in the near peripheral field of vision, both
monocularly and binocularly, in emmetropic and
myopic subjects. To do so, we used naturalistic stimuli
(Bordenave, Gousseau, & Roueff, 2006; Lee, Mum-
ford, & Huang, 2001; Wallis & Bex, 2012) blurred at
fixed eccentricities (up to 128) and measured blur
detection and discrimination threshold with an adap-
tive 4AFC paradigm (Vul, Bergsma, & MacLeod,
2010).

Methods

Subjects

A total of 39 young adult subjects (mean 6 SD age:
24.8 6 3.8 years; n ¼ 19 myopes) were recruited from
staff and students of the New England College of
Optometry to participate in this study. Following a
vision screening that comprised an ocular heath
evaluation and an ocular history questionnaire, sub-
jects who met all inclusion criteria were enrolled in the
study. Criteria for subjects’ inclusion were: (1) within
18 and 32 years of age, (2) best-corrected visual acuity
(BCVA) 20/20 or better in each eye, (3) refractive error
(spherical equivalent, SE) betweenþ0.75 hyperopia and
�14.00DS myopia with �1.50DC of astigmatism or
�1.00D anisometropia, (4) contact lens wearer if
myopic refractive correction was needed, (5) no current
binocular vision or accommodative dysfunction, (6) not
using drugs that may affect their vision, (7) no history
of surgery or eye disease that may have resulted in
visual consequences, and (8) adequate hearing, lan-

guage skills, and mental ability to understand the
consent process and the instructions given during the
experiment.

Subjects’ refractive error for each eye was deter-
mined by objective refraction with an open-field
autorefractor (Grand Seiko WR5100K, Grand Seiko,
Hiroshima, Japan) followed by binocular subjective
refraction with binocular balancing and evaluated by
the observer’s best-corrected visual acuity. Axial length
measurements were performed with a Haag–Streit
Lenstar LS900 optical biometer (Haag-Streit AG,
Koeniz, Switzerland; http://www.haag-streit.com/).
Subjects were grouped based on their refractive error.
Myopia (n ¼ 19) was defined as a SE in each eye
between �0.50DS and �11.00DS (mean: �5.88 6
3.35DS). Emmetropia (n ¼ 20) was defined as SE in
each eye between �0.25DS andþ0.50DS (mean: þ0.15
6 0.24DS).

This research followed the tenets of the Declaration
of Helsinki; informed consent was obtained from all
subjects after explanation of the nature and possible
consequences of the study, and was approved by the
New England College of Optometry’s Institutional
Review Board.

Stimuli and apparatus

The experiment was programmed with the Psycho-
physics Toolbox Version 3 (Brainard, 1997; Pelli, 1997)
in Matlab. Stimuli were presented on a gamma-
corrected ROG SWIFT PG278Q Asus monitor (Asus-
Tek Computer Inc., Taipei, Taiwan) with a resolution
of 2560 3 1440 pixels (display dot pitch: 0.233 mm)
running at 120 Hz from an Nvidia GeForce GTX 780
graphics processing unit (Nvidia Corporation, Santa
Clara, CA).

Subjects were seated 40 cm in front of the monitor
with their heads stabilized in a chin and forehead rest.
The monitor subtended 73 3 468/visual angle. Stimuli
were 46 3 468/visual angle degree patches of ‘‘dead
leaves’’ (Bordenave et al., 2006; Lee et al., 2001);
examples can be seen in Figure 1. Stimuli were
constructed from a set of 2,000 ellipses each assigned a
center position, orientation, aspect ratio, and lumi-
nance drawn from pseudo-random uniform distribu-
tions. The length of each ellipse semi-axis was
randomly selected to be between 0.1 and 108/visual
angle. Each image was divided in four sectors: upper,
right, lower, and left. Blur was applied to each sector by
Gaussian filtering in the frequency domain by an
amount under the control of the adaptive algorithm
described as follows. Three sectors were blurred by the
same amount of ‘‘pedestal’’ blur, whereas the fourth
was blurred by a greater amount of ‘‘pedestal þ
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increment’’ blur. To measure blur discrimination
throughout the selected visual field, a circular central
portion of the stimulus up to 08, 48, 88, or 128 of
eccentricity was sharply rendered, with no blur (Figure
1a–d). Two green concentric circles of 0.38 and 38,
respectively, were presented in the middle of each
stimulus image to serve as target for central fixation.

