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This study sought to investigate whether stimulation to the fovea or the parafovea with
different color combinations influenced the temporal and dynamic features of 4° disparity
vergence step responses. Twelve unique types of stimuli were displayed within a haploscope
presented along the participant’s midsagittal plane. Vergence eye movement responses from
fifteen naive participants were recorded using video-based infrared eye tracking
instrumentation. Latency and peak velocity from left and right eye movement responses were
quantified. Results show that the type of stimulus projection (foveal versus parafoveal)
significantly (p<0.001) influences the vergence response latency but did not impact peak
velocity. Vergence responses to eccentric circles with 6° eccentricity targeting the parafovea
resulted in a significantly faster response latency compared to vergence responses to a cross
with 2° eccentricity stimuli targeting the fovea. Results have implications for the stimulus
design of a variety of applications from virtual reality to vision therapy interventions.
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Introduction

Disparity vergence is stimulated by a visual
target of interest being projected to the retina which
is offset from where the fovea within each eye is
currently located. Vergence eye movements are used
to change gaze such that the eyes move disjunctively
(inward or outward eye rotation). Technologies such
as virtual reality (VR) interact with the near triad:
specifically, the vergence, accommodation and pupil
physiological systems [1]. The impact of VR on eye
movements is only beginning to be investigated [2].
Applications in VR range from pain reduction
interventions [3, 4] to surgery simulation tools [5-7]
to vision therapy techniques [8, 9]. Hence, VR has
enormous potential to be impactful to our society for
a variety of applications. As VR becomes more
prevalent in our society, more studies are needed to
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understand how different visual stimuli influence
the temporal and dynamic properties of vergence
eye movements.

Many investigations on disparity vergence use
identical stimulus targets to the left and right eye that
are of small target foveal eccentricity [10-12].
Others have studied targets with larger target
eccentricities such as random dot stereograms that
stimulate the parafovea and/ or perifovea [13].
However, a gap in knowledge is a study which
records vergence responses from the same
participants to compare the impact of different
stimulus targets that are projected to the fovea
compared to those projected to the parafovea on
symmetrical disparity vergence step responses.

Another body of literature has studied
differences between the left and right eye movement
responses to the same symmetric target presented to
both the left and right eye. Even when an identical
stimulus is presented to the left and right eye on the
midsagittal plane, differences are observed between
the two eye movement responses. Horng, et al.
(1998) studied asymmetries in eye movement
responses to pure symmetric vergence stimuli and
found that although both eyes eventually arrive at
symmetrically convergent positions, the initial
transient portion of the movements showed
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differences in amplitude and peak velocity [14].
Some differences may be attributed to the influence
of saccades as observed in participants with normal
binocular vision [15, 16]. Subsequent studies report
that the frequency of saccades are correlated to
vergence peak velocity in binocularly normal
controls as well as those with the binocular
dysfunction known as convergence insufficiency
[17, 18]. Similarly, the slow fusional vergence
system also reports asymmetrical behavior [19, 20]
which is observed within the spatial direction of
vergence responses [21, 22]. Prior literature
supports that differences between the left and right
eye movement responses may be observed and
further investigation should study the left and right
eye ocular motility individually and combined.

Vision therapy or orthoptic therapeutic
interventions for the convergence system include the
use of eccentric circles [23]. Eccentric circles are
typically the same overall target eccentricity, but
stimuli color may differ. For example, one eye may
observe a red stimulus target while the other eye
observes a green stimulus target. The color
difference facilitates the identification of visual
suppression. Eccentric circles, in addition to other
techniques, are routinely used to improve
convergence function in patients with convergence
insufficiency. [23] It is unknown what the temporal
and dynamic features of vergence step responses are
when the eyes are presented with visual targets each
of a different color to each eye.

This study seeks to investigate different visual
stimulus factors specifically how target projections
onto the fovea compared to projections onto the
parafovea retinal region and color influence
vergence eye movement responses through
quantitative temporal and dynamic measurements.
This knowledge is important for future visual stimuli
design consideration for virtual reality applications
as well as the stimulus design of therapeutic
interventions that modify oculomotor motility.

Methods

Fifteen participants (9 males) who did not have
prior experience with eye movement experiments
and did not know the aims of this investigation were
enrolled in this study. All participants were between
the ages of 18 and 35 years. All participants signed
written informed consent forms approved by the
New Jersey Institute of Technology (NJIT)
Institution Review Board (IRB) in accordance with
the Declaration of Helsinki. Exclusion criteria
included a history of binocular dysfunction or head
injury including concussion.

