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There is more to accommodation than simply maximizing retinal 
image contrast
Philip B. Kruger1, 2, Ivan Marín-Franch3, 4,  
Antonio J. Del Águila-Carrasco3, 4, Paula Bernal-Molina3, 4, 
Jose Esteve-Taboada3, 4, Robert Montés-Micó3, 4,  
Norberto Lopez-Gil2, 4. 1State College of Optometry, State University 
of New York, New York, NY; 2Faculty of Optics and Optometry, 
University of Murcia, Murcia, Spain; 3Department of Optics and 
Optometry and Visual Sciences, University of Valencia, Valencia, 
Spain; 4Interuniversity Laboratory for Research in Vision and 
Optometry, Mixed group, UVEG-UMU, Valencia-Murcia, Spain.
Purpose: We tested the hypothesis that accommodation operates as a 
contrast-maximizing negative feedback system.
Methods: Two experimental conditions were tested to determine 
whether blur of a target alone is what drives accommodation. In the 
first condition the subject viewed a target (monochromatic Maltese 
cross subtending 2° on a micro-display through a 4-mm artificial 
pupil) that was always imaged accurately on the retina while the 
Maltese cross itself was blurred by an amount that depended on 
the subject’s accommodative error (lead or lag). Thus the subject 
was rewarded with a less blurred target for correct accommodation, 
but punished by a blurrier target for incorrect accommodation. No 
vergence changes were present because the blurred target was always 
in focus on the retina. In the second condition, the target itself was 
always a clear Maltese cross, but the retinal image of the target 
was blurred by the subject’s accommodative error; thus changes in 
accommodation provided normal feedback from defocus blur. Three 
experiments were performed on nine subjects (ages 21-40) using 
these two conditions. In the first a stationary target was presented for 
50 sec at −2D; in the second, the target stepped randomly from −2D 
to −1D or −3D during 50-sec trials; in the third, the target moved 
sinusoidally between −3D & −1D at 0.05, 0.1, 0.2 or 0.4 Hz. In all 
three experiments, astigmatism & higher-order aberrations were 
recorded & corrected with adaptive optics at 20 Hz.
Results: Accommodative error was similar for the 2 conditions 
for stationary targets, but standard deviations of accommodative 
responses were significantly smaller when there was feedback from 
vergence (second condition). Dynamic accommodative gain in the 
step & sinusoidal motion experiments was significantly greater 
when there was feedback from vergence. The figure is an example of 
results averaged over 6 trials for all 9 subjects at 0.2 Hz for the two 
conditions in the third experiment.
Conclusions: The visual system detects the sign of optical vergence 
even without monocular or optical cues. Recent models based on 
Stiles-Crawford effect & retinal blood vessels may explain how the 
eye extracts the sign & magnitude of defocus (Vohnsen, Biomed. 
Opt. Express 5,5, 1569, 2014; Lopez-Gil et al, ARVO 2016). 
Understanding these mechanisms of inferring optical vergence by 
retinal cone signals may help explain emmetropization & define new 
treatments for myopia control.
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Abnormal Effective Threshold to Blur in Graduate Students with 
Clinical Accommodative Disorders
Chunming Liu1, Christopher Chase1, Eric Borsting2, 
Lawrence R. Stark2, Stefanie A. Drew3, Amy Escobar4. 1College of 
Optometry, Western University of Health Sciences, Pomona, CA; 
2Southern California College of Optometry at Marshall B. Ketchum 
University, Fullerton, CA; 3California State University Northridge, 
Northridge, CA; 4Coastline Community College, Fountain Valley, 
CA.
Purpose: The purpose of this study was to examine the differences 
in accommodative response control between subjects with normal or 
abnormal accommodative function, using Jiang’s modified control 
model for steady-state accommodation that incorporate a sensory 
component.
Methods: 36 graduate students between age of 18 and 30 
participated. Based on the standard clinical accommodative testing 
procedures and diagnostic criterion, the sample was divided into 
normal accommodation (NA) and abnormal accommodation (AA) 
groups with 18 subjects in each group. AA group consists of subjects 
with accommodative insufficiency, access and/or infacility. All 
accommodative responses (AR) were objectively measured using 
an open-field autorefractor monocularly. Accommodative stimulus-
response function was assessed at 5 different stimulus distances. 
Baseline tonic accommodation was recorded after 5 min of dark 
adaptation. Accommodative error (AE) was continuously recorded 
during a 10 min monocular reading task at 3 diopter distance.