Design

It is known that the ability of human observers to
discriminate differences in blur varies lawfully as a
function of the amount of reference blur, and that this
blur discrimination function is dipper shaped (Hamerly
& Dvorak, 1981; Pääkkönen & Morgan, 1994; Watt &
Morgan, 1983, 1984; for a review see Watson &
Ahumada, 2011). Thus, blur perception is typically
investigated by measuring blur discrimination thresh-
olds at multiple levels of pedestal blur, and then fitting

the threshold data with a dipper shaped function.
Instead of measuring individual thresholds, in this
study we employed an adaptive testing procedure (Vul
et al., 2010) to estimate blur dipper functions at 08, 48,
88, and 128 in the visual field both monocularly and
binocularly.

We adopted a parameterization of the blur dipper
function (Mather & Smith, 2002; Murray & Bex, 2010)
with equation:

Db ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1=S

� �
r2
i þ r2

e

� �r
� re ð1Þ

where blur increment threshold Db varies as a function
of the external (pedestal) blur re applied to the stimulus
and is modulated by two parameters: blur sensitivity S
and intrinsic blur ri. The model’s intrinsic blur
parameter takes into account that a human observer’s
visual system has a baseline level of intrinsic blur
arising from all optical and neurological sources. The
blur sensitivity parameter takes into account the
proportional increase of the blur threshold with

Figure 1. Example of ‘‘dead leaves’’ stimuli employed in the study for each eccentricity condition (a–d). For each of these four

example stimuli, the top, right, and bottom quadrants are blurred with 0.5 arcmin of ‘‘pedestal’’ blur, whereas the left quadrant is

blurred by a greater amount of blur (0.5 þ 6 arcmin of ‘‘pedestal’’ þ ‘‘increment’’ blur). For the 08 condition (a), blur is present

throughout the entire image from the center to the periphery. In the peripheral blur testing conditions (b–d), the image within the

central 48, 88, or 128, respectively, were sharply rendered, and blur was present only at an eccentricity beyond 48 (b), 88 (c), or 128 (d).
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increasing external blur: an observer with high sensi-
tivity will have globally lower thresholds and will thus
be overall better at discriminating blur. Figure 2
illustrates the effects of changing these two parameters
on the shape of the dipper function. Increasing the
internal blur parameter whilst holding constant the blur
sensitivity parameter (Figure 2a) shifts the left side of
the function upward but does not affect the rightward
side of the function. Increasing blur sensitivity while
holding internal blur constant (Figure 2b) shifts the
entire curve downward and to the right.

We employed the functional adaptive sequential
testing (FAST) (Vul et al., 2010) algorithm to obtain
dipper function blur estimates. We validated the use of
the FAST method by comparing estimates of the
dipper function parameters estimated with FAST with
estimates of the dipper function based on classical
psychophysical methods with five interleaved stair-
cases in the same observers; see Appendix 1 for details.
An example of a dipper function estimated for one
representative observer in one experimental condition
is shown in Figure 3. Specifically, for each dipper
function estimate we required the algorithm to select
15 trials at each of five pedestal blur levels [0.125, 0.5,
2, 8, 32] arcmin. At these reference blur levels, each
trial the FAST algorithm selected test blur levels that
maximized information gain, efficiently constraining
the parameter estimates of the underlying dipper
function.

Figure 2. Representation of the effect of modifying the various parameters of the blur dipper model. (a) Effect of holding the blur

sensitivity parameter fixed at a value of 1 and increasing the internal blur parameter from 1 to 4 arcmin. (b) Effect of holding the

internal blur parameter fixed at 2 arcmin and increasing the blur sensitivity parameter from 0.5 to 2.

Figure 3. Example of a dipper function estimated for one

representative observer in the binocular, 08 eccentricity

condition. Asterisks represent individual trials: Green and red

are correct and incorrect responses, respectively. Black curve is

the estimated dipper function describing how the observer’s

threshold blur increment varies as a function of reference blur.

Note that in this 4AFC task, 25% trials below threshold are

guessed correctly (green asterisks). Dotted lines are the 95%

bounds of the estimated curve.
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Procedure

Subjects were tested both binocularly and monocu-
larly (with their nondominant eye occluded) in two
separate sessions. The session order was randomized
across participants. Each session, subjects completed 15
trials at each of five pedestal blur levels for each of the
four eccentricity conditions. Thus each subject com-
pleted 300 trials per sessions. When necessary, subjects
were corrected with soft contact lenses.