All participants were screened to ensure they had
normal binocular vision. Participants had a normal
near point of convergence (NPC) of less than 6 cm,
normal positive and negative fusional range passing
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Sheard’s criteria [24], and normal local stereopsis of
greater than 50 sec of arc. NPC was assessed by
measuring the distance a high acuity target, was
perceived as diplopic along the participant’s midline
[25]. Fusional vergence was assessed with a prism
bar. The prism bar was a step change in prismatic
demand of 1A, 2A to 20A in increments of 2A, and
20A to 45A in increments of 5A (Bernell Corp.,
South Bend, IN, USA). A high acuity target from
Gulden Ophthalmic was presented on the mid-
sagittal plane of the participant 40 cm away. The
examiner held the prism bar base-out to measure
positive fusional range and base-in to measure
negative fusional range. The examiner asked the
participant to view the target as single and clear and
recorded when the participant experienced blur and
diplopia (break point). Stereopsis was assessed by
the Randot Stercopsis Test (Bernell Corp., South
Bend, IN, USA). Normal was defined as a stereopsis
of less than or equal to 70 seconds of arc. All
participants had normal or corrected to normal
visual acuity. All these methods have been used in
prior studies [17, 26-28].

Subjects were instructed to allow the visual
target to become single by viewing the center of the
visual target and to try not to scan or move their eyes
around the target. For the eccentric circles, subjects
were instructed to look towards the center of the
stimulus and were given a brief training session
outside of the haploscope where they observed
eccentric circles used within clinical practice. These
instructions to the subjects were believed to reduce
the number of potential saccades observed within
the data.

Figure 1 illustrates the stimuli targets and color
combinations utilized in this study. With three
different stimuli targets and four possible color
pairings presented to the left and right eye, twelve
different types of observations are recorded during
each experimental session. The target size of the
stimuli pair was chosen after carefully reviewing
retinal eccentricity plots to stimulate either the fovea
or parafovea. The three retinal eccentricities were
2°,4° and 6° in length and height to study stimuli
that fall within the central fovea to the parafovea.
There were 20 trials of each of the 12 observations
for a total of 240 trials during the experiment. Trials
were pseudo-randomly intermixed to reduce
predictive cues of vergence because anticipatory
cues are known to influence temporal and dynamics
properties of vergence eye movement responses
[29-32].
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Figure 1: A) Stimulus design used for the 12
observation (OBS) with respect to visual target and
color.

The foveal “cross” stimuli pairs used in
observations 1 through 4 (Figure 1) have smaller
target eccentricity (2° length by height) compared to
the parafoveal eccentric circles stimuli observations
5 through 12. The stimuli were designed to be
simple combination of red (R), green (G), blue (B)
stimuli. The red stimulus had the RGB value of [255,
0, 0] and the green stimulus had the RGB value of
[0, 255, 0]. Crosses were chosen for the smallest
target eccentricity due to the preference to show the
participants a high acuity target and because the
eccentric circles at 2° eccentricity had poor
resolution quality. The inner and outer circle were
difficult to differentiate at a 2° eccentricity. While
observations 5 through 8 and 9 through 12 were
designed to be larger in target eccentricity of 4° and
6°, respectively their “eccentric circle” shape are
used clinically in vision therapy applications [23].
The benefit of eccentric circles was it gave
participants visual feedback of the inner circle
appearing closer to the subject compared to the outer
circle because of the displacement of the circles with
respect to each other.

As determined by the retinal eccentricity plot,
stimulus target eccentricity is meant to induce
stimulation starting at the fovea centralis, then to
parafovea and perifovea as the visual target becomes
larger in target eccentricity. The fovea centralis, or
central region of the retina, is populated mostly by
cones [33, 34], which allow for color vision and are
responsible for rendering high spatial acuity.

The color of the stimuli is also investigated
across all twelve observations. Currently, there is a
great deal of research involving the determination of
the ratios of cone types and their arrangement
throughout the retina [35—37]. As observed in a cone
mosaics of the retina, the fovea is predominantly
populated by medium-wavelength (green) and long-
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wavelength (red) cones [38]. Prior studies have
investigated the human trichromatic cone mosaic in
order to better understand the properties of the
network of cones that allow humans to derive color
across a spectrum of light [39]. Among the three
cone types found in the human retina (short-
wavelength [S], medium-wavelength [M], long-
wavelength [L]), the M and L cones are in greater
abundance than the S. As a result, the stimulus
colors of red and green were chosen to stimulate the
greater number of cones.

The visual stimuli were presented on a black
background. The illuminance of the visual stimulus
displays was measured with a Dr. Meter digital
illuminance meter (Model LX1330b) which has a
resolution of 0.1 lux and ranges from 0 to 200,000
lux. The black background of our visual displays had
a brightness of 0.1 lux. When the entire screen was
green, the maximum illumination was 1.8 lux. When
the computer monitor was completely red, the
maximum illumination was 0.8 lux for both the left
and right monitor. Illuminance levels are important
to monitor because it has been shown to impact
reading speeds [40].

