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Abstract 

PSYCHOPHYSICAL AND ELECTROPHYSIOLOGICAL MEASURES OF LATERAL 
INTERACTIONS IN HUMANS 

Rachel K. Harmon 

New England College of Optometry 

Introduction:  

Lateral interactions are a key mechanism in visual processing and thought to be relevant in  

emmetropization. The present study addresses the relationship between axial length (AXL) and 

electrophysiological and psychophysical correlates of lateral interactions in the midperiphery. 

Methods:  

Subjects (n = 35; Age 25 ± 2 years; AXL 24.97 ± 1.17 mm) had no ocular pathology or vision 

deficits other than refractive error (spherical equivalent, M -2.97 ± 2.36 D). Contrast Sensitivity 

(CSF) and Threshold versus Contrast (TvC) curves were obtained at 6 deg or 10 deg eccentricity. 

TvC curves, investigating the effect of surround contrast on thresholds, were tested under both 

monocular and dichoptic conditions. Electroretinography (ERG) and Visual Evoked Potentials 

(VEP) were recorded in response to a novel stimulus generating a surround contrast versus 

response function for each subject. Spearman-Rank correlations were analyzed as a function of 

AXL (primary outcome) and M (secondary outcome).  

Results:  

Ocular biometry, refraction, and acuity: As expected, AXL and M exhibited a significant 

negative correlation (Rs = -0.612, p < 0.001).  

CSF: No significant correlations were found between AXL and total area under the log CSF 

(AULCSF) at either eccentricity. A statistically significant negative correlation was found 
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between the area the low frequency dropoff (AULCSF_LowPass) and AXL at 10 deg (Rs = 

-0.463, p = 0.030). There was no relationship between AULCSF_LowPass and AXL at 6 deg. 

AULCSF (Rs = 0.475, p = 0.025) demonstrated significant positive correlations with M at 10 

deg. No significant correlations were noted between AULCSF or AULCSF_LowPass and M at 

either 6 or 10 deg eccentricity. The high spatial frequency cutoff of the CSF (Acuity) was 

negatively correlated with AXL at 10 deg (Rs = -0.439, p = 0.044), but not 6 deg; coinciding 

with a positive correlation with M at 10 deg (Rs = 0.455, p = 0.034), but not 6 deg. Neither the 

spatial frequency at the CSF peak (SFpeak) nor the peak contrast sensitivity (CSpeak) were 

correlated with AXL or M at either eccentricity. 

TVC: No significant correlations were noted for area under the TvC curve (AUTVC), Intrinsic 

Noise (IN), sensitivity to change in contrast (Psi), pedestal contrast at function minimum 

(MinPedes), or contrast threshold at function minimum (MinThresh) with either AXL or M at 

any eccentricity or testing condition. 

Electrophysiology: No significant correlations were found between ERG/VEP results and AXL 

or M at either eccentricity for any surround contrast level.  

Discussion:  

This study supports a possible relationship between psychophysical measures of lateral 

interactions and axial length/refractive error. Lateral interactions contributing to the low spatial 

frequency dropoff of the CSF may be increased with increasing axial length, with a possible 

differential effect at 10 deg versus 6 deg. No significant relationships were found with either 

AXL or M in either psychophysical (TvC) or electrophysiological experiments investigating 

the effect of surround stimulation. Further work is needed to solidify our understanding of 

these interactions and where such relationships originate in the visual pathway. 
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1. General Introduction 

1.1 Introduction 

As a leading cause of vision loss, myopia is a global public health concern 1,2. In addition 

to causing defocus on the retina and blurry vision, myopia is associated with an increased risk of 

vision-threatening ocular pathologies such as retinal detachment, staphyloma, and myopic 

maculopathy 3. Although myopia can be caused by an increase in the refractive power of the eye, 

it is most often caused by excessive ocular elongation 4–6. Current research suggests that myopia, 

a failure of emmetropization, is the result of a combination of genetic and environmental factors 

7–12. Unfortunately, the underlying mechanism whereby the eye grows excessively long and 

therefore develops myopia is not well understood, especially at the cellular level. Much of the 

research to date focuses on identifying the external, environmental, factors involved in 

emmetropization, as well as intrinsic factors such as the optics of the eye and accommodation.  

Axial elongation is caused by changes in the fibrous sclera, which is largely mediated by 

signals from the retina. A preponderance of evidence implicates the retina as the primary 

mediator of both defocus/growth signal detection and the origin of the subsequent signalling 

cascade 13–16. However, there remains little research on the differential activity of retinal cell 

types in relation to myopia. A thorough understanding of the various cells in the visual pathway 

could further elucidate the pathophysiology of myopia development and promote novel 

therapeutic techniques. As part of a larger research project exploring the relationship between 

axial length and activity of retinal cells, this study seeks to investigate lateral interactions within 

the retina. Specifically, we focus on the activity of horizontal and amacrine cells as a function of 

axial length (AXL). 

https://www.zotero.org/google-docs/?UgKDQI
https://www.zotero.org/google-docs/?X7XOwU
https://www.zotero.org/google-docs/?vtgdmQ
https://www.zotero.org/google-docs/?ECGg1s
https://www.zotero.org/google-docs/?Nhanhz
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Horizontal cells (HC) are the basis for lateral inhibition, the mechanism that facilitates 

contrast enhancement and the formation of receptive fields 17–25. With nuclei in the inner nuclear 

layer and synapses in the outer plexiform layer, HCs form lateral networks between 

photoreceptors and facilitate some of the earliest processing in the visual pathway 26,27. In 

humans, their function is often studied through psychophysical analysis of contrast sensitivity at 

low spatial frequencies 18,28–33, which is known to be dictated by the lateral inhibitory function of 

the horizontal cells 34. 

While there remains a gap in our understanding of the contribution of HCs to myopia 

development, recent work in animal models suggests that they may play an integral role in 

regulating normal eye growth and emmetropization 2,35,36. For example, Barathi and colleagues 

pointed to disruption in GABA signaling as a potential mechanism for myopia control with 

atropine 35. This suggests that horizontal cells and/or amacrine cells are involved in the 

regulation of eye growth since these cell types utilize GABA as a neurotransmitter. Li and 

colleagues found that calcium signaling by horizontal cells is significantly reduced in a mouse 

model of form-deprivation myopia 2. Another group investigated the expression of long-coding 

RNAs in myopia and found colocalization of certain differentially expressed genes in retinal 

ganglion cells and horizontal cells 37. Based on this work, horizontal cell signaling remains an 

interesting candidate for intraretinal processing in emmetropization.  

Amacrine Cells (AC) are similarly involved in the integration of retinal signals laterally, 

connecting bipolar and ganglion cells in the inner plexiform layer 26. Due to the high variability 

in AC function and morphology, the functions of these cells are not yet fully understood. 

However, they are thought to be associated with oscillatory potentials on electroretinogram 

waveforms that vary significantly between individuals and recording conditions 19. Similar to 

https://www.zotero.org/google-docs/?xxJ589
https://www.zotero.org/google-docs/?73rv3B
https://www.zotero.org/google-docs/?LwnaOd
https://www.zotero.org/google-docs/?Uaj06g
https://www.zotero.org/google-docs/?MyfjNn
https://www.zotero.org/google-docs/?dKEZAo
https://www.zotero.org/google-docs/?kopuU3
https://www.zotero.org/google-docs/?zLsxBz
https://www.zotero.org/google-docs/?Sgo9cM
https://www.zotero.org/google-docs/?s0MwYK
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horizontal cells, current research in animal and genetic studies suggests that ACs may also 

contribute to emmetropization 38–46. There is particular interest in the GABA-ergic and 

dopaminergic pathways within the retina, with several studies suggesting that amacrine cells may 

play a pivotal role 35,40–44,47. Various structural studies point to thinning of the inner nuclear and 

outer plexiform later in myopia, which could be due to the loss of bipolar, amacrine, and/or 

horizontal cells with increasing axial length 48–50. Careful analysis of AC as a function of AXL 

may help understand the potential role of amacrine cells in emmetropization.  

Although lateral inhibition and receptive field development 17–20,23–25 have been 

thoroughly studied with regard to their physiological function in animal models, they are difficult 

to study in human subjects, resulting in a lack of research into their potential role in myopia 

development. Current research into lateral interactions revolves primarily around psychophysics 

studying lateral inhibition and contrast sensitivity 18,28–33 or animal models involving ex vivo 

analysis 2,35,36,51–54. Additionally, psychophysical testing has been largely limited to the foveal 

region, prohibiting a complete understanding of retinal diseases with suspected peripheral 

involvement. While research into other retinal phenomena benefit from validated 

electroretinogram (ERG) protocols (23–29), there is no established method specifically designed 

to assess lateral interactions. To address these gaps in knowledge, ERG and Psychophysical 

paradigms were developed targeting lateral mechanisms through study of responses to custom 

center-surround stimuli. 

We hypothesize that lateral interactions in the retina may be decreased by axial 

elongation without myopia-associated ocular pathology, possibly contributing to retinal 

dysregulation and myopia progression. Future studies may seek to determine whether differences 

seen in horizontal and amacrine cell function contribute to myopia development or are its result.   

https://www.zotero.org/google-docs/?YLBdK1
https://www.zotero.org/google-docs/?z5W3yT
https://www.zotero.org/google-docs/?knlVY6
https://www.zotero.org/google-docs/?eGDotQ
https://www.zotero.org/google-docs/?ewI0RV
https://www.zotero.org/google-docs/?df2kTs
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1.2 Specific Aims   

This project aims to address the current deficit in our understanding of the role of lateral 

interactions in human myopia and how they correlate with axial length (AXL). A novel ERG 

paradigm and psychophysical methods were used for this purpose.  

The specific aims of the study are:  

AIM 1. To investigate the relationship between AXL and lateral interactions of HCs and 

ACs in the human retina.  

The following measurements will be used: 

● Photopic full-field flash ERGs for measurement of oscillatory potentials 

● Custom-made stimulus for center-surround ERGs/VEPs 

● Contrast Sensitivity Function (CSF) in the fovea and peripheral retina 

● Center-Surround Contrast Thresholds in the fovea and peripheral retina under monocular 

and dichoptic conditions  

● Ocular Biometry: AXL, anterior chamber depth, lens thickness, vitreous chamber depth, 

and keratometry 

● Posterior segment High-Resolution Wide-Field Ocular Coherence Tomography (OCT) of 

the retina and choroid 

It is hypothesized that increased AXL will be systematically associated with decreased lateral 

interactions measured via ERGs and psychophysical methods.   
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AIM 2: To investigate the relationship between retinal eccentricity and lateral interactions 

of HCs and in the human retina.   

The following measurements will be used: 

● Photopic and scotopic Full-Field flash ERGs for the measurement of oscillatory potentials 

● Multifocal ERGs for a range of background luminances in photopic conditions 

● CSF in the fovea and peripheral retina  

● Center-Surround Contrast Thresholds in the fovea and peripheral retina under monocular 

and dichoptic conditions  

● Ocular Biometry: AXL, anterior chamber depth, lens thickness, vitreous chamber depth, and 

keratometry 

● Posterior segment High-Resolution Wide-Field OCT of the retina and choroid 

It is hypothesized that retinal eccentricity will be systematically associated with the magnitude of 

lateral interactions as measured via ERG waveforms and psychophysical methods.  

For both Aims, results from psychophysical testing will be qualitatively compared with 

the results from electroretinography to facilitate a clearer understanding of the relationship 

between lateral interactions and AXL. Understanding these interactions may inform our 

understanding of myopia progression and management techniques.   