Results: Accommodative stimulus-response function (Fig 1A) 
and accommodative controller gain (ACG), representing a motor 
controller, showed no significant difference between groups (NA: 
5.8±8.3; AA: 2.5±7.4; p=0.22) (Fig 1B). However, effective threshold 
to blur (ET), a parameter incorporating accommodative sensory 
gain (ASG) and depth-of-focus, showed a statistically significant 
difference (NA: 0.46±0.86; AA: -0.06±0.65; p=0.047) (Fig 1C). A 
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positive association was found between AE and ET (Y=0.62+0.44*X; 
R2=0.42; p<0.001), but not AE and ACG (Y=0.66+0.02*X; R2=0.05; 
p=0.167) (Fig 2).
Conclusions: Our results suggest a possible association between 
abnormal effective threshold to blur with abnormal accommodative 
response in graduate students with clinically significant 
accommodative dysfunction. The abnormal sensory gain control 
might help us to understand the potential mechanism underlying 
clinical accommodative disorders.

Fig 1. Accommodation parameters for normal (NA) and abnormal 
accommodation (AA) groups: 1A, accommodative stimulus-
response function. 1B, accommodative controller gain (ACG). 1C, 
effective threshold to blur (ET). Error bar represents standard error; * 
represents statistical significance (p<0.05).

Fig 2. Scatterplot of the correlation between accommodative error 
(AE) and effective threshold to blur (ET). Linear regression line is 
plotted as solid line.
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Crystalline lens position dynamics during mixed saccadic/
convergence eye movements
Consuelo Robles1, Pedro M. Prieto1, Juan Mompean1, 
Juan Tabernero2, Pablo Artal1. 1Laboratorio de Optica, University 
of Murcia, Murcia, Spain; 2Vision and Eye Research Unit, Anglia 
Ruskin University, Cambridge, United Kingdom.
Purpose: The dynamics of the crystalline lens position during eye 
movements can shed light on some properties of the accommodation 
mechanism, such as ciliary muscle operation. While previous works 
revealed lens wobbling after pure saccadic movements and used 
this effect to study ciliary muscle tension in accommodation steady 
states, this experiment explores lens position stability following pure 
convergence or mixed convergence-saccadic eye movements, which 
could eventually be used to gain information about ciliary muscle 
dynamics.
Methods: We used a high-speed Purkinje-meter (Tabernero et al., 
Sci.Rep. 6: 25551, 2016) to record Purkinje image videos at 376 
fps in 4 normal young subjects when they performed different types 
of eye movements: Saccades for both far and near fixation, pure 
convergence, and mixed convergence-saccade movements. Fixation/
accommodation stimuli were two pairs of 1-deg Maltese crosses, 
9-deg laterally apart, at 3 m and 30 cm from the subject, and viewed 
under unrestricted binocular conditions. For each frame, the 4th 
(lens back) and 1st (corneal front) Purkinje images were determined 
together with the pupil center and size.
Results: Lens wobbling was observed after pure saccades with 
amplitude consistent with previous studies: 150 ± 72 mm for near 
and 125 ± 57 mm for far fixation. On the contrary, no wobbling 
was detected after convergence/accommodation or mixed saccade-
convergence movements. This lack comes from the different nature 
of the movements: saccades are fast and cease abruptly, producing an 
inertial movement of the lens, whereas convergence movements are 
slower and stop progressively, preventing lens wobbling. Combined 
movements have a mixed structure, starting with a fast initial 
component followed by a slow progressive tail end that precludes 
noticeable inertial movements of the lens.
Conclusions: Crystalline lens wobbling was only observed after pure 
saccadic movements. During and after accommodation/convergence, 
lens position changes smoothly without showing any significant 
oscillation. A similar situation occurs for combined saccadic and 
accommodation eye movements.
Commercial Relationships: Consuelo Robles; Pedro M. Prieto, 
None; Juan Mompean, None; Juan Tabernero, None; Pablo Artal, 
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Support: European Research Council Advanced Grant  
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(grant 19897/GERM/15)

Program Number: 2060
Presentation Time: 4:30 PM–4:45 PM
Spherical aberration of the eye during accommodation in 
downward gaze over time in emmetropes and myopes
Atanu Ghosh, Michael J. Collins, Scott A. Read, Brett A. Davis. 
Queensland University of Technology, Brisbane, QLD, Australia.
Purpose: While a range of previous studies have investigated the 
changes in ocular aberrations during accommodation in primary gaze 
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for a fixed pupil diameter at a single time point, there has been less 
attention on how the eye’s optics change over time with a sustained 
period of near work in downward gaze for natural pupils. Therefore, 
the current study investigated the changes in the optics of the eye 
during accommodation in downward gaze over 10-min duration.
Methods: Twenty six young adult subjects (14 myopes, 12 
emmetropes) were recruited for this study. A Shack-Hartmann 
wavefront sensor was modified to measure the optics of the eye in 
downward gaze with different levels of accommodation. Baseline 
measures were obtained after subjects performed a control task 
(watching TV at 5 m distance in primary gaze) for 10 mins prior to 
each of three testing conditions. These three conditions included, 
distance accommodation in downward gaze, 2.5 D accommodation 
in downward gaze and 5 D accommodation in downward gaze. 