Eye movements are recorded using a custom-
built haploscope (Figure 2A). The haploscope
employs 50% reflective mirrors that project stimuli
to the left eye and right eye individually.
Symmetrical vergence stimuli are presented on the
participant’s mid-sagittal plane. Hence, fusion of a
single percept is attained using a vergence eye
movement (Figure 2B) The ISCAN (Figure 2A)
infrared tracking instrument records the induced
vergence eye movement of each eye with a sampling
rate of 240 frames per second for a temporal
resolution of 4 msec. The haploscope allows for the
study of the disparity vergence system, where
stimulation of the accommodative system is held
virtually constant [41].

A Haploscope B

Step Response

o 15
Time {sec)

Figure 24: The haploscope design used to present
stimuli in separate visual fields to participants. 2B:
experimental protocol illustrating the presentation
of stimulus and vergence eye movements induced
utilizing a haploscope.

Figure 2B illustrates a typical convergence eye
movement. The experiment was composed of 4°
symmetrical vergence disparity steps presented
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between a vergence angular demand of 6° to 10°.
The participant begins with a fixation point of 6°
binocular vergence angular demand and when the
subject pushes a trigger push-button, the visual
stimulus target is abruptly changed (step movement)
to a vergence angular demand of 10°. After the first
movement concludes, the participant may rest, or
blink if needed before the next visual stimulus is
presented. All instrumentation is controlled with a
proprietary custom software suite called VisualEyes
[42].

Raw data are processed and analyzed using
custom MATLAB scripts. Vergence responses that
contained blinks or saccades during the transient
portion of response are omitted from analysis.
Primary metrics used to assess left and right eye
vergence eye movements are peak velocity and
latency. Latency is defined as the beginning of the
response movement and quantitatively identified as
5% of the total movement which for this study is a
movement of 0.2° from the initial vergence angular
demand. Each experimental session consists of
twelve unique observations pseudo-randomized, so
the same sequence of stimuli is presented to each
participant. The experiment is composed of two
distinct within-participant factors (stimulus type and
stimulus color). As all participants mediated eye
movements for each trial condition, a repeated-
measures ANOVA is performed to -eliminate
individual differences as a source of between-group
variability whereby all between-group variability
would be due to differences in trial conditions (i.e.
stimulus target eccentricity, color, or a combination
of both). There are no individual differences
between trials because all participants experience
the same trial presentation order that was pseudo-
randomly presented so the subject could not predict
the stimulus order.

Results

Figure 3 shows the group-level analysis of the
average latency with one standard deviation for the
effect of stimulus type (2° cross to fovea, 4° and 6°
eccentric circles to the parafovea) across all color
presentations for both the left eye (3A) and the right
eye (3B) latency measures. A repeated-measures
ANOVA confirmed a significant effect of target
type on convergence latency [F(2,28)=37.468,
p<0.001]. The Cohen effect size was 0.89 where
results of greater than 0.8 are considered a large
effect size. No effect of color or the interaction
between target eccentricity and color were observed
with respect to response latency (p>0.1).

As three different target types were presented, a
post-hoc paired t-test with Bonferroni correction
was performed to assess potential differences
between left eye and right eye latencies with respect
to target type. Vergence responses of the 2° cross
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target projected to the fovea had significantly greater
latencies than the 4° and 6° eccentric circle targets
that project to the parafovea in a post hoc analysis
(p<0.001).

Figure 4 is a similar nomenclature to Figure 3
except itis a group-level analysis of the average with
one standard deviation of the left eye response
(Figure 4A) and right eye response (Figure 4B) peak
velocities. No significant effect was observed
between target type, color, and their interaction with
respect to left eye (Figure 4C) and right eye (Figure
4D) response peak velocities. A paired t-test of left
eye and right eye average velocities across pairings
of all target type groups revealed no statistically
significant differences (p > 0.28).

A Effect of Size across Color
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Figure 3: The effect of stimulus target type across
color for (A) the left eye response latency and (B)
right eye response latency.

Figure 5 is a scatter plot of left eye latency as a
function of the right eye latency. A symmetric
reference line (dotted y=x) is also provided to
display how similar the latencies were between the
left and right eye movement responses. If responses
had identical latencies, then the data would be
superimposed on this symmetry line (dotted line
Figure 5). The results support that the 4° vergence
step responses to the eccentric circles stimulating the
parafoveal with larger target eccentricity of 6° and
4° have shorter response latencies compared to the
foveal cross stimulus that had 2° target eccentricity
responses. Asymmetries between the left and right
eye movement responses are not observed since the
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results are close to the symmetry line (dotted line
Figure 5).