1.3. Subjects 

Inclusion criteria for participation in this study were: (1) within 18 and 32 years of age, 

(2) best-corrected logMAR VA (BCVA) ≤ +0.10 (20/20 equivalent) or better in each eye, (3) 

spherical equivalent refractive error (M) between +5.00 and -7.00 Diopters in each eye with a 

cylinder value no larger than 2.50 Diopters, (4) no history of ocular surgery or disease that may 
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have resulted in visual consequences, (5) not using ocular or systemic drugs that may affect their 

vision, (6) no strabismus or near vision binocular abnormalities, (7) not pregnant or nursing, (8) 

no history of allergy to any eye drops, (9) no history of seizures or diagnosis of epilepsy, and 

(10) able to provide verbal or written informed consent. Subjects were recruited within the 

NECO population via email outreach. This study was approved by the Institutional Review 

Board (IRB) of New England College of Optometry (NECO), Boston, Massachusetts. The 

research was conducted in accordance with the tenets of the Declaration of Helsinki. Informed 

consent was obtained from each subject after an explanation of procedures and risks and prior to 

any testing.  

1.4. Schedule of Collaborative Data Collection 

A cross-sectional study was conducted during four visits, including measures of retinal structure, 

cellular function, and visual performance. This was a collaborative data collection process with 

three other MS students (Raviv Katz, Srini Srirangam, and Simon Wong). Within the following 

schedule, measures utilized in the present analysis are underlined. 

● Visit 1: Informed Consent, Vision Screening, Psychophysics probing the Contrast 

Sensitivity (CS) of Bipolar Cells, Optical Coherence Tomography (OCT), and Ocular 

Biometry (Lenstar). 

● Visit 2: Psychophysics probing the Contrast Sensitivity Function (CSF) in the Fovea and 

Periphery, Psychophysics probing Center-Surround Contrast Thresholds in the Fovea and 

Periphery, Rod-isolating Electroretinography (ERG), Paired-Flash Cone ERG, 

Paired-Flash Rod ERG.  
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● Visit 3: Psychophysics probing CS with chromatic and temporal modulation, Ganglion 

Cell ERG, Background Contrast vs Response Pattern ERG, Bipolar Cell ERG, Visual 

Evoked Potentials. 

● Visit 4: Psychophysics probing the recovery rate of photoreceptors, Psychophysics 

probing the CS Bipolar Cells, Ocular Biometry (Lenstar). 

1.5. Vision Tests 

At the initial visit, subjects underwent a thorough vision screening to determine inclusion 

eligibility. The following measures were taken to screen for ocular health: (1) comprehensive 

health and ocular history, (2) lensometry of habitual distance optical correction, (3) distance and 

near clinical visual acuity using a computerized logMAR chart, (4) estimated distance and near 

cover test, (5) near point of convergence with an accommodative target, (6) counting fingers 

confrontation visual fields, (7) measurement of pupil reactivity and sizes using a transilluminator 

and ruler, (8) extraocular muscles assessment, (9) rebound tonometry using an iCare ic100 

tonometer, (10) dynamic retinoscopy using the monocular estimated method, (11) static distance 

retinoscopy, and (13) slit lamp anterior segment health evaluation. In conjunction with the vision 

screening, the following measures were acquired as part of the study’s data set (13) biometry 

using Lenstar, (14) optical coherence tomography (OCT), and (15) objective refraction with 

static retinoscopy and a WAM open-field autorefractor, to determine the subjects’ refractive 

error. If visual acuity through objective refraction was not sufficient to achieve logMAR VA of 

+0.10 or better, (16) distance subjective refraction with binocular balance was performed to 

determine refractive error. Power vectors M, J0, and J45 were calculated from the refractive error 

determined using either WAM if the subject reached +0.10 logMAR acuity through this 

correction or subjective refraction if they did not reach +0.10 logMAR with the WAM findings. 
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The spherical equivalent refractive error (M), calculated as the spherical power plus one-half the 

cylinder power in diopters (S - C/2), was used for subsequent statistical analyses 55. J0 was 

calculated as (-C/2)[cos(2(𝛽 - 90)] and J45 as (-C/2)[sin2(𝛽 - 90)], as described by Thibos et al. 55. 

Future psychophysical and electroretinography tasks were performed through appropriate 

refractive correction determined during this initial testing, as indicated.  

Ocular biometry measurements were taken using the Lenstar LS900 

[https://www.haag-streit.com/]. Five measurements were taken from each eye to obtain AXL, 

anterior chamber depth (ACD), and lens thickness (LT). These data were used to (1) determine 

the correlation of AXL and M between subjects, and (2) evaluate changes in AXL within 

subjects. A Heidelberg Spectralis OCT was used to obtain posterior segment high-resolution 

wide-field OCT in the right eye using two custom x6 radial scans using the 30-deg lens. These 

were recorded: (1) with enhanced depth imaging (EDI, ART 20 or 30, the higher the better 

resolution), and (2) without EDI (16A RT). 

1.6. Statistical Analysis 

This exploratory study sought to identify possible relationships between lateral 

mechanisms in the human retina and AXL. A multifaceted analysis was used to correlate 

measures of lateral processing (mediated in large part by HCs and ACs) with AXL as primary 

endpoints. Secondary analyses correlated the same measures with M. All analyses were 

conducted using Spearman’s Rho due to many data sets containing non-parametric distributions. 

For each outcome, p-values are adjusted using a Bonferroni method to account for the same 

measurements being taken at two eccentricities: 6 and 10 deg from fixation. Data points greater 

https://www.zotero.org/google-docs/?m5hgsS
https://www.zotero.org/google-docs/?sSlWoI
https://www.haag-streit.com/
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than 150% of the interquartile range outside of the upper and lower quartiles were considered 

outliers and were excluded from the analysis.  

The experiments performed in this study fall into three categories: (1) psychophysical 

testing which produced the Contrast Sensitivity Function (CSF), (2) psychophysical testing 

which produced the Threshold versus Contrast function, and (3) electrophysiological responses 

to our custom stimulus. For each of these categories, an unconventional alpha cutoff was 

determined as a threshold for identifying “interesting” results that may warrant follow-up 

studies. This unconventional alpha cutoff, that is one greater than 𝛼 < 0.05, was determined by 

solving the equations for power for alpha rather than a sample size for a fixed power (a 

traditional a priori power analysis). To be specific:  

(1) Power (1- 𝛽) was set to 80% 

(2) N was the sample size we were able to obtain during the MS project, which was the 

number of subjects deemed complete cases (i.e., the subject had data in all conditions, 

after drop-out and outlier removal via Tukey’s criterion 56,57 

(3) Selected the maximum effect size we observed among our Spearman Rank correlations. 

From the calculations, we determined that an unconventional alpha of 0.1 would be used 

for outcomes extracted from the CSF. For outcomes extracted from the TvC function, an 

unconventional alpha of 0.2 was used. For outcomes extracted from ERG/VEP responses, an 

unconventional alpha of 0.40 will be utilized. The purpose of this unconventional secondary 

analysis is to provide guidance for future research projects that investigate lateral interactions 

within the visual system. Also note, by increasing the alpha cut-off the reader should keep in 

mind we are effectively saying, “we are willing to tolerate a false-alarm or type I error at a level 

greater than the 1/20 (𝛼 <= 0.05) that is conventionally used in our sub-field.”  

https://www.zotero.org/google-docs/?xRMI3N
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Differences between group means were analyzed for comparisons made between eccentric 

locations. For CSF results, a one-way ANOVA was used to compare eccentric locations. For 

TVC results, Two-way ANOVA was used to assess differences between eccentric locations, 

monocular vs dichoptic testing methods, and interaction effects. For ERG and VEP results, 

Two-way ANOVA was utilized to assess differences between eccentric locations, pedestal 

contrast levels of the surround, and interaction effects. Tukey’s post hoc analysis was performed 

if statistical significance was found in the initial ANOVA. With respect to ANOVA, a traditional 

cutoff of 0.05 was used to identify significant differences between specified testing conditions 

and/or eccentricities. Analysis was conducted using the R programming language in RStudio 

(https://posit.co/download/rstudio-desktop/).  

1.7. General Results 

Young adult subjects aged 22 - 32 years (25.00 ± 2.22) (n = 35) underwent a thorough 

vision screening (Table 3.1). All subjects had distance BCVA +0.10 logMAR (20/25 Snellent 

equivalent) or better in each eye and no ocular pathology or vision deficit other than refractive 

error, per the inclusion criteria. AXL was obtained in the right eye only using the Lenstar optical 

biometer as the average of 5 measures. AXL was the primary correlation of interest in this 

project (24.974 ± 1.167 mm, range 22.500 to 27.510 mm) (Table 4.1). Spherical equivalent 

refractive error (M -2.972 ± 2.362 D, range -6.875 to +1.150 D) was measured through 

non-cycloplegic open-field autorefraction values if distance VA was at least 20/25 with this 

correction; otherwise, a subjective refraction was also performed by a skilled examiner to 

achieve a DVA of 20/25 or better after refraction (Table 4.1). For analysis purposes, the 

calculated M value was used from either the objective autorefraction or the subjective refraction, 

as indicated. Correlations with M were considered secondary outcomes.  
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AXL and M values were normally distributed as determined using the Shapiro-Wilk normality 

test (p = 0.915 and p = 0.070, respectively). The majority of the other data sets in the study 

exhibited a non-normal distribution. For consistency, a Spearman-Rank Correlation was used 

throughout the analysis reported here. Using a traditional alpha cutoff of 0.05, AXL was 

significantly correlated with M using Spearman Rank Correlation analysis (Rs = -0.612, p < 

0.001) (Figure 4.1), consistent with anticipated results.  

 

Table 1.1. Summary of vision testing including Mean, Standard Deviation (SD), Minimum 
(Min), and Maximum (Max) of selected measures. All parameters are reported with 3 digits of 
precision.  
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Figure 1.1. Scatter plot assessing the relationship between axial length (AXL) and spherical 
equivalent refractive error (M). A significant negative correlation was found between AXL and 
M (Rs = -0.612, p < 0.001).   
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2. Experiment 1: Contrast Sensitivity Function (CSF) 

2.1 CSF Methods 

Full CSFs were measured for each subject for their right eye. Spearman Rank correlations 

were analyzed to determine the relationship between each specific measure with AXL and M.  

Custom MATLAB software programmed by Dr. Peter J. Bex (NorthEastern University) 

was used to measure the CSF at three retinal regions: 0-4, 4-8, and 8-12 deg eccentricity from the 

fovea. Targets were sine-wave luminance gratings with randomly varying contrast (range =  

0.001 - 1) and spatial frequency (range = 0.25 - 40 cpd). Targets were circular, spanning 4 deg 

visual angle diameter and having a Gaussian profile (fading toward the edges).  

 

Figure 2.1. Representative stimulus for the foveal (0 deg) CSF experiments. Upon selecting 
orientation of stimulus, pink areas appear to indicate position chosen by subject. In this example, 
the subject has already selected the orientation of all stimuli.  
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For foveal targets (0 deg), stimuli were presented 12 at a time in a 3 x 4 array over 4 

screens, totaling 48 stimuli (Figure 2.1). Subjects were able to look freely at each stimulus in 

turn (thereby utilizing their fovea for vision) and were asked to select the orientation of the 

grating using a mouse as they glanced from target to target. Subjects wore appropriate spectacle 

correction as indicated above. The angular error was determined by the difference between the 

selected and actual orientations of the stimulus.  

For the peripheral CSF experiment, only one stimulus was presented at a time for 100 ms 

at one of 8 spatial locations while the subject fixated on a central point (Figure 2.2). The ring of 

possible locations was located at either 6 or 10 deg eccentricity depending on the trial. Gaze 

tracking (Gazepoint GP3) was utilized to ensure that the stimulus only appeared when the subject 

was looking at the central fixation point. Subjects were asked to select the peripheral location 

where the stimulus was presented.  