Each trial, subjects were required to fixate the central
fixation target. Stimuli were shown for 250 ms, which is
too brief for subjects to initiate any stimulus driven
changes in fixation. The 4AFC task was to identify, via
button press on the keyboard placed in front of them,
which of the four image sections (upper, left, lower or
right) was most blurred. Visual feedback was provided
by the fixation target, which was green following a
correct response, or red following an incorrect
response.

Data analyses

On some conditions and for certain subjects, the
FAST algorithm failed to converge. Thus, we per-
formed outlier removal by employing the following
procedure. For each estimated parameter, we comput-
ed the size of the 95% confidence region of the estimate.
For intrinsic blur (ri) and Blur Sensitivity (S)
parameters separately, we then computed the upper
90th percentile of the size of the confidence regions.
Finally, we excluded data from those dipper curves in
which at least one of the parameter estimates confi-

dence region was greater than this 90th percentile. This
procedure thus excluded parameters estimated with
high uncertainty (13% of dipper curves were excluded
overall).

Estimated intrinsic blur (ri) and blur sensitivity (S)
parameters were analyzed with a 2 (refractive status,
between subjects factor) 3 2 (viewing condition, within
subjects factor)34 (eccentricity, within-subjects factor)
mixed-design ANOVA. Blur sensitivity data did not
respect the ANOVA assumption on the normality of
the residuals. Thus blur sensitivity data was square-
root transformed, and ANOVA was rerun on these
transformed data that conformed to the ANOVA
assumptions on the normality of the residuals. AN-
OVA results on the original and transformed data did
not substantially differ; we report the ANOVA results
on the transformed data for statistical rigor. Post-hoc
comparisons were conducted via Bonferroni corrected t
tests.

Results

Figure 4 shows group data dipper functions esti-
mated under monocular and binocular testing condi-
tions at each tested eccentricity. In both monocular and
binocular viewing, blur thresholds increase with ec-
centricity. Also blur discrimination thresholds are
generally lower in the binocular testing condition.

Figure 5 shows the intrinsic blur parameter of the
estimated dipper curves. Intrinsic blur is larger under
monocular than binocular conditions, F(1, 42)¼ 12.75,
p¼ 0.00091, and increases with eccentricity, F(3, 108)¼
32.73, p ¼ 10�14. There was no significant effect of

Figure 4. Blur dipper functions under monocular (left) and binocular (right) conditions. Curves are averaged across all subjects at each

eccentricity (08 blue, 48 red, 88 green, and 128 black). Shaded regions are 95% bootstrapped confidence intervals of the mean.
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refractive group, F(1, 38) ¼ 0.54, p ¼ 0.47, and no
significant two or three way interactions (all ps . 0.6).

Figure 6a shows blur sensitivity under monocular
and binocular viewing. Blur sensitivity decreases with
eccentricity, F(3, 109)¼ 11.6, p ¼ 10�6. Comparing
monocular and binocular viewing, there was a signif-
icant main effect of viewing condition, F(1, 43)¼5.88, p
¼ 0.020, and a significant two-way interaction between
viewing condition and eccentricity, F(3, 75)¼ 4.91, p¼
0.0036. Post-hoc test following the significant interac-
tion between viewing condition and eccentricity re-
vealed that blur sensitivity is higher under binocular
viewing conditions at 08 eccentricity (p ¼ 0.012).
However, there was no significant difference in blur
sensitivity between binocular and monocular viewing
conditions at 48, 88, and 128 of eccentricity (all ps .
0.25). To summarize these results, in Figure 6b we plot
binocular sensitivity advantage as a function of
eccentricity. That is, we plot the difference between blur
sensitivity measured binocularly and monocularly at

each tested eccentricity. If binocular viewing boosts
blur sensitivity, we would expect the binocular sensi-
tivity advantage to be positive. We can see that on
average, binocular sensitivity advantage was positive,
but significantly so only with central vision.

There was no significant main effect of refractive
group on blur sensitivity, F(1, 38)¼ 3.49, p¼ 0.069, but
a significant two-way interaction between viewing
condition and refractive status, F(1, 39)¼ 4.11, p¼
0.049. Bonferroni-corrected independent samples t tests
revealed that myopes had significantly worse blur
sensitivity than emmetropes monocularly (p ¼ 0.037)
but not binocularly (p¼ 0.66), as shown in Figure 5c.
Lastly, there was no significant two-way interaction
between eccentricity and refractive status, F(3, 109)¼
0.28, p¼ 0.84, and no significant three-way interaction,
F(3, 75) ¼ 1.09, p ¼ 0.36.