A Effect of Size across Color
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Figure 4: The effect of stimulus target type across
color for (A) the left eye response peak velocity and
(B) right eye peak response velocity.
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Figure 5: The effect of stimulus target type for the
lefi-eye and right-eye movement response latency
for the 2° foveal cross, and the 4° and 6° parafoveal
eccentric circles targets stimulating 4° symmetrical
vergence step movements.

The percentage of saccades during the transient
portion of the movement defined as between the
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start of the movement and during the dynamic
portion of the response varied based upon the
eccentricity of the target. The smaller 2° eccentricity
cross targets exhibited between 13% and 35%
percentage of trials with saccades, 4° eccentricity
concentric circle targets were between 22% and 42%
and the 6° eccentricity concentric circle targets had
between 31 and 55% of saccades.

Discussion
Stimuli Target Form Compared to Eccentricity:

In this study, vergence eye movements were
investigated in response to different target forms
with varying eccentricities and color using the same
4° step stimulus movements. The specific targets
utilized a central cross (2° eccentricity) which
stimulates the fovea and eccentric circles (4° and 6°
eccentricity) without central fixation which
stimulates the parafovea. Results from this
experiment indicate that the type of visual stimulus
is an important factor when tracking a target in the
visual field using disparity step vergence stimuli.
The vergence responses to the eccentric circles of 4°
and 6° had significantly shorter latencies compared
to the cross of 2° eccentricity that stimulated the
fovea. No significant difference was observed
between the latency measurements from responses
generated by the eccentric circles with 4° or 6°
eccentricity. Hence, it cannot be concluded whether
it was the visual target eccentricity (fovea compared
to parafovea) or stimulus form (cross compared to
eccentric circles) that led to the significant decrease
in vergence response latency. What can be
concluded is that the visual target either form and/or
eccentricity does impact the temporal properties of
disparity vergence responses. Future studies should
include visual stimuli of constant shape scaled to
different eccentricities. In addition, eye movement
responses to different forms with the same target
eccentricity should be collected. Once this future
study is conducted then an analysis can be
performed to determine whether it is the stimulus
form or the stimulus eccentricity that has a greater
influence on vergence response latency. This
knowledge that the type of visual stimulus has an
impact on vergence responses has direct impact for
the design of vision therapy protocols and virtual
reality visual stimuli.

The Convergence Insufficiency Treatment Trial
(CITT) vision therapy protocol integrates a Quoit
vectogram, which has a large target eccentricity
(parafoveal to perifoveal stimulation) and this is an
exercise introduced early on in the vision therapy
protocol [43]. Clinicians typically start vision
therapy protocols with larger target eccentricities
and then as the therapy progresses and the patient’s
vergence function improves, the target eccentricity
decreases. Many past investigations report that
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convergence insufficiency patients have slower
vergence responses compared to binocularly normal
controls [8, 11, 18, 44, 45]. Future studies should
investigate the impact of stimulus target form,
eccentricity and color for patients with binocular
dysfunctions.

The significant difference of response latency as
a function of target eccentricity and form also has an
impact on virtual reality, augmented reality, and
mixed reality technologies. As head mounted
displays become more common for entertainment,
education, and therapy, careful visual stimulus
design is strongly encouraged to be considered to
ensure individuals can comfortably interact with the
technology [46].

No statistically significant differences were
observed in vergence peak velocity and latency
measures with respect to the four different left eye
and right eye color pairings. The target color
pairings to the left eye and right eye did not
significantly influence vergence-tracking dynamics.
One study reported that color discrimination, even
in the periphery, may be as strong as in the fovea
centralis [47, 48]. Hence, while these prior studies
did not study eye movements, they do conclude that
color discrimination can be strong for both central
and peripheral vision.

Comparison to Other Literature:

Several other studies have investigated central
compared to peripheral cues. One study reports that
peripheral stimuli had longer latencies compared to
central stimuli although no quantitative latency
values are provided [49]. Other studies report that
the larger the eccentricity of the visual stimulus the
more optimal the gain (output amplitude divided by
input amplitude) when studying sinusoidal stimulus
targets [50-52]. These investigations did not
conduct a temporal analysis. Our current study did
not observe a change in the dynamics of the
responses as the eccentricity of the target increased
but does observe a significant reduction in latency.
The primary difference between these studies and
ours is that our study utilizes vergence step
responses compared to the prior literature that
investigates vergence sinusoidal responses.