Measurements of ocular aberrations were taken immediately and then 
at 5 and 10 minutes from the commencement of each trial and Seidel 
longitudinal spherical aberration was derived.
Results: Repeated measures analysis of variance revealed a 
significant influence of accommodation stimulus (p<0.001) on 
the changes in spherical aberration, and the longitudinal spherical 
aberration was significantly more negative in myopes (–1.08 ± 
0.86 D) than emmetropes (–0.25 ± 0.73 D) after 10-min of the 
5 D accommodation task (p<0.05). There was also a significant 
interaction between accommodation error (lag) and pupil size over 
time (p<0.001) and this interaction accounted for some of the changes 
in spherical aberration.
Conclusions: A change occurred over time in spherical aberration 
during the near task in downward gaze when measured with natural 
pupils. Myopes showed greater changes in the higher-order optics 
than emmetropes over 10-min when performing a near task in 
downward gaze. These findings provide a more realistic reflection of 
the eye’s natural optical properties during typical near tasks.

Dioptric values of group mean (±SD) longitudinal spherical 
aberration during distance and near accommodation in downward 
gaze over 10-min for natural pupil diameters among emmetropes and 
myopes. Asterisks indicate statistically significant difference between 
myopes and emmetropes (p<0.05).
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Relationship between ciliary muscle and accommodative response 
across age groups
Irene Siso-Fuertes1, Danilo Andrade de Jesus2, 
Hema Radhakrishnan1. 1Division of Pharmacy and Optometry, The 
University of Manchester, Manchester, United Kingdom; 2Biomedical 
Engineering, Wroclaw University of Science and Technology, 
Wroclaw, Poland.
Purpose: Presbyopia is a condition affecting people over 45 years 
of age worldwide. Understanding accommodative ability in older 

subjects has been a major challenge. We conducted an experimental 
cross-sectional study to investigate the changes in the ciliary muscle 
(CM) dimensions with accommodation in different age groups.
Methods: Eighteen subjects aged between 18 to 75 years were 
included and divided into 3 age groups: Group 1 - (18 to 29 years), 
Group 2 - (30 to 40 years), Group 3 - (40 years and over). Healthy 
participants (mean spherical equivalent: -0.63 D with astigmatism 
less than 1.25D) with no history of ocular pathology or surgery 
were enrolled. Accommodative response (AR) measurements and 
CM images at three different accommodative demands (0, 2.5 and 
4D) were taken with Visante Anterior-Segment Optical Coherence 
Tomographer (OCT; Carl Zeiss Meditec). A MATLAB code was 
developed to measure the CM thickness at 2 (CMT2), 2.5 (CMT25) 
and 3 (CMT3) mm from the scleral spur in a semi-automated way. 
In order to acquire the AR we used a Hartman-Shack aberrometer 
(IRX3, Imagine Eyes) programmed to present fixed stimuli from 0D 
to 4D of accommodation in 0.50D steps.
Results: Linear regressions showed that the correlation between age 
and CMT at all 3 points measured was not statistically significant (p 
> 0.05). Friedman test revealed statistically significant (p < 0.05) CM 
thickness changes with accommodation in age group 2 for CMT2 and 
CMT25 and in age group 3 for CMT3 (Figure 1). The slope of the 
AR and the absolute value of the CMT slope negatively correlated in 
age group 1 while a positive correlation was found for age groups 2 
and 3.
Conclusions: Our findings support the lenticular theory of 
presbyopia. CM is invariant with age but does change in thickness 
with accommodation. Older people with stiffer crystalline lenses, 
present a bigger change in CM in order to more accurately 
accommodate, while young people with easily deformable lenses 
exhibit less CM change when their accommodative response is more 
accurate.

Figure 1: CMT for the 3 age groups at three accommodative 
demands. Each CMT represents the blue line segmented in the 
CM in-vivo image example. (*) in dicate statistically significant 
differences (p < 0.05)
Commercial Relationships: Irene Siso-Fuertes, None; 
Danilo Andrade de Jesus, None; Hema Radhakrishnan, None
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How do changes in scleral stiffness with age affect ciliary muscle 
function in accommodation?
Katherine Knaus1, AnnMarie Hipsley2, Silvia Blemker1. 1Biomedical 
Engineering, University of Virginia, Charlottesville, VA; 2AceVision, 
Akron, OH.