Discussion

We assessed monocular and binocular blur percep-
tion in the near peripheral vision in emmetropic and
myopic subjects. It is known that the tolerance of blur
increases in the far (Ronchi & Molesini, 1975) and near
(Wang & Ciuffreda, 2004, 2005a) peripheral visual
field. Blur perception is also known to follow a typical
dipper shaped curve (Watson & Ahumada, 2011), with
blur discrimination thresholds being lower than detec-
tion thresholds for small blur pedestals, and subse-
quently increasing with increasing levels of reference
blur. This pattern is known to be maintained in the
visual periphery, where blur discrimination thresholds
with detectable levels of blur are lower than blur
detection thresholds (Wang et al., 2006). We have
replicated these findings by showing that blur percep-
tion worsens in the visual periphery and that perfor-
mance can be described by a dipper-shaped function.

We have extended these findings to show that the
increase in blur discrimination thresholds with in-
creasing eccentricity can be attributed to two sources:
(1) observers’ increased intrinsic blur and (2) decreased
blur sensitivity.

In the variance discrimination model we fit to our
data, intrinsic blur represents the internal noise or the
variance in luminance gradient due to the sensory
system (Morgan et al., 2008). The intrinsic blur is thus
due to the combined effects of aberrations in the eye’s
optics and to the noise in the neural transducer
machinery. Intrinsic blur increased by 56% beyond 128
in the visual periphery. Part of this increase is likely due
to the fact that the retinal surface is curved. Thus, when
the eye is accommodating to place the flat surface of the
monitor in focus at the fovea, the peripheral retina will
experience defocus due to the curvature of the retina.

Figure 5. Intrinsic blur as a function of eccentricity in monocular

and binocular viewing. Data are averaged across subjects for

both monocular (diamonds) and binocular (squares) viewing

conditions. Color-coding of eccentricity conditions is as in Figure

3. Error bars are 95% bootstrapped confidence intervals of the

mean. Gray data points are individual subject data. Monocular

and binocular data are shifted left and right for graphical

purposes.
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Other aberrations, (astigmatism, coma, and higher
order aberrations) also increase in the visual periphery
and might contribute to increased intrinsic blur,
although removing these aberrations via adaptive
optics does not improve peripheral visual resolution
(Lundström et al., 2007). Subsampling and consequent
aliasing (Artal, Derrington, & Colombo, 1995; Thibos,
Walsh, & Cheney, 1987; Williams, Artal, Navarro,
McMahon, & Brainard, 1996) due to the decrease in
sampling density occurring throughout the peripheral
retina (Lindsay & Norman, 1972) are also likely
responsible for the observed increase in Intrinsic Blur.
Overall, Intrinsic Blur estimates with our ‘‘dead leaves’’
stimuli were greater than those reported for border blur
discrimination (Watson & Ahumada, 2011) or for blur
discrimination with fractal patterns (Mather, 1997),
suggesting that blur perception with naturalistic stimuli
may be mediated by receptive fields with larger space
constants (Mather & Smith, 2002).

Blur sensitivity decreased by 34% beyond 128 in the
visual periphery and was overall quite poor if
compared with, for example, spatial frequency dis-
crimination (Hirsch & Hylton, 1982) or even stereo-
scopic disparity (e.g., Badcock & Schor, 1985), a fair
comparison given that blur is an important cue to
depth (Langer & Siciliano, 2015; Maiello et al., 2014;
Maiello, Chessa et al., 2015; Mather, 1997; Mather &
Smith, 2002; Vishwanath, 2012; Vishwanath & Blaser,

2010; Watt et al., 2005). For discrimination of more
fundamental image properties such as contrast, dipper
functions are thought to arise from the derivative of a
sigmoidal transduction response function (Solomon,
2009; Wilson, 1980). Given the observers’ poor
performance, it is unlikely that blur is represented in
the human visual system by an analogous transducer
function for image blur. The mechanisms employed for
blur perception are a matter of debate. Watson and
Ahumada (2011) criticize the variance discrimination
model for not providing a mechanistic explanation of
blur perception and propose an alternative model based
on visible contrast energy detection in which the
characteristic dipper shape of the blur discrimination
function arises from the shape of the contrast
sensitivity function (Campbell & Robson, 1968).
Murray and Bex (2010), on the other hand, show that
the contrast detection model cannot fit blur discrimi-
nation of Gaussian and Sinc-blurred images with the
same contrast sensitivity function for the two different
types of blur. Models based on luminance slope (such
as the MIRAGE model, R. J. Watt & Morgan, 1985)
rather than spatial frequency better predicted the data
presented in Murray and Bex (2010).