The Dual Mode Theory states that vergence can
be described as a two-component system [53]. The
fusion initiating component (FIC) is
preprogrammed controlled and brings the eyes close
to the target quickly but not necessarily very
accurately [29, 54]. The fusion sustaining
component (FSC) is feedback controlled and is
responsible for reducing the error or the difference
between where the eyes are currently located and the
visual stimulus target [55, 56]. Our investigation
uses step stimuli which concentrates on the FIC
while the prior research that uses sinusoids is an
investigation of the FSC. Neurophysiological data
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support that there are burst and tonic cells within the
supraocular region of the midbrain which are
described as velocity-encoding or preprogrammed
and position-encoding or feedback controlled cells,
respectively [57-59]. Since the FIC and FSC are
governed by difference neural substrates, then it is
possible that these cells respond to central and
peripheral stimuli differently.

Another study investigated steps and ramps
using central and peripheral visual stimuli where the
peak velocity of central visual targets had greater
velocity compared to peripheral visual targets and
did not include a temporal analysis [60]. An
important difference between the Hung et al. (1991)
study and ours is the experience-level of the
participants within oculomotor studies. Our study
investigated 15 naive subjects who did not have
prior experience with any oculomotor studies and
did not know the aim of our study. While Hung et al.
(1991) studied 4 subjects where 3 of them were the
authors who have a history of publishing vergence
responses to central targets but not peripheral
stimuli. Prior research shows that repetitive training
on vergence eye movements increases peak velocity
[61]. The peak velocity results from our naive
subjects is similar in value to the peak velocity of
results from the stimuli to peripheral targets reported
by Hung et al. (1991). Hung et al. (1991) has many
publications using central targets only, while the
1991 investigation was their first studying
peripheral targets. One potential confounding
variable between our study and Hung et al.’s study
is the amount of oculomotor training.

The last observation from our study is the
prevalence of saccades increased as the eccentricity
of the target increased. Our results are similar to
other studies which analyze saccades during
symmetrical vergence step responses [62, 63].

Study Limitations:

The limitations present in this current study are
due to the available instrumentation for stimuli
presentation. Although one of the primary objectives
was to study the differences in color, in terms of
various wavelengths (~650nm for red and ~530nm
for green), a difference of illuminance was present
due to the monitors used for stimuli presentation.
This difference of intensity could have confounded
the results. Specifically, the luminance ratio or
contrast was calculated as the illuminance of the
color stimulus divided by the illuminance of the
background. The contrast was 8 for the red visual
stimulus and 18 for the green visual stimulus. Prior
research shows that for low luminance visual
stimuli, the vergence system is biased towards dark
vergence while medium to higher contrast stimuli
results in a full vergence response [64, 65]. It is
possible that the different contrast ratios masked any
potential effect that color may be having on the
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vergence system. Future research is needed where
illuminance is held constant and the color
wavelength is systematically varied for the visual
stimulus.

The instrumentation, additionally, limited this
study to utilize a cross for the smallest of
eccentricity of 2°. Thus, different stimuli forms
(cross and eccentric circles) were studied. This
change in form could have potentially affected the
results of the study. Future studies should study the
effects of eccentricity with a constant stimuli form
as it is systematically changed over a large range.

In conclusion, data from this study shows that
stereoscopic target color does not influence
vergence peak velocity and latency of left eye or
right eye movement responses. However, stimulus
target type does affect both the left-eye and right-eye
latency within disparity step convergence eye
movements.

Ethics and Conflict of Interest

The author(s) declare(s) that the contents of the
article are in agreement with the ethics described by
the Journal and that there is no conflict of interest
regarding the publication of this paper.

Acknowledgements

This research was supported by the National Eye
Institute of the National Institutes of Health NEI
RO1EY 023261 to TLA, Department of Health and
Human Services, Bethesda, Maryland, USA.

References

1. Iskander J, Hossny M, Nahavandi S. Using
biomechanics to investigate the effect of VR
on eye vergence system. Appl Ergon. 2019
Nov;81:102883.

2. Sitzmann V, Serrano A, Pavel A, Agrawala M,
Gutierrez D, Masia B, et al. Saliency in VR:
How Do People Explore Virtual
Environments? IEEE Trans Vis Comput
Graph. 2018 Apr;24(4):1633-42.

3. Mallari B, Spaeth EK, Goh H, Boyd BS.
Virtual reality as an analgesic for acute and
chronic pain in adults: a systematic review and
meta-analysis. J Pain Res. 2019 Jul;Volume
12:2053-85.

4. Eijlers R, Dierckx B, Staals LM, Berghmans
M, van der Schroeff MP, Strabbing EM, et al.
Virtual reality exposure before elective day
care surgery to reduce anxiety and pain in
children: A randomised controlled trial. Eur J

10.