  
Figure 2.2. Representative stimulus for the peripheral CSF experiment tested at 6 deg. On the 
left, the light, central circle represents the fixation target, while a high contrast target is presented 
in one of 8 possible locations surrounding fixation. The right image represents the response ring 
that appears after stimulus presentation. Once the subject selects one from the 8 green circles in 
the response ring, the next stimulus is presented, and the cycle repeats.  
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Both experiments utilized a modified staircase method to determine the spatial frequency and 

contrast of subsequent stimuli, with a maximum of 48 trials at each eccentricity. Experiments 

were conducted under photopic conditions. 

2.2 CSF Results 

The Contrast Sensitivity Function (CSF) was measured monocularly in the right eye only, 

with the left eye fogged using a frosted lens. At each peripheral eccentricity, CSF curves were 

generated in MATLAB to achieve the best estimate of the true curve based on the data obtained 

(Figures 2.3 and 2.4). From these curves, the following data points were extracted: (1) total area 

under the logCSF curve (AULCSF), (2) area under the low frequency dropoff of the logCSF 

curve (AULCSF_LowPass), (3) acuity, (4) peak spatial frequency, and (5) peak contrast 

sensitivity. Spearman Rank correlations were performed relating these outcomes with AXL 

(primary outcome) and spherical equivalent (M) refractive error (secondary outcome).  

 
Figure 2.3. Contrast Sensitivity Function (CSF) curve fits for all subjects measured at 6 deg 
eccentricity in the peripheral retina. Both axes are plotted in logarithmic notation. Green circles 
represent data points where the subjects correctly identified the stimulus location, whereas red X 
data points represent trials where subjects incorrectly identified the location.    
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Figure 2.4. Contrast Sensitivity Function (CSF) curve fits for all subjects measured at 10 deg 
eccentricity in the peripheral retina. Both axes are plotted in logarithmic notation. Both axes are 
plotted in logarithmic notation. Green circles represent data points where the subjects correctly 
identified the stimulus location, whereas red X data points represent trials where subjects 
incorrectly identified the location. 
 
 
After selecting complete data sets and removing outliers, 27 subjects were included in the 

analysis of the CSF. For each outcome, p-values are adjusted using the Bonferroni method to 

account for measurement at two eccentricities (6 and 10 deg). One-way ANOVA was performed 

to assess differences between 6 and 10 deg (Figure 2.5). Significant differences were found 

between eccentric locations for AULCSF (Mean 6 deg 3.141 +/- 0.399, 10 deg 2.651 +/- 0.460, p 

< 0.001), AULCSF_LowPass (Mean 6 deg 1.992 +/- 0.134, 10 deg 1.810 +/- 0.193, p < 0.001), 

Acuity (Mean 6 deg 16.802 +/- 4.654, 10 deg 12.772 +/- 7.446, p = 0.021), and CSpeak (Mean 6 

deg 2.030 +/- 0.176, 10 deg 1.849 +/- 0.186, p < 0.001). For each of these outcomes, the group 

mean was higher at 6 deg than at 10 deg eccentricity (Table 2.1). No statistically significant 

difference was found for SFpeak between eccentric locations (Mean 6 deg 1.212 +/- 0.278, 10 

deg 1.075 +/- 0.286). Overall, subjects were more sensitive to contrast (AULCSF and 
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AULCSF_LowPass) at 6 deg than at 10 deg, which is expected based on known characteristics 

of retinal structure. It was also expected that subjects would have greater maximum spatial 

frequency resolution at 6 deg than at 10 deg (Acuity), which is consistent with the present 

results. A difference in the location of the CSF peak (SFpeak and CSpeak) was also expected, 

but was not observed in this sample. This may be because (1) the two tested eccentricities are 

very close together or (2) the resolution of the ANOVA was not enough to detect a difference 

between the two eccentricities.  

 

 
 
Figure 2.5. Comparison of CSF outcomes at 6 and 10 deg using one-way ANOVA. Significant 
differences were found between eccentric locations for AULCSF (F = 17.5, p < 0.001), 
AULCSF_LowPass (F = 16.1, p < 0.001), Acuity (F = 5.69, p = 0.021), and CSpeak (F = 13.5, p 
< 0.001). For all significant differences, the results were higher at 6 deg than at 10 deg 
eccentricity. No statistically significant difference was found for SFpeak between eccentric 
locations (F = 3.18, p = 0.081). Significance levels are as follows: *** p < 0.001, ** p < 0.01, * 
p < 0.05. All parameters are reported with 3 digits of precision.  
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Table 2.1. Summary Statistics for CSF outcomes separated by eccentricity. All parameters are 
reported with 3 digits of precision.  
 

 
 

 

a. Area Under the Curve 

The area under the curve was calculated twice for each subject: (1) including the entire 

area (AULCSF), and (2) assessing the area under the low-frequency dropoff 

(AULCSF_LowPass). AULCSF_LowPass was isolated using a low-pass filter set at 0.5 cpd. The 

cutoff of 0.5 cpd was utilized so as to exclude the peaks of all CSF functions at both 6 and 10 

deg eccentricity. The lowest peak spatial frequency (SFpeak) was recorded at 10 deg eccentricity 

with a value of 0.569 cpd (Table 2.1). It was determined that a single spatial frequency cutoff 

would be more appropriate for standardization purposes than the peak of each individual’s curve. 

Both AULCSF and AULCSF_LowPass were plotted against AXL (Figure 2.6) and M (Figure 

2.7).  
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One-way ANOVA revealed significant differences between AULCSF at 6 and 10 deg 

eccentricity (F = 17.5, p < 0.001), with area under the curve being higher at 6 than at 10 deg. A 

similar relationship was noted for AULCSF_LowPass, where the area under the curve was 

greater at 6 than at 10 deg (F = 16.1, p < 0.001) (Figure 2.5, Table 2.1). 

 

Figure 2.6. Spearman rank correlation of area under the CSF and axial length (AXL). Area 
under the entire logCSF (AULCSF) and area under the low frequency dropoff 
(AULCSF_LowPass; < 0.5 cpd) plotted as a function of axial length at 6 and 10 deg eccentricity. 
A promising relationship was noted between AXL and AULCSF_LowPass at 10 deg eccentricity 
(Rs = -0.463, p = 0.030), but not at 6 deg (Rs = -0.307, p = 0.237). No other correlations met the 
unconventional 𝛼 < 0.10. P-values are adjusted for two eccentricities using Bonferroni method 
and reported to three digits of precision.  
 

No statistically significant correlations were found between the total AULCSF and AXL 

at either 6 or 10 deg eccentricity using a traditional alpha cutoff of 0.05. However, a significant 

negative correlation was found between AULCSF_LowPass and AXL at 10 deg eccentricity (Rs 



23 

= -0.463, p = 0.030), but not at 6 deg (Rs = -0.307, p = 0.237) (Figure 2.6). Recall that in section 

1.6 we defined a calculation for setting 𝛼 for “interestingness” which we called an 

unconventional alpha cut-off to have an algorithm for determining which results in this thesis 

seem promising for future investigation. Using our unconventional alpha of 0.1, only the 

correlation between AULCSF_LowPass and AXL at 10 deg eccentricity meets this criterion (Rs 

= -0.388, p = 0.091), where the area under the low frequency dropoff is lower in longer eyes. 

 

Figure 2.7. Spearman rank correlation of area under the CSF and spherical equivalent refractive 
error (M). Area under the entire logCSF (AULCSF) and area under the low frequency dropoff 
(AULCSF_LowPass; < 0.5cpd) plotted as a function of spherical equivalent refractive error (M) 
at 6 and 10 deg eccentricity. Significant positive correlations were noted at 10 deg eccentricity 
for AULCSF (Rs = 0.475, p = 0.025), but not AULCSF_LowPass . Correlations of AXL with 
AULCSF_LowPass met the unconventional alpha cutoff for promising results at both 6 deg (Rs 
= 0.386, p = 0.093) and 10 deg (Rs = 0.422, p = 0.057) eccentricity. P-values are adjusted for two 
eccentricities using Bonferroni method and reported to three digits of precision. 
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This is notable given that the correlation with total AULCSF at 10 deg is not sufficiently strong 

to reach the same level of interest. This is surprising and interesting, because the two measures 

are inherently linked. A true separation between AULCSF and AULCSF_LowPass would 

indicate that there is a differential effect happening at low spatial frequencies that is distinct from 

the overall pattern of the CSF curve. Such a distinction would be in line with previous work that 

emphasizes the importance of lower spatial frequencies in emmetropization 58–60. However, it 

may also be that the current study simply lacks sufficient resolution to identify a relationship 

between AULCSF and AXL at 10 deg. In follow up studies, alternative methods for assessing 

the low spatial frequency cutoff should be explored that are less inherently linked with AULCSF. 

Current analysis uses a symmetric approximation for the contrast sensitivity function, which 

prevents the "splaying" of one side of the function independent of the other.. However, the effect 

we are hoping to measure whereby the low frequency region may be differentially affected by 

axial length may be better analyzed using an asymmetric CSF analysis. Using an asymmetric 

curve, it may be useful to extract a curve fit parameter which measures the rate of dropoff of the 

function which, taken together with analysis of the area under the curve, may provide an 

improved assessment of the relationship between axial length and the contrast sensitivity at the 

low-frequency dropoff. 

Analysis of M as the secondary outcome also showed a positive correlation with 

AULCSF at 10 deg (Rs = 0.475, p = 0.025), where more myopic eyes tended toward lower 

overall contrast sensitivity. No relationship between AULCSF and M was noted at 6 deg 

eccentricity (Rs = 0.342, p = 0.162). Using the unconventional 𝛼 < 0.1, we also find that 

AULCSF_LowPass was correlated with M at both 10 deg (Rs = 0.422, p = 0.057) and 6 deg 

eccentricity (Rs = 0.386, p = 0.093); though the correlation appears stronger at 10 deg (Figure 

https://www.zotero.org/google-docs/?KSbSRx
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2.7). This is especially interesting because of work that suggests that the near-periphery may play 

an important role in the emmetropization process 61 .  

 
Figure 2.8. Spearman rank correlation of Acuity and axial length (AXL). At 10 deg, acuity was 
borderline significantly correlated with AXL (Rs = -0.439, p = 0.044). This relationship was not 
significant at 6 deg eccentricity (Rs = -0.257, p = 0.392). P-values are adjusted for two 
eccentricities using Bonferroni method and reported to three digits of precision.  
 

b. Acuity 

The Acuity of each subject represents the high spatial frequency cutoff of the CSF, which 

is associated with clinical measures of visual acuity. Using a one-way ANOVA, a significant 

difference was noted between acuity at 6 and 10 deg eccentricity  (F = 5.69, p = 0.021), with 

higher Acuity at 6 deg (Figure 2.5, Table 2.1), as expected. At 10 deg eccentricity, a negative 

https://www.zotero.org/google-docs/?KNl9uh
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correlation was present with AXL (Rs = -0.439, p = 0.044), which reached both the 

unconventional 𝛼 < 0.10 and the conventional cutoff for statistical significance (𝛼 < 0.05).  

 

Figure 2.9.  Spearman rank correlation of Acuity spherical equivalent refractive error (M) at 6 
and 10 deg eccentricity. At 10 deg, acuity was statistically significantly correlated with M (Rs = 
0.455, p = 0.034). This relationship was not significant at 6 deg eccentricity (Rs = 0.277, p = 
0.325). P-values are adjusted for two eccentricities using Bonferroni method and reported to 
three digits of precision. 
 