Plainis et al. (2011) have shown that with visual blur
induced by positive lenses, binocularity improved
visual acuity and enhanced the P100 component of
visual evoked potentials. We extend these findings by

Figure 6. Blur sensitivity. (a) Blur sensitivity as a function of eccentricity averaged across subjects and viewing conditions. (b) Blur

sensitivity advantage for binocular viewing compared with monocular viewing as a function of eccentricity averaged across all

subjects. Color-coding of eccentricity conditions in (a) and (b) is as in Figure 4. (c) Monocular and binocular blur sensitivity in

emmetropes (upwards pointing triangles) and myopes (downward pointing triangles). Data are averaged across eccentricities and

across subjects in each refractive group. Error bars are 95% bootstrapped confidence intervals of the mean. Gray data points are

individual subject data. *p , 0.05.
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showing that binocularity also improves visual blur
perception. Our results show that combining the
information from the two eyes leads to a reduction in
the system’s internal blur, which is consistent with the
notion that combining information from the two eyes
reduces noise (Legge, 1984a, 1984b). We also observed
a small but statistically significant advantage in blur
sensitivity when viewing stimuli binocularly with
central vision. This suggests there may be additional
binocular processing of blur in the center of the visual
field.

Evidence for differences in the perception of blur
across refractive groups is conflicting. Rosenfield and
Abraham-Cohen (1999) found that thresholds for blur
detection are impaired in myopes, whereas Cufflin et al.
(2007) found that early onset myopes adapt more
strongly to optical blur, yet Schmid et al. (2002) found
no statistically significant differences between myopic
and emmetropic children in the ability to detect blur. In
the current study we have found no differences in the
amount of intrinsic blur between myopic and emme-
tropic subjects. We have found instead that myopes
have, on average, worse blur sensitivity than emme-
tropes monocularly but not binocularly. This suggests
that myopes may process blur less efficiently than
emmetropes monocularly but not binocularly. We
could speculate that monocular deficits in blur pro-
cessing may be linked to refractive error, but func-
tionally these deficits are masked by binocular
summation. In future work it might be informative to
assess blur sensitivity both binocularly and monocu-
larly in each eye, not only the dominant eye, to verify
the degree to which binocular summation occurs in
different refractive groups. Future investigations
should also include hyperopic subjects as well as
progressing myopes to further study the relationship
between blur sensitivity and refractive error develop-
ment. However, it is thought that the mechanisms that
lead to hyperopia are not the same as those that lead to
myopia (Borchert et al., 2011; Llorente, Barbero, Cano,
Dorronsoro, & Marcos, 2004). Thus hyperopia and
myopia should be investigated separately as different
processes within the failure of emmetropization. In the
current study we assessed blur perception using
rendered Gaussian blur. It is probable that blur
perception would differ with different kinds of blur,
and that the specific type of defocus blur arising from
an observer’s own optics may have a role in emme-
tropization. Future studies should thus assess the
differences in blur perception with different kinds of
blur, such as defocus blur through an observer’s own
optics (Akeley, Watt, Girshick, & Banks, 2004; Love et
al., 2009; Sebastian, Burge, & Geisler, 2015) or sync
blur, which contains phase reversals typical of the
modulation transfer function of an optical system with

a circular aperture such as the human pupil (Murray &
Bex, 2010).

Keywords: blur perception, peripheral visual field,
myopia, binocular vision
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Appendix 

Validation of the FAST Testing Procedure 

The most common approach in psychophysics is to extensively test a small number 

of trained subjects. Given the number of conditions we set forth to test in the current 

study and the assessment of healthy young myopic subjects, typical psychophysical 

experimental sessions would have required several thousand trials and multiple 

hours of testing per subject. To limit testing time to a single hour per subject, we 

employed the FAST testing procedure (Vul, Bergsma, & MacLeod, 2010) to optimize 

the length of the experimental sessions with respect to the number of conditions 

tested. The FAST algorithm has not, to our knowledge, been previously employed to 

measure blur dipper functions. Thus, we ran the following control experiment to 

verify that the procedure would produce meaningful results throughout the range of 

conditions we tested. We measured binocular blur dipper functions at the fovea and 

at 12 degrees eccentricity both using the FAST algorithm and using a typical 

psychophysical approach.  