11.

12.

13.

14.

15.

16.

17.

Yaramothu, C. Jaswal, R. S., Alvarez T.L (2019)
Target Eccentricity Influence on Vergence

Anaesthesiol. 2019 Jul;

Tarassoli SP. Artificial intelligence,
regenerative surgery, robotics? What is
realistic for the future of surgery? Ann Med
Surg. 2019 May;41:53-5.

Ye X, Zhang J, Li P, Wang T, Guo S. A fast
and stable vascular deformation scheme for
interventional surgery training system. Biomed
Eng Online. 2016 Dec;15(1):35.

MacQueen IT, Kirchhoff P, Chen DC. Blended
Learning Methods for Surgical Education.
Surg Technol Int. 2018 Nov;33:127-32.

Yaramothu C, Greenspan LD, Scheiman M,
Alvarez TL. Vergence Endurance Test: A pilot
study for a concussion biomarker. J
Neurotrauma [Internet]. 2019 Mar 2 [cited
2019 Mar 20];neu.2018.6075.

Yaramothu C, d’ Antonio- Bertagnolli JV.,
Santos EM, Crincoli PC, Rajah JV., Scheiman
M, et al. Proceedings #37: Virtual Eye
Rotation Vision Exercises (VERVE): A
Virtual Reality Vision Therapy Platform with
Eye Tracking. Brain Stimul. 2019
Mar;12(2):e107-8.

Alvarez TL, Semmlow JL, Yuan W, Munoz P.
Disparity vergence double responses processed
by internal error. Vision Res. 2000;40(3):341—
7.

Scheiman M, Talasan H, Mitchell GL, Alvarez
TL. Objective Assessment of Vergence after
Treatment of Concussion-Related CI: A Pilot
Study. Optom Vis Sci. 2016 Jul;

Yaramothu C, Santos EM, Alvarez TL. Effects
of visual distractors on vergence eye
movements. J Vis [Internet]. 2018 Jun 4 [cited
2019 Mar 20];18(6):1-17.

Erkelens CJ, Collewijn H. Eye movements and
stereopsis during dichoptic viewing of moving
random-dot stereograms. Vision Res. 1985
Jan;25(11):1689-700.

Horng JL, Semmlow JL, Hung GK, Ciuffreda
KJ. Dynamic asymmetries in disparity
convergence eye movements. Vision Res
[Internet]. 1998 Sep 1 [cited 2019 Jun
20];38(18):2761-8.

Semmlow JL, Chen YF, Alvarez TL, Pedrono
C. Saccadic Behavior during the Response to

Pure Vergence Stimuli I: General Properties. J
Eye Mov Res. 2007;1(2):1-11.

Chen YF, Lee YY, Chen T, Semmlow JL,
Alvarez TL. Behaviors, models, and clinical
applications of vergence eye movements. J
Med Biol Eng. 2010;30(1):1-15.

Kim EH, Alvarez TL. The frequency of
horizontal saccades in near and far



Journal of Eye Movement Research
12(4):7

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

symmetrical disparity vergence. Vision Res.
2012;63.

Alvarez TL, Kim EH. Analysis of Saccades
and Peak Velocity to Symmetrical
Convergence Stimuli: Binocularly Normal
Controls Compared to Convergence
Insufficiency Patients. Investig Ophthalmol
Vis Sci [Internet]. 2013 Jun 14 [cited 2018
Mar 147];54(6):4122.

Santos EM, Yaramothu C, Alvarez TL.
Comparison of symmetrical prism adaptation
to asymmetrical prism adaptation in those with
normal binocular vision. Vision Res.
2018;149.

Erkelens IM, Bobier WR. Asymmetries
between convergence and divergence reveal
tonic vergence is dependent upon phasic
vergence function. J Vis. 2017 May;17(5):4.

Alvarez TL, Semmlow JL, Pedrono C.
Divergence eye movements are dependent on

initial stimulus position. Vision Res [Internet].
2005 Jun [cited 2015 Jan 20];45(14):1847-55.

Erkelens IM, Bobier WR. Adaptation of
reflexive fusional vergence is directionally
biased. Vision Res. 2018 Aug 1;149:66-76.

Scheiman M, Wick B. Clinical Management of
Binocular Vision : Heterophoric,
Accommodative, and Eye Movement
Disorders [Internet]. 4th ed. Shaw R, editor.
Philadelphia: Wolters Kluwer
Health/Lippincott Williams & Wilkins; 2014
[cited 2018 Mar 14]. 722 p.

Sheard C. Zones of Ocular Comfort. Am J
Optom. 1930;7:9-25.