However, at 6 deg eccentricity, no relationship was observed with AXL (Rs = -0.257, p = 

0.392) (Figure 2.8). As anticipated, promising results were noted for the secondary analysis with 

M. With M, a positive correlation was noted at 10 deg (Rs = 0.455, p = 0.034), but not at 6 deg 

eccentricity (Rs = 0.277, p = 0.325) (Figure 2.9). Therefore, we find that longer/more myopic 

eyes have lower high spatial frequency cutoffs, this is not unexpected since greater photoreceptor 
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spacing is anticipated 62. What is interesting is the dichotomy between 6 and 10 deg eccentricity, 

which may be due to a differential rate of stretching in the 10 deg compared to the 6 deg region.  

 

Figure 2.10. Spearman rank correlation of the location of the peak of the CSF curve (SFpeak and 
CSpeak) and axial length (AXL). No significant relationships were noted between either SFpeak 
or CSpeak and AXL. P-values are adjusted for two eccentricities using Bonferroni method and 
reported to three digits of precision. 
 

c. Location of the CSF Peak  

The location of the CSF peak was determined both as the spatial frequency (SFpeak) and 

contrast sensitivity (CSpeak) at the peak. On one-way ANOVA, no significant difference was 

identified between SFpeak group means at 6 and 10 deg eccentricity (F = 3.18, p = 0.081). 

However, a statistically significant difference was noted between eccentricities for CSpeak  (F = 

13.5, p < 0.001), where the CSpeak was higher at 6 deg than at 10 deg (Figure 2.5, Table 2.1). 

https://www.zotero.org/google-docs/?OAgLh6
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No correlations met the unconventional 𝛼 < 0.1 between AXL and either SFpeak or CSpeak at 

either 6 or 10 deg eccentricity (Figure 2.10). At 10 deg eccentricity, CSpeak showed a weak 

positive correlation with M (Rs = 0.386, p = 0.094) (Figure 2.11), suggesting that the peak 

contrast sensitivity of myopes may be lower than emmetropes in the periphery. This is to be 

expected based on previous work that suggests a relationship between contrast sensitivity and 

axial length/refractive error especially when attention is attracted to a central location 62,63. 

 

Figure 2.11. Spearman rank correlation of the location of the peak of the CSF curve (SFpeak and 
CSpeak) and spherical equivalent refractive error (M). No significant relationships were noted 
between either SFpeak or CSpeak and M. P-values are adjusted for two eccentricities using 
Bonferroni method and reported to three digits of precision. 

 

https://www.zotero.org/google-docs/?IJg57j
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3. Experiment 2: Threshold versus Contrast (TvC) Function 

3.1 TvC Methods 

This experiment aimed at elucidating the effect of lateral inhibition on the subject’s visual 

function. This was achieved by measuring a threshold versus contrast (TvC) function with 

surround contrast as the pedestal value. For this, we modulated the contrast of a surround to 

elucidate the effect of surround contrast on the perception of a central sine-wave luminance 

grating. For this series of experiments, the presentation of the target and surround were 

controlled using circular polarization to produce either monocular or dichoptic viewing. Both 

eyes were open during testing. Under monocular conditions, the target stimulus and surround 

were presented to the right eye only. Under dichoptic conditions, the target stimulus was 

presented to the right eye, while the surround was presented to the left eye. This was used to 

differentiate effects at the retinal versus the cortical processing level. Subjects wore appropriate 

spectacle correction, as indicated above.  

For this series of experiments, the TvC was measured with adaptive thresholding for each 

subject using the AIM protocol for the foveal location and the QuestPlus protocol for peripheral 

locations. The threshold versus contrast (TvC) function was measured at the same three retinal 

locations where CSF was obtained: 0-4, 4-8 and 8-12 deg eccentricity from the fovea. Targets 

were sine-wave luminance gratings with randomly varying contrast (range =  0.0125 - 0.40) and 

constant spatial frequency (4 cpd). Targets were circular, spanning 4 deg visual angle diameter 

and having a Gaussian profile (fading toward the edges). The surround of each stimulus 

contained isotropic noise with a given contrast level (pedestal contrast) and a dominant spatial 

frequency matching that of the central grating.  
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At the fovea (0 deg), the stimuli were presented in a grid pattern with subjects able to 

look freely at each stimulus (similar to the CSF experiment previously described). The surround 

was an annular ring around each target (Figure 3.1). Stimuli were tested at 5 surround contrast 

levels (4%, 8%, 16%, 32%, 64%). Subjects were asked to select the orientation of the stimulus 

using a mouse. Once again, the angular error was determined by the difference between the 

selected and actual orientations of the stimuli.  

 

Figure 3.1. Representative stimulus for foveal (0 deg) center-surround antagonism experiments. 
Upon selecting orientation of stimulus, pink areas appear to indicate position chosen by subject. 
In this example, the subject has already selected the orientation of all stimuli. Central sine wave 
grating is surrounded by isotropic noise of given contrast.  

 

In the periphery, the entire ring for each eccentricity region (4-8 or 8-12 deg) contained 

the appropriate isotropic noise for the stimulus. The ring of noise contained 8 holes, with the 

stimulus appearing in one of the 8 locations with each trial, creating an eight-alternative forced 

choice (8AFC) paradigm (Figure 3.2). Each stimulus was presented individually, appearing for 
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100 ms and only when the subject was looking at the central fixation point. Subjects were asked 

to identify the location where the target appeared when able. Experiments were conducted under 

photopic conditions. A curve was fitted to the data at each background contrast level and from 

this function, the neural Threshold contrast versus response (TvC) function was estimated 29. 

 
Figure 3.2. Representative stimulus for peripheral threshold versus contrast (TvC) function 
experiment tested at 6 deg eccentricity. The left image represents the moment when the stimulus 
is being actively presented. A ring of isotropic noise is presented in a ring surrounding fixation 
spanning either 4-8 deg (shown here) or 8-12 deg eccentricity. The 8 circles are cut outs within 
the noise, representing possible locations where the stimulus may be presented; only one of these 
locations contains a Gaussian sine-wave grating (in the inferior location in the example shown 
here). After a brief (100 ms) stimulus presentation, the response ring appears centrally with the 8 
possible locations surrounding fixation (right image). Once the subject selects from the response 
ring, the next stimulus is presented, and the cycle repeats.   

              

3.2 TvC Results 

The Threshold versus Contrast Function (TvC) was measured (1) monocularly with both 

the target and the surround presented to in the right eye only and (2) dichoptically with the target 

presented to the right eye only and the surround presented to the left eye only. The presentation 

of target and stimulus was controlled through circular polarization. At each peripheral 

https://www.zotero.org/google-docs/?fVWeI5
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eccentricity, Threshold versus Contrast (TvC) curves were calculated to achieve the best estimate 

of the true curve based on the data obtained (Figures 3.3 and 3.4).  

The TvC function evaluates the contrast threshold to a given stimulus in the presence of 

different levels of a pedestal variable. In this case, the pedestal variable is the contrast of the 

surrounding isotropic noise and the target is a sine wave grating. Spatial frequency of the target 

and surround are equal and held constant. The resultant curve is a dipper function. If the 

surrounding contrast facilitates perception of the target, the curve will have a greater magnitude 

“dip” or minimum relative to baseline; if there is no effect, the curve should be relatively flat. 

Curve fits are approximated by the following equation: 

 

In this curve fit, the contrast threshold (Δc) is the dependent variable, which is modulated 

the level of surround contrast (𝜎e). Two fit parameters are necessary to complete the equation: (1) 

the sensitivity of the visual system to changes in contrast (𝛹), from this point on referred to as 

Psi; and (2) the intrinsic contrast threshold of the visual system (𝜎i), from this point on referred to 

as intrinsic noise (IN) 64. The intrinsic noise (IN) accounts for the initial plateau and decrease in 

the TvC dipper function, while Psi governs the rising arm of the function in accordance with 

Weber’s Law 64.  

From these curves, the following data points were extracted: (1) area under the TvC 

curve (AUTVC), (2) intrinsic noise (IN) of the visual system, (3) sensitivity to changes in 

contrast (Psi), (4) pedestal contrast at the function’s minimum (MinPedes), (5) contrast threshold 

at the function’s minimum (MinThresh). These are correlated with AXL with Spearman rank 

https://www.zotero.org/google-docs/?87mgb2
https://www.zotero.org/google-docs/?lDMWug
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analysis as the primary outcome of the study. For completeness, results are also correlated with 

M. Two-way Robust ANOVA (based on Wilcox’s method) was performed to assess differences 

between group means at 6 versus 10 deg eccentricity and under monocular versus dichoptic 

conditions (Figure 3.5). The Robust ANOVA was chosen in this case due to unequal variances 

among the data set. For all graphs related to this data set, monocular findings are presented on 

the left and dichoptic on the right.  

After selecting complete data sets and removing outliers, 24 subjects were included in the 

analysis of the TvC function. For each outcome, p-values are adjusted using the Bonferroni 

method to account for measurement at two eccentricities (6 and 10 deg). As noted in section 1.6, 

the unconventional alpha cutoff of 0.2 was determined through power analysis utilizing the 

largest effect size of a TvC outcome correlation with AXL (primary outcome). Of outcomes 

related to TvC, the greatest effect size was seen between AXL and MinThresh at 10 deg under 

dichoptic testing conditions (Rs = -0.432, Figure 4.22). Using this cutoff, we identify correlations 

that may merit further research and have interesting implications as they pertain to the role of 

lateral interactions in myopia. 
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Figure 3.3. Threshold versus Contrast (TvC) curve fits for all subjects measured at 6 deg 
eccentricity in the peripheral retina. The threshold contrast detected by the subject was plotted as 
a function of pedestal contrast. The left image depicts monocular results, while the right image 
depicts dichoptic results. Both axes are plotted in logarithmic notation. Green circles represent 
data points where the subjects correctly identified the stimulus location, whereas red Xs 
represent data points where subjects incorrectly identified the location. 
 
 

 
Figure 3.4. Threshold versus Contrast (TvC) curve fits for all subjects measured at 10 deg 
eccentricity in the peripheral retina. The threshold contrast detected by the subject was plotted as 
a function of pedestal contrast. The left image depicts monocular results, while the right image 
depicts dichoptic results. Both axes are plotted in logarithmic notation. Green circles represent 
data points where the subjects correctly identified the stimulus location, whereas red Xs 
represent data points where subjects incorrectly identified the location. 
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Figure 3.5. Comparison of TvC outcomes at 6 and 10 deg eccentricity and under monocular (M) 
and Dichoptic (D) testing conditions using Two-way Robust ANOVA (based on Wilcox’s 
method). Two-way Robust ANOVA of outcomes related to the TvC function showed a 
statistically significant difference between eccentricities for AUTVC (Statistic = 21.320, p < 
0.001), IN (Statistic = 22.562, p < 0.001), Psi (Statistic = 16.083, p < 0.001), and MinThresh 
(Statistic = 23.718, p < 0.001). In all cases, the results were higher when tested at 10 deg than 
when tested at 6 deg. No statistically significant difference between eccentricities was noted for 
minPedes (Statistic = 0.728, p = 0.398). Statistically significant differences between monocular 
and dichoptic conditions were noted for AUTVC (Statistic = 4.701, p = 0.037) and MinThresh 
(Statistic = 4.411, p = 0.042) where results were higher under dichoptic conditions than under 
monocular conditions. No significant differences between conditions were noted for IN (Statistic 
= 3.095, p = 0.086), Psi (Statistic = 3.516, p = 0.071), or minPedes (Statistic = 0.489, p = 0.488). 
Significance levels are as follows *** p < 0.001, ** p < 0.01,  
* p < 0.05. P-values are reported to three digits of precision. 
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Table 3.1. Summary statistics for TvC outcomes separated by eccentricity and 
monocular/dichoptic testing conditions. All parameters are reported with 3 digits of precision. 