 

Specifically, at each eccentricity we employed randomly interleaved three-down, 

one-up staircases (Wetherill & Levitt, 1965) to measure blur discrimination 

thresholds at five pedestal blur levels [0.125, 0.5, 2, 8, 32] arcmin. The raw data from 

75 trials from each staircase were combined and fitted with a cumulative normal 

function by weighted least-squares regression (in which the data are weighted by 

their binomial standard deviation). Blur discrimination thresholds were estimated 

from the midpoint of the psychometric function. For both eccentricities tested these 

thresholds were then fitted to the dipper function presented in Equation 1. We also 

employed the FAST algorithm as described in the Methods section of the main text 



to measure blur dipper functions at 0 and 12 degrees eccentricity. Staircase and 

FAST trials were randomly interleaved throughout the same experimental session.  

 

The experiment was programmed with the Psychophysics Toolbox Version 3 

(Brainard, 1997; Pelli, 1997) in Matlab. Five subjects were recruited for this 

experiment, which included authors GM and PJB as well as three naïve observers. 

Observers were placed 45 cm in front of a gamma corrected BenQ XL2720Z monitor 

(1920x1080 pixels resolution,120 Hz, NVidia Quadro K420 GPU) with their head 

stabilized in a chinrest. Stimuli were the same dead leaves stimuli as those 

employed for the experiments described in the main text, scaled appropriately for the 

current viewing distance and monitor size. Because of the different setup, the full 

field stimuli spanned 41x41 degrees of visual angle. All other procedures were the 

same as those described in the main text.  

 

Figure S1 presents the results of this experiment. Figure S1(a) shows individual and 

average thresholds (small and large circles) estimated using the staircase procedure 

at each pedestal blur level, as well as individual subject and average dipper 

functions estimated using the FAST testing procedure (thin and thick lines 

respectively). Data for the 0 deg condition are shown in blue, for the 12 deg condition 

in black.  

As per the main experiment, the data from both the staircase and FAST procedures 

show that blur discrimination worsens in the visual periphery because Intrinsic blur 

increases and Blur sensitivity decreases. Furthermore, the average threshold 

functions estimated using the FAST procedure overlap the average threshold 

estimates from the staircase procedure.  



 

To further verify the agreement between FAST and staircase procedures, Figures 

S1b and c show Bland & Altman (Bland & Altman, 1986) plots for Intrinsic Blur and 

Blur Sensitivity respectively. The bias between testing procedures was not 

significantly different from zero for either Intrinsic Blur (p=0.92, one sample t-test) nor 

for Blur Sensitivity (p=0.43, one sample t-test). The spread of the 95% limits of 

agreement, i.e. the range within which a difference value between tests is likely to 

fall for most participants, suggests that some of the between subjects variability 

observed in the results presented in Figures 5 and 6 is due to measurement noise. 

However, the fact that there is no bias suggests that both testing methods converge 

onto the true population averages given as few as five subjects. Hence, the FAST 

testing procedure provides unbiased estimates of blur discrimination functions with a 

five-fold reduction in testing time with respect to a more classic psychophysical 

approach.  

 

 

Figure S1. Comparison of the FAST procedure and a classical staircase procedure. (a) 

Threshold blur as a function of pedestal blur measured at 0 deg (blue) and 12 deg (black) 



eccentricity. Thin circles are individual subject blur thresholds estimated using a staircase 

procedure (75 trials per pedestal level at each condition, 375 trials to estimate a full curve). 

Large circles are mean thresholds bounded by 95% confidence intervals. Thin lines are 

individual subject dipper blur threshold functions estimated using the FAST testing 

procedure (75 trials to estimate a full curve). Thick lines are mean dipper blur threshold 

functions. (b-c) Bland & Altman difference plots for (b) Intrinsic Blur and (c) Blur Sensitivity 

parameters estimated using FAST and by fitting Equation 1 to blur thresholds estimates 

obtained using the staircase procedure. The difference between the parameters estimated 

with the two testing procedures (i.e. staircase - FAST) are plotted as a function of mean 

values of the two (i.e., (staircase + FAST)/2) for each subject and each eccentricity condition 

(circles, blue for 0 deg, black for 12 deg). The black horizontal line is the bias between the 

two procedures, a value of zero on the y-axis indicates no difference between the two testing 

procedures. The dotted lines are the 95% limits of agreement, i.e. the range within which a 

difference value between tests is likely to fall for most participants. 
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