Von Noorden GK, Campos EC, Louis S,
Philadelphia L, Toronto S. Binocular Vision
and Ocular Motility Theory and Management
of Strabismus [Internet]. 6th ed. Richard
Lampert, editor. St. Louis: Mosby; 2002 [cited
2019 Jun 25].

Kim EH, Vicci VR, Han SJ, Alvarez TL.
Sustained Fixation Induced Changes in Phoria
and Convergence Peak Velocity. Miller JM,
editor. PLoS One [Internet]. 2011 Jun 17 [cited
2018 Mar 14];6(6):¢20883.

Kim EH, Vicci VR, Granger-Donetti B,
Alvarez TL. Short-term adaptations of the
dynamic disparity vergence and phoria
systems. Exp Brain Res. 2011 Jul;212(2):267—
78.

Alvarez TL, Kim EH, Granger-Donetti B.
Adaptation to Progressive Additive Lenses:
Potential Factors to Consider. Sci Rep.
2017;7(1).

Alvarez TL, Semmlow JL, Yuan W, Munoz P.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yaramothu, C. Jaswal, R. S., Alvarez T.L (2019)
Target Eccentricity Influence on Vergence

Comparison of disparity vergence system
responses to predictable and non-predictable
stimulations. Curr Psychol Cogn [Internet].
2002;21(3):243-262.

Alvarez TL, Bhavsar M, Semmlow JL, Bergen
MT, Pedrono C. Short-term predictive changes
in the dynamics of disparity vergence eye
movements. J Vis. 2005;5(7):640-9.

Alvarez TL, Alkan Y, Gohel S, Douglas Ward
B, Biswal BB. Functional anatomy of
predictive vergence and saccade eye
movements in humans: a functional MRI
investigation. Vision Res [Internet]. 2010 Oct
12 [cited 2015 Jan 20];50(21):2163-75.

Kumar AN, Han YH, Garbutt S, Leigh RJ.
Properties of anticipatory vergence responses.
Investig Ophthalmol Vis Sci.
2002;43(8):2626-32.

Gowdy PD, Cicerone CM. The spatial
arrangement of the L and M cones in the
central fovea of the living human eye. Vision
Res [Internet]. 1998 Sep 1 [cited 2019 Jun
251;38(17):2575-89.

Krauskopf J. Relative number of long- and
middle-wavelength-sensitive cones in the
human fovea. J Opt Soc Am A [Internet]. 2000
Mar 1 [cited 2019 Jun 25];17(3):510.

Song H, Chui TYP, Zhong Z, Elsner AE,
Burns SA. Variation of Cone Photoreceptor
Packing Density with Retinal Eccentricity and
Age. Investig Opthalmology Vis Sci [Internet].
2011 Sep 20 [cited 2019 Jun 25];52(10):7376.

Park SP, Chung JK, Greenstein V, Tsang SH,
Chang S. A study of factors affecting the
human cone photoreceptor density measured
by adaptive optics scanning laser
ophthalmoscope. Exp Eye Res [Internet]. 2013
Mar 1 [cited 2019 Jun 25];108:1-9.

Lombardo M, Serrao S, Lombardo G.
Technical Factors Influencing Cone Packing
Density Estimates in Adaptive Optics Flood
Iluminated Retinal Images. Biagini G, editor.
PLoS One [Internet]. 2014 Sep 9 [cited 2019
Jun 25];9(9):107402.

Genenfurtner KR, Sharpe LT. Color Vision:
From Genes to Perception [Internet]. 1st ed.
New York: Cambridge University Press; 1999
[cited 2019 Jun 25]. 4 p.

Hofer H, Singer B, Williams DR. Different
sensations from cones with the same
photopigment. J Vis [Internet]. 2005 May 19
[cited 2019 Jun 25];5(5):5.

Legge GE, Parish DH, Luebker A, Wurm LH.
Psychophysics of reading XI Comparing color
contrast and luminance contrast. J Opt Soc Am



Journal of Eye Movement Research
12(4):7

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

A. 1990 Oct;7(10):2002.

Kotulak JC, Schor CM. The dissociability of
accommodation from vergence in the dark.
Investig Ophthalmol Vis Sci. 1986;27(4):544—
51.

Guo Y, Kim EH, Alvarez TL. VisualEyes: a
modular software system for oculomotor
experimentation. J Vis Exp. 2011;(49):1-6.

Convergence Insufficiency Treatment Trial
(CITT) Study Group. The Convergence
Insufficiency Treatment Trial: Design,
Methods, and Baseline Data. Ophthalmic
Epidemiol [Internet]. 2008 Jan 8 [cited 2018
Mar 14];15(1):24-36.