 
 

 

a. Area Under the Curve (AUTVC)  

The area under the entire TVC curve was calculated for each subject and plotted against 

AXL (Figure 3.6) and M (Figure 3.7). Two-way Robust ANOVA showed a statistically 

significant difference in AUTVC between eccentricities (Statistic = 21.320, p < 0.001) and 

between conditions (Statistic = 4.701, p = 0.037). Both monocularly and dichoptically, results 

were higher when tested at 10 deg than when tested at 6 deg eccentricity (Figure 3.5, Table 3.1). 

Additionally, the area under the curve was higher under dichoptic conditions than under 

monocular conditions. A lower overall contrast threshold at further eccentricities into the 

periphery is expected and coincides with the results of the CSF experiment where higher overall 

contrast sensitivity was noted at 6 deg than at 10 deg eccentricity 62,63,65.  

No significant relationships were noted between AUTVC and AXL at either eccentricity 

under monocular (6 deg Rs = 0.046, p = 1.000; 10 deg Rs = 0.178, p = 0.811) or dichoptic (6 deg 

Rs = 0.391, p = 0.188; 10 deg Rs = 0.237, p = 0.529) testing conditions (Figure 3.6). Based on 

our unconventional alpha cutoff of 0.2, a potentially interesting relationship was identified 

https://www.zotero.org/google-docs/?zzpVAo
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between AUTVC and AXL when tested under dichoptic conditions at 6 deg eccentricity (Rs = 

0.391, p = 0.188). Similarly, no significant relationships were noted between AUTVC and M at 

either eccentricity under monocular (6 deg Rs = -0.347, p = 0.193; 10 deg Rs = -0.179, p = 

0.806) or dichoptic (6 deg Rs = -0.335, p = 0.219; 10 deg Rs = -0.249, p = 0.480) conditions 

(Figure 3.7). However, a potentially interesting relationship is identified between AUTVC and M 

when tested under monocular conditions at 6 deg. Both identified relationships are noted at 6 deg 

eccentricity. In the absence of a pattern in monocular/dichoptic testing conditions or concordance 

between M and AXL correlations, these weak associations become less convincing. 

 

 
Figure 3.6. Spearman rank correlation of area under the Threshold versus Contrast (TvC) curve 
and axial length (AXL). No statistically significant correlations were found at either eccentricity 
or testing condition. P-values are adjusted for two eccentricities using Bonferroni method and 
reported to three digits of precision. 
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Figure 3.7. Spearman rank correlation of area under the Threshold versus Contrast (TvC) curve 
and spherical equivalent refractive error (M). No statistically significant correlations were found 
at either eccentricity or testing condition. P-values are adjusted for two eccentricities using 
Bonferroni method and reported to three digits of precision. 
 

b. Intrinsic Noise (IN)  

The Intrinsic Noise (IN) of the visual system represents the contrast threshold when no 

surrounding stimulation is present. The IN of the visual system is due to both optical and neural 

components of the visual system. In order to detect contrast in the visual system, the subject’s 

internal processing must take this intrinsic contrast threshold into account. The intrinsic contrast 

threshold is responsible for the initial dip in the TvC function, while the increase following the 

minimum is subject to Weber’s Law (see section c below) 64. This was calculated and plotted 

against AXL (Figure 3.8) and M (Figure 3.9).  

https://www.zotero.org/google-docs/?zwSqyH
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Two-way Robust ANOVA of outcomes related to the TvC function showed a statistically 

significant difference in IN between eccentricities (Statistic = 22.562, p < 0.001) where results 

were higher when tested at 10 deg than when tested at 6 deg eccentricity (Figure 3.5, Table 3.1), 

indicating a higher intrinsic noise at 10 deg than at 6 deg. This is not unexpected, since the visual 

system is weighted toward increased organization near the fovea 66. There was no significant 

difference between monocular/dichoptic conditions.  

 
Figure 3.8. Spearman rank correlation of Intrinsic Noise (IN) and axial length (AXL). No 
statistically significant relationships were noted under monocular or dichoptic conditions at 
either eccentricity. P-values are adjusted for two eccentricities using Bonferroni method and 
reported to three digits of precision. 
 

There were no statistically significant relationships found between IN and AXL under 

monocular (6 deg Rs = 0.168, p = 0.863; 10 deg Rs = 0.125, p = 1.000). However, under 

dichoptic testing conditions, the relationship between IN and AXL showed a promising positive 

https://www.zotero.org/google-docs/?AasYZc
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correlation at both 6 (Rs = 0.407, p = 0.097) and 10 deg eccentricity (Rs = 0.388, p = 0.122) 

(Figure 3.8). This may indicate that longer eyes tend to have higher intrinsic noise than shorter 

eyes, an idea which has some nascent support in the psychophysical perceptual learning literature 

with myopes 67. All relationships between IN and M also reached the unconventional alpha 

cutoff, which is not unexpected given the known correlation between AXL and M (Figure 1.1). 

For both monocular (6 deg Rs = -0.415, p = 0.087; 10 deg Rs = -0.366, p = 0.157) and dichoptic 

conditions (6 deg Rs = -0.390, p = 0.199) more myopic eyes had higher intrinsic noise (Figure 

3.9).  

 
Figure 3.9. Spearman rank correlation of Intrinsic Noise (IN) and spherical equivalent refractive 
error (M). No statistically significant relationships were noted under monocular or dichoptic 
conditions at either eccentricity, though at 10 deg eccentricity the correlation between IN and M 
was approaching significance under dichoptic conditions (Rs = -0.454, p = 0.052). P-values are 
adjusted for two eccentricities using Bonferroni method and reported to three digits of precision. 
 
 

https://www.zotero.org/google-docs/?dHsvoI
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c. Sensitivity to Changes/Differences in Blur (Psi)  

The Psi measure is based on the Weber fraction, which helps us understand the just 

noticeable difference a person can perceive in contrast levels 64. Two-way Robust ANOVA of 

outcomes related to the TvC function showed a statistically significant difference in Psi between 

eccentricities (Statistic = 16.083, p < 0.001) where Psi was higher when tested at 10 deg than at 6 

deg, indicating that sensitivity to changes in surround contrast was higher at 10 deg. No 

significant differences were observed between monocular/dichoptic testing conditions (Figure 

3.5, Table 3.1). 

 
Figure 3.10. Spearman rank correlation of sensitivity to change in contrast (Psi) and axial length 
(AXL). No statistically significant relationships were found with AXL for either eccentric 
location or testing condition. P-values are adjusted for two eccentricities using Bonferroni 
method and reported to three digits of precision. 
 

 

https://www.zotero.org/google-docs/?MI4NiT
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No statistically significant relationships were found between Psi and AXL under 

monocular (6 deg Rs = 0.017, p = 1.000; 10 deg Rs = 0.258, p = 0.446) testing conditions.Under 

dichoptic testing conditions, a weak positive correlation was noted between Psi and AXL at 6 

deg (Rs = 0.362, p = 0.164), but not 10 deg (Rs = 0.271, p = 0.402) (Figure 3.10). No statistically 

significant correlations were found between Psi and M under either monocular (6 deg Rs = 

-0.179, p = 0.806; 10 deg Rs = -0.174, p = 0.830) or dichoptic (6 deg Rs = -0.240, p = 0.517; 10 

deg Rs = -0.179, p = 0.806) testing conditions at either retinal eccentricity (Figure 3.11). 

 
Figure 3.11. Spearman rank correlation of sensitivity to change in contrast (Psi) and spherical 
equivalent refractive error (M). No statistically significant relationships were found with M for 
either eccentric location or testing condition. P-values are adjusted for two eccentricities using 
Bonferroni method and reported to three digits of precision. 
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d. Location of TVC Function Minimum  

The location of the Threshold versus Contrast Function’s minimum was calculated with 

two parameters: the pedestal contrast at the function’s minimum (MinPedes) and the contrast 

threshold at the function’s minimum (MinThresh). Spearman Rank correlations were calculated 

for AXL (Figures 3.12 and 3.14), and M (Figures 3.13 and 3.15) for each of the two metrics. 

Two-way Robust ANOVA of outcomes related to the TvC function showed a statistically 

significant difference in MinThresh between 6 and 10 deg eccentricity (Statistic = 23.718, p < 

0.001) where the contrast threshold was higher when tested at 10 deg than at 6 deg. Again, a 

lower contrast threshold at 6 deg eccentricity corresponds with a higher contrast sensitivity at 6 

deg than at 10 deg, which is the expected result. No significant differences were noted between 

monocular/dichoptic testing conditions. On two-way Robust ANOVA of minPedes, no 

statistically significant differences were found between eccentric locations (Statistic = 0.728, p = 

0.398) or between monocular/dichoptic testing conditions (Statistic = 0.489, p = 0.488). This 

indicates that overall, eyes appear to have the lowest contrast threshold (highest contrast 

sensitivity) with a surround contrast of around 0.30 (Figure 3.5, Table 3.1). 

No significant relationships were found between MinPedes and AXL at either 6 or 10 

degrees eccentricity (Figure 3.12). Under dichoptic conditions, the relationship between 

minPedes and M met the unconventional ⍺ < 0.2 at 10 deg (Rs = -0.36, p = 0.168), where more 

myopic eyes tended to reach a TvC minimum at lower pedestal contrast levels. However, no 

relationship was present under dichoptic conditions at 6 deg (Rs = -0.064, p = 1.000). No 

significant correlations were found between MinPedes and M under monocular testing 
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conditions (Figure 3.13). In the absence of an associated relationship between AXL and 

MinPedes or other patterns in the data set, these results are less convincing. 

 
Figure 3.12. Spearman rank correlation of pedestal contrast at threshold versus contrast (TvC) 
function minimum (MinPedes) and axial length (AXL). No statistically significant relationships 
were found with AXL for either eccentric location or testing condition. P-values are adjusted for 
two eccentricities using the Bonferroni method and reported to three digits of precision. 
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Figure 3.13. Spearman rank correlation of pedestal contrast at threshold versus contrast (TvC) 
function minimum (MinPedes) and spherical equivalent refractive error (M). No statistically 
significant relationships were found with M for either eccentric location or testing condition. 
P-values are adjusted for two eccentricities using the Bonferroni method and reported to three 
digits of precision. 
 

No significant correlations were observed between MinThresh and AXL when tested 

under monocular conditions at either 6 or 10 degrees eccentricity. Under dichoptic conditions, 

weak positive correlations were noted between MinThresh and AXL at both 6 (Rs = 0.432, p = 

0.07) and 10 deg (Rs = 0.348, p = 0.19) (Figure 3.14), where longer eyes had a higher contrast 

threshold at the function’s minimum. At 6 deg eccentricity, weak negative correlations were 

noted between MinThresh and M under both monocular (Rs = -0.348, p = 0191) and dichoptic 

(Rs = -0.404, p = 0.100) testing conditions (Figure 3.15). No significant correlations were noted 

between MinThresh and M at 10 deg eccentricity for either testing condition (Figure 3.15). The 

trend toward longer/more myopic eyes having lower maximum contrast sensitivities is not 
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unexpected based on our understanding of photoreceptor spacing with increasing axial length 65. 

However, the preponderance of promising data sets found under dichoptic conditions only raises 

questions about the origin of the pattern. 