Purpose: Changes to the accommodative mechanism (AM) with age 
have been well documented, including increased sclera stiffness (SS) 
that may affect ciliary muscle (CM) function. How this contributes to 
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presbyopia is not well understood, due to the difficulty of measuring 
the AM in vivo and studying these changes in isolation, particularly 
the activation dynamics of the CM fiber groups: circular (C), radial 
(R), and longitudinal (L). The goal of this study was to create a 
physics-based computer simulation to elucidate the biomechanical 
effects of SS on CM function and the AM. We hypothesize that 
altered SS, consistent with aging, will reduce CM deformation, 
increasing the required CM activation required for normal function of 
the AM.
Methods: We created a three-dimensional finite element computer 
model of the AM that includes the CM, sclera, lens, zonules, 
and other connected structures (fig1A). Dimensions and material 
properties for the model were taken from young adult human 
experimental measurements published in literature. Accommodation 
was simulated by applying activation to the CM fiber groups. CM 
activation levels in healthy accommodation were determined by 
matching model predictions to published CM deformations. To 
validate the model, predictions of lens deformation were compared 
with published lens shapes during healthy accommodation. Varying 
SS and CM activation were simulated and the corresponding effect 
on CM deformation was predicted.
Results: The computational model predictions of lens deformation 
in normal accommodation compare favorably with experimental 
data from literature. While maintaining CM activations at young 
healthy levels, changing SS from 1.6 to 2.8 MPa (consistent with 
the difference between young and old adults), reduces CM apex 
thickening by 6% and shortening by 22% (fig1B). Further, to produce 
CM deformation corresponding to full accommodation, the model 
with increased SS required increased activation levels in all three CM 
fiber groups (C=5%, R=14%, L=21%).
Conclusions: Increasing SS reduced CM deformation, which is 
necessary for normal function of the AM. While the CM is not 
limited enough to fully account for presbyopia, model results suggest 
that sclera stiffening does inhibit the AM. To overcome age-related 
changes in the sclera, the CM must increase its activation above 20% 
in sections. These results motivate treatments for presbyopia that 
focus on improving CM function.
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Extended depth OCT imaging and biometry of the eye during 
accommodation as a function of subject posture
Marco Ruggeri1, Yu-Cherng Chang1, 2, Siobhan Williams1, 2, 
Florence Cabot1, Giovanni Gregori3, Fabrice Manns1, 2,  
Jean-Marie A. Parel1, 4. 1Ophthalmic Biophysics Center, Bascom 
Palmer Eye Institute, University of Miami Miller School of Medicine, 
Miami, FL; 2Department of Biomedical Engineering, University 
of Miami College of Engineering, Coral Gables, FL; 3Quantitative 
Imaging Group, Bascom Palmer Eye Institute, University of Miami 
Miller School of Medicine, Miami, FL; 4Brien Holden Vision 
Institute and Vision Cooperative Research Centre, Sydney, NSW, 
Australia.
Purpose: To evaluate the effect of subject posture on accommodation 
through extended depth Optical Coherence Tomography (OCT) 
imaging and biometry. The study will provide information on how 
forces applied on the lens by changing subject posture influence 
accommodation.
Methods: We used a custom-made extended depth SD-OCT system 
combined with an accommodation unit that provides monocular 
accommodation step stimuli (Ruggeri et al, Biomed Opt Express 
3:1506-1520; 2012). The system enables dynamic imaging and full-
length biometry of the eye during accommodation. The OCT delivery 
probe with accommodation module was secured to a slit-lamp stand 
to image subjects in the upright position and to a custom-made stand 
to image the subject in the supine and prone positions. The right eyes 
of three subjects (21, 22 and 23 years old) with spherical equivalent 
refraction ranging from -2.5 to 0 D were imaged in response to a 
stimulus stepping from 0 to 6 D for each of the three positions. OCT 
images were acquired dynamically at a frame rate of 8.7 fps over 6.2 
s while the accommodation stimulus was triggered at 1.5 s after the 
start of an acquisition. Each acquisition consisted of 54 OCT images 
of the eye ranging in depth from the cornea to the retina. To quantify 
the change in ocular dimensions, mean and standard deviation 
of anterior chamber depth (ACD) and lens thickness (LT) were 
calculated from the first 10 OCT images acquired before the stimulus 
onset (relaxed state – 0D) and the last 10 OCT images acquired in the 
sequence (accommodated state – 6D).
Results: For each subject, mean and standard deviation of ACD and 
LT at different accommodative states and positions are summarized 
in the table below. Changes in ACD and LT during accommodation 
(ΔACD and ΔLT, respectively) as a function of subject and position 
are also shown in the graph below. There was no consistent effect on 
ΔACD and ΔLT across the different postures.
Conclusions: This study demonstrates the feasibility of imaging and 
quantifying intraocular distances dynamically during accommodation 
at different subject positions using extended depth OCT. Posture 
was found to have no effect on accommodative changes in ocular 
biometry.
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