Alvarez TL, Vicci VR, Alkan Y, Kim EH,
Gohel S, Barrett AM, et al. Vision Therapy in
Adults with Convergence Insufficiency:
Clinical and Functional Magnetic Resonance
Imaging Measures. Optom Vis Sci.
2010;87(12):1-30.

Cooper J, Selenow A, Ciuffreda KJ, Feldman
J, Faverty J, Hokoda SC, et al. Reduction of
asthenopia in patients with convergence
insufficiency after fusional vergence training.
Am J Optom Physiol Opt. 1983
Dec;60(12):982-9.

Kopper R, Ni T, Bowman DA, Pinho M.
Design and evaluation of navigation
techniques for multiscale virtual environments.
In: Proceedings - IEEE Virtual Reality. IEEE;
2006. p. 24.

Noorlander C, Koenderink JJ, Den Olden RJ,
Edens BW. Sensitivity to spatiotemporal
colour contrast in the peripheral visual field.
Vision Res [Internet]. 1983 Jan 1 [cited 2019
Jul 17;23(1):1-11.

Gordon J, Abramov I. Color vision in the
peripheral retina II Hue and saturation*. J Opt
Soc Am [Internet]. 1977 Feb 1 [cited 2019 Jul
11:67(2):202.

Hampton DR, Kertesz AE. Fusional Vergence

Response to Local Peripheral Stimulation. J
Opt Soc Am. 1983;73(1):7-10.

Allison RS, Howard IP, Fang X. The stimulus
integration area for horizontal vergence. Exp
Brain Res. 2004 Jun;156(3):305—13.

Howard IP, Fang X, Allison RS, Zacher JE.
Effects of stimulus size and eccentricity on
horizontal and vertical vergence. Exp Brain
Res. 2000;130(2):124-32.

Stevenson SB, Reed PE, Yang J. The effect of
target size and eccentricity on reflex disparity
vergence. Vision Res. 1999;39(4):823-32.

Hung GK, Semmlow JL, Ciuffreda KJ. A dual-
mode dynamic model of the vergence eye

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Yaramothu, C. Jaswal, R. S., Alvarez T.L (2019)
Target Eccentricity Influence on Vergence

movement system. IEEE Trans Biomed Eng.
1986;33(11):1021-8.

Alvarez TL, Semmlow JL, Yuan W. Closely
spaced, fast dynamic movements in disparity
vergence. J Neurophysiol. 1998;79(1).

Yung-Fu Chen, You-Yun Lee, Tainsong Chen,
John L Semmlow TLA, Chen YF, Lee YY,
Chen T, Semmlow JL, Alvarez TL. Review:
Behaviors, Models, and Clinical Applications
of Vergence Eye Movements. ] Med Biol Eng.
2010;30(1):1-15.

Lee YY, Chen T, Alvarez TL. Quantitative
assessment of divergence eye movements. J
Vis. 2008;8(12):5.1-13.

Mays LE, Porter JD, Gamlin PD, Tello CA.
Neural control of vergence eye movements:
neurons encoding vergence velocity.
https://doi.org/101152/jn19865641007
[Internet]. 1986 [cited 2019 Jul 1];

Mays LE, Gamlin PDR. Neuronal circuitry
controlling the near response. Curr Opin
Neurobiol. 1995 Dec;5(6):763-8.

Gamlin PDR. Neural Mechanisms for the
Control of Vergence Eye Movements. Ann N
Y Acad Sci. 2002 Apr;956:264-72.

Hung GK, Semmlow JL, Sun L, Ciuffreda KJ.
Vergence control of central and peripheral
disparities. Exp Neurol [Internet]. 1991 Aug
[cited 2015 Sep 1];113(2):202-11.

Talasan H, Scheiman M, Li X, Alvarez TL.
Disparity vergence responses before versus
after repetitive vergence therapy in binocularly
normal controls. J Vis. 2016;16(1):7.

Semmlow JL, Chen YF, Granger-Donetti B,
Alvarez TL. Correction of Saccade-Induced
Midline Errors in Responses to Pure Disparity
Vergence Stimuli. J Eye Mov Res.
2008;2(5):1-13.

Semmlow JL, Chen J, Granger YF, Donnetti
B, Alvarez TL. Correction of Saccade-Induced
Midline Errors in Responses to Pure Disparity
Vergence Stimuli. J Eye Mov Res Semmlow.
2009;21(5):1-13.

Jaschinski-Kruza W. Dark vergence in relation
to fixation disparity at different luminance and
blur levels. Vision Res. 1994 May;34(9):1197-
204.

Jaschinski W. Relation between static and
dynamic aspects of vergence, estimated with a
subjective test using flashed dichoptic nonius
lines. Ophthalmic Physiol Opt.
2004;24(5):399-410.