 
Figure 3.14. Spearman rank correlation of contrast threshold at threshold versus contrast (TvC) 
function minimum (MinThresh) and axial length (AXL). No statistically significant relationships 
were found between MinThresh and AXL for either eccentric location or testing condition. 
P-values are adjusted for two eccentricities using the Bonferroni method and reported to three 
digits of precision. 
 

https://www.zotero.org/google-docs/?gmoXTj
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Figure 3.15.  Spearman rank correlation of contrast threshold at threshold versus contrast (TvC) 
function minimum (MinThresh) and spherical equivalent refractive error (M). No statistically 
significant relationships were found between MinThresh and M at either eccentric location or 
testing condition. P-values are adjusted for two eccentricities using the Bonferroni method and 
reported to three digits of precision. 
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4. Experiment 3: Electrophysiology 

4.1 Electrophysiological Methods 

a. Surround Contrast vs ERG/VEP Response 

To investigate lateral processing within the retina, a custom stimulus was designed to 

measure the effect of background contrast modulation on the electrophysiological response of the 

retina to a dead leaves stimulus. ERG and VEP results were recorded using the FDA-approved 

Diagnosys clinical system (Diagnosys LLC, Lowell, MA, USA). The ERGs and VEPs were 

recorded without dilation, following the ISCEV recommendations for pattern ERGs/VEPs. The 

Dawson, Trick, and Litzkow (DTL) silver-nylon electrode was in contact with the bulbar 

conjunctiva and functioned as the active electrode in the experiment.  

 
Figure 4.1. Representative stimulus for lateral ERG/VEP experiments tested at 6 deg 
eccentricity and 50% surround contrast. A continuous ring of dead leaves stimuli with a visual 
width of 4 deg when tested at 100 cm. The surrounding isotropic noise was presented at one of 4 
contrast levels (here 50% contrast). A 0.25 deg buffer ring of isoluminant space was introduced 
between the stimulus and the surround to prevent edge effects.  
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Only the right eye of each subject was tested; the left eye was occluded with an eye 

patch. After cleaning and prepping the skin with alcohol wipes and exfoliation cream, two skin 

electrodes were used as a ground (3M Dot, forehead) and reference ERG electrodes (Diagnosys 

LLC, disposable skin electrode, ipsilateral temple). The ERG ground electrode was also used as 

a ground electrode for the VEPs. Two gold cup electrodes were used as the active and reference 

VEP electrodes, according to the 10/20 system. 

The stimuli were presented on a 48” LG OLED monitor with a refresh rate of 120 Hz.  A 

continuous ring of dead leaves stimuli (4 deg width) was presented at each of two mid-peripheral 

eccentricities: 6 or 10 deg at a viewing distance of 1 m. The dead leaves pattern contrast-reversed 

at a rate of 7.5 reversals/s (15 Hz) and an average contrast of 50% and it was surrounded with 

isotropic noise of varying contrast (0, 25, 50, and 75%) (Figure 4.1) that contrast-reversed at 1 

reversal/s (2 Hz). Between the stimulus and the surround, a 0.25 deg ring of isoluminant, 

non-patterned space was inserted to prevent responses based on contrast reversal at the edge 

where the dead leaves and surrounding noise meet. ERGs were obtained with surround contrast 

of 0%, 25%, 50%, and 75%. The average luminance of the stimuli and background was held 

constant for all experimental conditions (75 cd/m2). Fast Fourier transform was performed to 

isolate the 15 Hz harmonic corresponding to responses elicited by the dead leaves patterns. 

Surround contrast response curves were generated for each eccentricity. Area under the curve 

was calculated as trapezoids between each of the 4 contrast levels, resulting in three areas: 0025 

(area from 0% to 25% surround contrast), 2550 (area from 25% to 50% surround contrast), and 

5075 (area from 50% to 75% surround contrast) (Figure 4.2) 
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Figure 4.2. Example surround-contrast response function for electrophysiological experiments 
using sample ERG data from one subject at 6 deg eccentricity. Area under the curve was 
calculated as trapezoids between each of the 4 contrast levels, resulting in three areas: 0025 (area 
from 0% to 25% surround contrast), 2550 (area from 25% to 50% surround contrast), and 5075 
(area from 50% to 75% surround contrast).  

 

b. Oscillatory Potentials 

To investigate the AC function, we recorded oscillatory potentials (OPs) from photopic 

full-field flash ERGs produced in a Ganzfeld stimulator. Single flash ON and OFF sawtooth 

stimuli were recorded over background luminance of 65 cd/m2. based on established protocols 

for differentiating ON and OFF responses 68. The peak luminance of each sawtooth stimulus 

presentation was 365 cd/m2 with mean luminance of 215 cd/m2. Stimuli were presented with 10 

Hz frequency. For ON responses, peak luminance was reached at the beginning of each 100 ms 

interval with gradual decrease in luminance over 100 ms; rapid increase in luminance at the 

beginning of each interval elicited ON response (Figure 4.3). For OFF responses, peak 

luminance was reached at the end of each 100 ms interval with gradual increase in luminance 

over 100 ms; rapid decrease in luminance at the beginning of each interval elicited OFF 

https://www.zotero.org/google-docs/?x8VFwp
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response. All responses were recorded using Espion analysis software. All ERGs were recorded 

with a wide bandwidth of temporal frequencies (1-1000 Hz). This allowed us to capture the 

high-frequency wavelets on the rising arm of the b-wave and isolate the OPs by applying a 

bandpass filter of 75-300 Hz 69. Though not analyzed as part of this thesis, the variables of 

interest related to OPs were (1) amplitude and implicit time of each OP and (2) analysis of 

waveform via discrete wavelet transform (DWT) 70–72.  

4.4 Electrophysiological Results 

Retinal responses to a dead leaves contrast-reversing stimulus were recorded at 4 

surround contrast levels (0%, 25%, 50%, and 75%) at the same 2 peripheral eccentricities (6 and 

10 deg), totaling 8 stimuli. Electroretinography (ERG) and visual evoked potentials (VEP) were 

recorded simultaneously. From these, the area under the curve (AUC) was calculated as a sum of 

trapezoids for the following areas: (1) total of all surround contrast levels, (2) 0% to 25% 

contrast, (3) 25% to 50% contrast, and (4) 50% to 75% contrast. Each outcome was plotted 

against AXL and M (Figures 4.7 - 4.8, and Figures 4.10 - 4.11). Two-way ANOVA was 

calculated to assess group mean differences at three pedestal contrast levels (0 to 25%, 25 to 

50%, and 50 to 75%) and two eccentricities (6 and 10 deg) for ERG (Figure 4.6) and VEP 

(Figure 4.9) results. 

After selecting complete data sets and removing outliers, 19 subjects were included in the 

analysis of the ERG responses, and 16 subjects were included for VEP responses. Recall that an 

unconventional alpha cutoff of 0.40 was used, Spearman Rank correlations to identify the results 

that may merit follow-up research. For the electrophysiology experiment, the unconventional 

alpha was determined through power analysis utilizing the largest effect size of an outcome 

https://www.zotero.org/google-docs/?ZagYrO
https://www.zotero.org/google-docs/?uKFlgC
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correlation with AXL (primary outcome). Of outcomes related to electrophysiology, the greatest 

effect size was seen between AXL and the area under the VEP vs response curve at surround 

contrast level 5075 and 10 deg eccentricity (Rs = -0.418, Figure 4.10). Using this cutoff, we 

identify electrophysiological correlations that are interesting as it pertains to the role of lateral 

interactions in myopia. 

No statistically significant differences were present between pedestal contrast levels or 

eccentric locations on ANOVA of ERG data (Figure 4.6, Table 4.1). For VEP data, a statistically 

significant overall difference in AUC was present between 6 and 10 deg eccentricity (F = 14.48, 

p < 0.001). Subsequent Tukey post-hoc analysis revealed a borderline significant difference 

between the lowest (0 to 25%) and highest (50 to 75%) contrast levels (p = 0.049). No 

statistically significant interaction effects were present between pedestal contrast levels or 

eccentric locations (Figure 4.9, Table 4.2).  

No significant correlations were identified at any eccentricity or condition for ERGs 

(Figures 4.7 and 4.8). Based on our unconventional alpha cutoff of 0.4, a potentially interesting 

relationship was identified in the VEP data set between AXL and 5075 AUC (Figure 4.10). 

Another interesting relationship in the VEP data set was identified between M and 0025 AUC 

(Figure 4.11). Given the lack of a pattern between ERG and VEP results and a lack of 

coincidence in potentially interesting VEP results between AXL and M correlations, the effects 

noted here are less convincing.   
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Figure 4.6. Comparison of area under the curve assessing ERG responses using two-way 
ANOVA. Assessed at three pedestal contrast levels (0 to 25%, 25 to 50%, and 50 to 75%) and 
two eccentricities (6 and 10 deg). No statistically significant differences were present between 
pedestal contrast levels or eccentric locations. Significance levels are as follows *** p < 0.001, 
** p < 0.01, * p < 0.05. P-values are reported to three digits of precision. 
 
 
 
Table 4.1. Summary statistics for ERG outcomes separated by eccentricity and surround contrast 
level. All parameters are reported with 3 digits of precision. 
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Figure 4.7. Spearman rank correlation of Lateral ERG (LERG) responses and axial length 
(AXL). No statistically significant relationships were found with AXL for any contrast level or 
eccentricity. P-values are adjusted for two eccentricities using Bonferroni method and reported to 
three digits of precision. 
 
 
 
 

 
Figure 4.8. Spearman rank correlation of Lateral ERG (LERG) responses and spherical 
equivalent refractive error (M). No statistically significant relationships were found with M for 
any contrast level or eccentricity. P-values are adjusted for two eccentricities using Bonferroni 
method and reported to three digits of precision. 
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Figure 4.9. Comparison of area under the curve assessing VEP responses using two-way 
ANOVA. Assessed at three pedestal contrast levels (0 to 25%, 25 to 50%, and 50 to 75%) and 
two eccentricities (6 and 10 degrees). Overall a significant difference was found in the area under 
the curve between 6 and 10 degrees eccentricity (p < 0.001). There was a borderline significant 
difference between the lowest (0 to 25%) and highest (50 to 75%) contrast levels (p = 0.049). No 
statistically significant interaction effects were present between pedestal contrast levels or 
eccentric locations. Significance levels are as follows *** p < 0.001, ** p < 0.01, * p < 0.05. 
P-values are reported to three digits of precision. 
 
 
 
Table 4.2. Summary statistics for VEP outcomes separated by eccentricity and surround contrast 
level. All parameters are reported with 3 digits of precision. 
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Figure 4.10. Spearman rank correlation of Lateral VEP (LVEP) responses axial length (AXL). 
No statistically significant relationships were found with AXL for any contrast level or 
eccentricity. P-values are adjusted for two eccentricities using Bonferroni method and reported to 
three digits of precision. 
 
 
 

 
Figure 4.11. Spearman rank correlation of Lateral VEP (LVEP) responses spherical equivalent 
refractive error (M). No statistically significant relationships were found with M for any contrast 
level or combination of contrast levels. P-values are adjusted for two eccentricities using 
Bonferroni method and reported to three digits of precision. 
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5. Discussion 

This study investigated the relationship of lateral interactions with ocular axial length in 

the human eye. To explore this relationship, novel methodologies were developed to investigate 

the effect of surround contrast on individual responses. One strength of this approach is that the 

overlap in stimulus design between psychophysical and electrophysiological experiments allows 

us to simultaneously investigate visual perception and objective responses. Additionally, the 

study explored these relationships in spatially discrete testing locations, informed by rising 

interest in mid-peripheral regions in the mechanism of human emmetropization.  

A significant strength of the present study is the integration with a larger project 

investigating a comprehensive profile of retinal pathways. Pathways investigated by other 

researchers include investigations targeting (1) the magnocellular, parvocellular, and 

koniocellular ganglion cell pathways, (2) the ON and OFF pathways mediated in part by bipolar 

cells, and (3) adaptation effects of the outer-retina.  

Due to the study's exploratory nature and logistical constraints, the study's sample size 

does not have sufficient statistical power to detect small effect sizes reliably. This is an important 

consideration for interpreting study results, as our study indicates that, while interesting, lateral 

interaction effects appear to be a small effect, if indeed they are present. This was addressed via 

the method outlined in section 3.6, specifically by identifying the largest effect size for a set of 

results. The use of this custom methodology developed during the study provides an important 

step forward, one that will open opportunities for further exploration of the effects outlined 

below. To strategically explore our results in light of sample size limitations, a power analysis 

was conducted to determine an unconventional p-value for each of the three testing categories. 
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Recall that this unconventional alpha cutoff for the CSF was p < 0.10, for the TvC was p < 0.20, 

and for ERG/VEP analysis was p < 0.40.  

5.1 Experiment 1: Contrast Sensitivity Function 

When measuring the monocular CSF, statistically significant results were found at 10 

deg, but not at 6 deg eccentricity. For example, acuity, the high frequency cutoff of the CSF, 

demonstrated a significant negative correlation with AXL at 10 deg (Figure 4.7), where longer 

eyes had lower resolution at the high frequency cutoff. As expected, this coincides with a 

significant positive correlation of acuity with refractive error (M) at 10 deg (Figure 4.8). Also at 

10 deg eccentricity, the AULCSF and AULCSF_LowPass (area under the low frequency cutoff) 

were significantly correlated with M. The trend toward greater significance at 10 deg versus 6 

deg eccentricity suggests the possibility of a differential response between these mid-peripheral 

retinal loci. 

Calculating the area under the CSF produced mixed, albeit interesting results, especially 

in the analysis of the low-frequency dropoff. As previously mentioned, positive correlations were 

present between M and both AULCSF and AULCSF_LowPass at 10 deg eccentricity. The 

corresponding relationship of AULCSF_LowPass and AXL exceeded a conventional alpha 

cutoff at 10 deg eccentricity (Figure 4.5), but was close enough to merit further investigation 

with a study with increased power. Correlations with AULCSF_LowPass are notable for at least 

three reasons: (1) the low frequency dropoff may be to the lateral interactions within the visual 

system, (2) relationships with total AULCSF are not as consistently present within the data set, 

and (3) no significant correlations were noted in the function’s peak. If such an effect is present, 

the effect size is too small to detect given our sample size. A prospective power analysis was 
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conducted to determine what sample size would be necessary in subsequent studies to obtain a 

power of 0.80 at an alpha cutoff of 0.05. Based on the largest effect size seen in the present CSF 

data set for an outcome correlated with AXL, a minimum sample size of 34 subjects is necessary.  

Therefore, two trends in the area under the CSF were noted. First, there is a trend toward 

stronger correlations at 10 deg than at 6 deg. This emphasizes the importance of testing 

responses at multiple mid peripheral locations to better understand the locations that may be 

important in emmetropization. A growing body of evidence suggests that there is a differential 

impact of foveal and peripheral retinal signalling on emmetropization 61,73,74. The present study 

suggests that there may be even finer differences within classically mild peripheral eccentricities 

to explore. One limitation of the present study is that the sizes of the peripheral stimuli were not 

adjusted to account for cortical magnification. This was a strategic choice made so that the size 

of the psychophysical and electrophysiological stimuli were comparable and fitted in the screen. 

The screen size needed was already large given the peripheral eccentricities tested. Comparisons 

between eccentricities should therefore be taken with caution, as the sensitivities measured are 

not directly comparable. However, the trends noted here merit further exploration and future 

experiments should account for cortical magnification so that the results at the two separate 

eccentricities can be more readily compared 75–78.  

Secondly, more consistent correlations are found between AXL and M with the 

AULCSF_LowPass than with the AULCSF. Though the two measures are inherently linked 

(AULCSF_LowPass being a subset of AULCSF), this trend highlights a need for further 

investigation into the characteristics of the low-frequency dropoff in emmetropization. Indeed, 

applying a low pass filter to the AULCSF is likely not the best method for assessing the 

https://www.zotero.org/google-docs/?jXJCtW
https://www.zotero.org/google-docs/?bPoHZL
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characteristics of the low-frequency dropoff, since the area under the curve is necessarily tied to 

the location of the peak.  

At 10 deg eccentricity, a positive correlation of CSpeak and M was noted, where more 

myopic eyes showed a lower contrast sensitivity at the peak (CSpeak). This result is most notable 

as it relates to the AULCSF and AULCSF_LowPass results measured at 10 deg eccentricity 

because the AULCSF and AULCSF_LowPass measures are inherently related to the location of 

the peak. If the relationship between CSpeak and M is true, it may confound our assessment of 

the low-frequency cutoff. This does not negate the interesting correlations found between 

AULCSF_LowPass and AXL or M; however, it does reinforce the need for a more specific 

measure related to the rate of low-frequency dropoff to attempt to dissociate the two 

characteristics of the CSF curve.  

The current analysis utilizes a symmetric curve fit, which may attenuate modulation of 

the low frequency dropoff to some extent. Future analysis of the low-frequency dropoff should 

consider applying an asymmetric curve fit to the CSF with targeted analysis of the low-frequency 

dropoff. From this, a parameter could be identified that approximates the dropoff rate as a metric 

for the effect of lateral interactions on attenuation of contrast sensitivity at low frequencies. This 

more complex analysis would differentiate between low-frequency characteristics from a 

subject’s overall contrast sensitivity profile.  

A preponderance of evidence suggests that processing of mid to low spatial frequencies 

(with most studies referring to spatial frequencies between 2 and 8 cpd) is implicated in retinal 

control of eye growth 59,74,79,80. The present work reinforces the importance of analyzing the 

characteristics of the visual response at these spatial frequencies. Research into the retinal 

https://www.zotero.org/google-docs/?xoF6SD
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emmetropization mechanisms also suggests that S cones may be involved 58,60,81, especially in 

extrafoveal and mid peripheral retinal locations 74,82. Significantly, the spatial resolution of 

parafoveal S-cones is less than 5 cpd 59. The present study did not specifically tailor the stimuli to 

active S cones, which can be accomplished using the silent-substitution method, but it does 

highlight the importance of the low frequencies in mid peripheral regions. This work suggests 

that very low spatial frequencies, even lower than 2 cpd, may merit further investigation as they 

may relate to longer axial lengths and more myopic refractive errors. 

5.2 Experiment 2: Threshold versus Contrast (TvC) function 

The experimental setup of the Threshold versus Contrast (TvC) function was specifically 

designed to assess the effect of surround contrast (pedestal contrast) on subjects’ contrast 

thresholds. The effect of a surround on target detection is characterized as either “surround 

suppression” or “surround facilitation”, with suppression being the most commonly recorded in 

the literature 83,84. Previous work examining the differential effect of a surround between foveal 

and peripheral locations found that surround suppression increased with increasing eccentricity. 

The authors concluded that the difference in surround processing in the periphery versus the 

fovea may indicate distinct roles of these locations in visual processing 83. The influence of 

surround processing on emmetropization has yet to be fully characterized, especially at mid 

peripheral locations. Given the known asymmetry of foveal and peripheral processing in 

emmetropization 60,61,73, such a dichotomy in the spatial distribution of center-surround 

processing raises the question of whether they might be implicated in the development of 

myopia. 

https://www.zotero.org/google-docs/?JzVa2k
https://www.zotero.org/google-docs/?ACk1fU
https://www.zotero.org/google-docs/?osaUq0
https://www.zotero.org/google-docs/?lKAspX
https://www.zotero.org/google-docs/?qWwFT4
https://www.zotero.org/google-docs/?uZ2OFq
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The present study investigated the possible relationship between the processing of 

surround contrast and axial length. To that end, we measured contrast thresholds as a function of 

adjacent surround (pedestal) contrast level and assessed the effect through calculation of a dipper 

function (the TvC function). In an attempt to elucidate retinal versus cortical effects testing was 

conducted  under monocular and dichoptic testing conditions, respectively.   

At 6 deg eccentricity, weak associations were found between: (1) AXL and the area under 

the curve (AUTVC) tested dichoptically, as well as between (2) M and AUTVC monocularly; 

where more myopic/longer eyes were less sensitive to contrast overall in the presence of 

surround noise. This result would not be unexpected given our CSF results. However, in the 

absence of a pattern in monocular/dichoptic viewing conditions or between M and AXL, these 

correlations are less convincing.  

The Intrinsic Noise (IN) of the visual system represents the baseline noise inherent in the 

contrast detection system that must be overcome in order for a subject to detect contrast. The 

origin may be optical, neural, or more likely a combination of both 85,86. As previously described 

(see section 4.3), IN is the curve fit parameter of the TvC dipper function that accounts for the 

early decrease in contrast threshold toward the function’s minimum. Therefore, a relationship 

between IN and AXL/M may indicate a difference in a visual system’s ability to overcome 

internal variability, taking into account either the length of the eye or optical correction required.  

It should be noted that intrinsic noise is typically measured by two methodologies: (1) as 

a function of a pedestal factor that is incorporated into the stimulus presentation structure (the 

TvC dipper function) 64, and (2) through masking of the stimulus using an overlying external 

noise component that spans the entire presentation screen 85,87. In the present study, a TvC 

https://www.zotero.org/google-docs/?vGoxDn
https://www.zotero.org/google-docs/?ej1tWf
https://www.zotero.org/google-docs/?Zi4J6J
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function was used to assess the effect of the contrast of surrounding noise on an adjacent 

stimulus (Figure 3.4). That is to say that the stimulus whereby contrast thresholds were measured 

(in this case a sine-wave grating) did not overlap spatially with the surrounding isotropic noise. 

The logic in this design is that the information (contrast level) in the surround must be processed 

laterally in space in order to affect the contrast threshold to the gaussian sine-wave grating. 

Therefore, the design inherent in this version of the TvC function is meant to 

approximate lateral interactions in visual processing. One limitation of our technique is the 

apparent summation effect that can be incurred through presentation of immediately adjacent 

stimuli 88. Follow up studies might explore the introduction of a “buffer” ring between the 

grating target and surrounding isotropic noise, similar to the design of the electrophysiological 

stimulus in the present study (see section 4.1). 

In the present study, a dichotomy was found in the relationship between IN and AXL 

where positive correlations were found at both 6 and 10 degrees eccentricity, but only under 

dichoptic conditions. Therefore, when inter-eye processing is involved, longer eyes tended to 

have higher IN than shorter eyes. No such relationship was noted between IN and AXL under 

monocular testing conditions. Unsurprisingly, IN was also negatively correlated with M; though 

these were found under both monocular and dichoptic conditions, where more myopic eyes 

tended to have higher intrinsic noise at both mid-peripheral eccentricities. These data are 

suggestive of a relationship between Intrinsic Noise in the visual system and myopia in the mid 

peripheral retina as measured through the TvC pedestal method. Given the known differential 

between foveal and mid peripheral center-surround processing 83, our data begs the question, 

“Does a similar association between IN and AXL exist at the fovea?” Analysis of the foveal data 

https://www.zotero.org/google-docs/?uGlcx1
https://www.zotero.org/google-docs/?unA2aW
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set including differences between the foveal and mid peripheral data set is certainly worth 

exploring.   

Another question worth exploring is the relative contribution of optical and neural 

components to the Intrinsic Noise in this experiment. It could be that the noise occurs within the 

visual system; if that were the case, a true dichotomy between monocular and dichoptic 

conditions may indicate that this noise originates at downstream processing centers, such as the 

visual cortex. Alternatively, the optics of the system may contribute. Single vision spectacles are 

known to cause greater peripheral retinal defocus with longer axial lengths, though if the 

spectacles produced the effect, one would expect to see a monocular relationship as well. One 

optical component that may influence inter-ocular processing, but not monocular processing 

might be our use of polarizers. It could be that small vergence eye movement errors (phoria) 

could alter the retinal loci of stimuli so that they do not perfectly align peripherally between the 

two eyes, causing an increase in variability in cortical but not  retinal responses. Future work 

may consider using an alternative system for controlling monocular/dichoptic presentation, such 

as shutter glasses) to see if the monocular/dichoptic dichotomy persists. It may also be that the 

resolution of the study was simply not enough to identify true correlations with AXL under 

monocular conditions. Though the origin of the current results are unknown, the role of intrinsic 

noise and perhaps also perceptual adaptation to this noise are worth exploring further.  

The sensitivity of the visual system to changes in contrast (Psi) is represented by the 

rising arm of the TvC dipper function following the minimum and is guided by Weber’s Law. A 

higher Psi can be thought of as lower impact of differences in surround contrast, and vice versa. 

A weak positive correlation was noted between Psi and AXL at 6 deg eccentricity when noted 

dichoptically. Should this association prove consistent in follow up studies, this would indicate 
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that longer eyes are more sensitive to changes in surround contrast. However, this effect does not 

occur at 10 deg dichoptically or at either eccentricity under monocular viewing conditions. 

Likewise, no relationships are identified between Psi and M at any eccentricity or viewing 

condition. One limitation of this analysis is a floor effect that was noted in the Psi data set, which 

may attenuate a true correlation between the two variables. This effect may be due to insufficient 

sampling above the pedestal contrast at the minimum. In the current protocol, we find that the 

surround (pedestal) contrast at the minimum falls around 0.3 under both monocular (Mean 6 deg 

0.240 +/- 0.099, 10 deg 0.301 +/- 0.137) and dichoptic conditions (Mean 6 deg 0.291 +/- 0.132, 

10 deg 0.269 +/- 0.110). Since Psi is associated with the rising arm of the dipper function, it is 

possible that increased sampling above 0.32 is necessary, as we currently test only one additional 

surround contrast level (0.68 contrast). Future work should attempt to optimize parameters to 

ensure a more accurate estimate of Psi.  

The location of the TvC minimum is characterized by the surround (pedestal) contrast 

(minPedes) and the contrast threshold (MinThresh). A weak association was found between 

minPedes and M when tested at 10 deg eccentricity under dichoptic condition, where longer eyes 

reached a minimum contrast threshold at a lower pedestal contrast than shorter eyes. If such an 

association did exist, it would indicate that longer eyes are better tuned to stimulus detection in 

conditions where the surrounding environment has lower contrast. However, in the absence of a 

coincident association under any other testing condition or with AXL findings, this finding is 

less convincing.  

Another dichotomy in the monocular versus dichoptic stimuli was noted in the contrast 

threshold at the function minimum (MinThresh). Promising associations were noted between 

MinThresh and AXL at both 6 and 10 degrees, but only when tested under dichoptic conditions. 
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Here, longer eyes showed higher contrast thresholds at the function minimum. In other words, 

the maximum contrast sensitivity reached may be lower in myopes versus emmetropes. As 

previously discussed, the origin of a differential effect under dichoptic and monocular testing is 

not known, since they could be due to a true neural effect, optical considerations, insufficient 

resolution of statistical testing, or another unknown factor. Of note, associations between 

MinThresh and and M were noted under both monocular and dichoptic conditions, but only at 6 

deg eccentricity. It would not be unexpected for the contrast threshold at the minimum 

(MinThresh) to be related to AXL and M, however the apparent dichotomy between dichoptic 

and monocular results merits further inquiry 65. 

A limitation of the TvC stimulus design was our choice of spatial frequency. Based on an 

initial review of the literature 89,90, we anticipated a peak spatial frequency in the midperiphery 

close to 4 cpd. However, our results from experiment 1 (CSF) indicate that the true peak spatial 

frequency for this grating design was 1.212 ± 0.278 cpd at 6 deg and 1.075 ± 0.286 cpd at 10 deg 

(Table 2.1). A more ideal spatial frequency for the Gaussian grating may be 1 cpd. However, if 

we were to set the spatial frequency of the TvC stimulus at 1 cpd, the number of cycles in the 

stimulus would likely be too low to accurately determine contrast threshold 58,91. Future 

experiments should explore how the stimulus diameter (in this case 4 deg) might be altered to 

accommodate a more appropriate spatial frequency for mid peripheral testing.  

5.3 Experiment 3: Electrophysiology 

Though select VEP findings were found to have interesting correlations with AXL and/or 

M, using our unconventional alpha cutoff of 0.4, there was no logical pattern present. Therefore, 

https://www.zotero.org/google-docs/?AIpeSz
https://www.zotero.org/google-docs/?rTCTS1
https://www.zotero.org/google-docs/?OkyQt7
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the relationships between AXL and M and electrophysiology results are less convincing than the 

psychophysical results.  

The development of novel methodology to assess lateral interactions was both a strength 

and a limitation of the present study. The development of such methods is a much-needed 

advancement in electrophysiological study and makes a key contribution to the field of using 

electrophysiology to assess the emmetropization process.   

Our design explores lateral interactions and provides a method for spatially discrete 

testing. The limitations of this approach are two-fold. First, the probable effect size is likely too 

small to be detected by our sample size (n = 19). Though spatially discrete testing is certainly a 

strength of the present methods, the process of isolating a distinct ring within visual space 

decreases the magnitude of possible retinal summation compared to full-field techniques.  

Our analysis based on the largest ERG/VEP effect size to select an unconventional alpha 

suggests that in follow-up studies, a sample of at least 42 subjects is required to obtain a power 

of 80% and an alpha cutoff of 0.05. The present results may indicate that there is no relationship 

between emmetropization and the Lateral ERG/VEP responses or that the sample was too small 

to detect such an effect.  

Secondly, unlike other ERG methods, we do not have the option to rely on previous 

validation studies. Our sample size was limited by the need for methodological refinement about 

halfway through the data collection. Specifically, the isoluminant buffer space was introduced at 

this juncture. The methods presented here are the final version of the process we developed 

during the course of the study. Further studies are necessary to properly characterize the stimulus 

and determine ideal testing conditions. One characteristic we are particularly interested in is the 
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effect of the sizing of the isoluminant buffer ring. For the present study, a small ring size was 

chosen with the explicit intention of disrupting contrast-reversal edge effects. A follow-up study 

is planned to determine at what size the buffer ring interrupts lateral processing and extinguishes 

the effect of surround contrast on the stimulus response. Though no statistically significant 

correlations were found between AXL or M and ERG or VEP responses in the present study, this 

work is worth revisiting with a larger sample size. 
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6. Conclusions 

Overall, we find that the psychophysical measures of lateral interactions explored in this 

experiment may be related to axial length and refractive error. The contrast sensitivity at low 

spatial frequencies is especially promising, perhaps indicating that the lateral interactions 

contributing to the low spatial frequency dropoff of the CSF may be increased with increasing 

axial length. Though we find that some psychophysical measures related to the effect of surround 

contrast on grating perception are promising, this relationship is not seen in the 

electrophysiological studies. Further work is needed to solidify our understanding of these 

interactions and where relationships with axial length may originate in the visual pathway.  
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Appendix 1: ARVO 2024 abstract and poster on electrophysiology design 

 

“Purpose: Despite the critical role of lateral interactions in retinal processing, there is no 

validated electroretinogram (ERG) to specifically probe this function. Using a novel ERG 

paradigm, we investigated the effect of background contrast on center-surround retinal response 

mechanisms elicited by a series of pattern-reversing stimuli. 

Methods: Seven subjects (age 27 +/- 2, range 25-32 years) underwent a thorough vision 

screening. All subjects had BCVA 20/20 or better and no ocular pathology or vision deficit other 

than refractive error. The ERG stimuli were presented on a 48” LG OLED monitor with a 120 Hz 

refresh rate. A ring of 8 circular dead leaves stimuli (4 deg diameter each) was presented at each 

of two mid-peripheral eccentricities: 6 or 10 deg. The dead leaves pattern contrast reversed at a 

rate of 7.5 reversals/s (15 Hz) and an average contrast of 50%. The background pattern of 

isotropic noise (see figure) contrast-reversed at 1 reversal/s (2 Hz). ERGs were obtained with 

background contrast of 0%, 25%, 50%, and 75%. The average luminance of the stimuli and 

background were held constant for all experimental conditions (75 cd/m2). ERGs were recorded 

monocularly with a DTL electrode and an undilated pupil. Skin electrodes were used for ground 

and reference. Fast Fourier transform was performed to isolate the 15 Hz harmonic 

corresponding to retinal responses elicited by the dead leaves patterns. Background contrast 

response curves were generated for each eccentricity. 



Results: At 6-deg eccentricity, the amplitude of the 15 Hz harmonic increases in a 

monotonic/linear relationship with background contrast (R^2 =0.8825). ERG responses doubled 

from baseline (0%) to 75% background contrast condition (ratio: 2). The results from the 10-deg 

condition showed a biphasic change as a function of background contrast. Although retinal 

responses increased from baseline to 75% background contrast (ratio of 1.3) responses decreased 

from baseline to 25% (ratio: 0.5) and 50% (ratio: 0.88) background contrast, indicating an 

inhibitory relationship. 

Conclusions: These findings suggest center-surround interactions in retinal processing 

independent of changes in mean luminance as well as a possible method for evaluating lateral 

interactions using ERG. Such methodology would be useful for analysis of functional deficits in 

the retina that may not be readily apparent on a structural level. 

This abstract was presented at the 2024 ARVO Annual Meeting, held in Seattle, WA, May 5-9, 

2024.” 

Reference:  
Rachel Harmon, Fuensanta A Vera-Diaz, Thanasis Panorgias; Lateral interactions in the human 
retina assessed using a novel ERG paradigm. Invest. Ophthalmol. Vis. Sci. 2024;65(7):5852. 

 

 



 
Figure 1. ARVO 2024 Poster 



 

Appendix 2: ARVO 2025 abstract and poster on psychophysical results 

 

“Purpose: Lateral interactions play a critical role in retinal processing, but their role in 

myopia has not been fully assessed. We investigated the perception of stimuli in the presence 

of surrounding noise at 2 peripheral locations as a function of axial length.  

Methods: Subjects (n = 35, avg 25 yrs, range 22-32 yrs) underwent a thorough vision 

screening, had BCVA 20/20 or better, and no ocular pathology or vision deficit other than 

refractive error (avg -2.97 D, range -6.88 to +1.15 D). Axial length (AXL) was measured 

using Lenstar (avg 24.97 mm, range 22.50-27.51 mm). Contrast Sensitivity (CSF) and 

Threshold versus Contrast (TvC) functions were measured at 6 deg and 10 deg eccentricities 

in an 8AFC task. Curves were acquired using adaptive thresholding (QuestPlus) with 

sine-wave gratings as targets. TvC curves were measured as a function of the contrast level 

of surrounding isotropic noise under both monocular and dichoptic conditions. 

Spearman-Rank correlations were analyzed as a function of AXL.  

Results: From the CSF curves, negative correlations were found between AXL and acuity as 

well as the area under the low-frequency dropoff (p = 0.045) at 10 deg, but not at 6 deg 

eccentricity. Notably, no statistical significance was noted for the total area under the curve, 

location of the CSF peak, or the contrast sensitivity at the lowest spatial frequency 

(0..25c/deg). From the TvC functions, positive correlations were found under dichoptic 

conditions at 6 deg for the Area under the curve (AUTvC), contrast threshold at TvC 

minimum, and sensitivity to contrast changes (Psi). Under dichoptic conditions at 10 deg, the 

intrinsic noise of the visual system was positively correlated with AXL. No statistically 

significant correlations were noted under monocular conditions.  



 

Conclusions: These findings suggest a possible relationship between axial length and 

center-surround interactions in the visual system. Notably, differences in monocular and 

dichoptic responses suggest a possible differential between cortical and retinal processing as 

a function of axial length.  

This abstract was presented at the 2025 ARVO Annual Meeting, held in Salt Lake City, UT, 

May 4-8, 2025.” 

Reference:  
Publication upcoming in IOVS June 2025 
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