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Abstract

While functional magnetic resonance imaging (fMRI) has identified which regions of interests (ROIs) are func-
tionally active during a vergence movement (inward or outward eye rotation), task-modulated coactivation be-
tween ROIs is less understood. This study tested the following hypotheses: (1) significant task-modulated
coactivation would be observed between the frontal eye fields (FEFs), the posterior parietal cortex (PPC), and
the cerebellar vermis (CV); (2) significantly more functional activity and task-modulated coactivation would
be observed in binocularly normal controls (BNCs) compared with convergence insufficiency (CI) subjects;
and (3) after vergence training, the functional activity and task-modulated coactivation would increase in CIs
compared with their baseline measurements. A block design of sustained fixation versus vergence eye move-
ments stimulated activity in the FEFs, PPC, and CV. fMRI data from four CI subjects before and after vergence
training were compared with seven BNCs. Functional activity was assessed using the blood oxygenation level
dependent (BOLD) percent signal change. Task-modulated coactivation was assessed using an ROI-based task-
modulated coactivation analysis that revealed significant correlation between the FEF, PPC, and CV ROlIs. Prior
to vergence training, the Cls had a reduced BOLD percent signal change compared with BNCs for the CV
(p<0.05), FEFs, and PPC (p<0.01). The BOLD percent signal change increased within the CV, FEF, and PPC
ROIs (p<0.001) as did the task-modulated coactivation between the FEFs and CV as well as the PPC and CV
(p<0.05) when comparing the CI pre- and post-training datasets. Results from the Convergence Insufficiency
Symptom Survey were correlated to the percent BOLD signal change from the FEFs and CV (p<0.05).

Key words: cerebellar vermis; convergence insufficiency; Convergence Insufficiency Symptom Survey; frontal
eye fields; posterior parietal cortex; task-modulated coactivation; vergence

Introduction

DURING ROUTINE DAILY ACTIVITIES, the visual system
uses vergence eye movements, which are the inward
and outward rotation of the eyes to track objects in three-
dimensional space. Several studies support that the posterior
parietal cortex (PPC), frontal eye fields (FEFs), and cerebel-
lar vermis (CV) are part of the neural network used to medi-
ate a vergence response (Alkan et al., 2011a, 2011b; Alvarez
et al., 2010a, 2010b; Ferraina et al., 2000; Gamlin, 2002;
Gamlin and Yoon, 2000; Gamlin et al., 1996; Genovesio
and Ferraina, 2004; Gnadt and Mays, 1995; Sakata et al.,
1999; Taira et al., 2000). However, patients with the binoc-
ular dysfunction known as convergence insufficiency (CI) re-
port asthenopia (visual stress) when engaged in near work
such as reading. Symptoms for those with CI include blurred
vision, double vision (diplopia), eye strain, reading slowly,
and headaches (CITT, 2008; Daum, 1984; Grisham, 1988;

Pickwell and Hampshire, 1981; Scheiman et al., 2009). func-
tional magnetic resonance imaging (fMRI) studies have suc-
cessfully identified which regions of interests (ROIs) are
functionally active during a vergence task (Alkan et al.,
2011a, 2011b; Alvarez et al., 2010a). Our prior study had
reported a decrease in spatial extent and the correlation of
the blood oxygenation level dependent (BOLD) signal with
the experimental design for patients with CI compared
with binocularly normal controls (BNCs) which increased
postvergence training (Alvarez et al., 2010b).

Randomized clinical trials support that repetitive vergence
training reduces the visual symptoms of CI patients (Schei-
man et al., 2009, 2011) where the reduction of symptoms
is sustained 1 year post training (CITT, 2009). Although cli-
nicians commonly prescribe vergence training (also known
as vision therapy or orthoptic exercises) to reduce symptoms,
the underlying neurophysiological basis for the improvement
in symptoms in CI patients is unknown (Cooper and Jamal,
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2012; Scheiman et al., 2011). Our prior published study has
shown that after vergence training, CI subjects exhibit an in-
crease in the correlation of the experimental design and the
BOLD functional activity as well as a significant increase
in functional spatial extent within the FEF, PPC, and CV
ROIs compared with pretraining measurements (Alvarez
et al.,, 2010b). Yet, studies have not described how ROIs
may exhibit task-modulated coactivation within the vergence
neural network in BNC and CI subjects before compared
with after vergence training. Several types of connectivity
analyses have been developed to study the interaction be-
tween ROIs (Biswal et al., 1995; Kim and Ogawa, 2012;
Margulies et al., 2010).

This study investigated the functional activity and task-
modulated coactivation of the neural network used to gener-
ate a vergence eye movement. The following hypotheses
were tested: (1) significant task-modulated coactivation
will be observed between the FEFs, PPC, and CV; (2) signif-
icantly more functional activity and task-modulated coacti-
vation will be observed in subjects with normal binocular
vision compared with those with the CI; and (3) after repet-
itive vergence training, the functional activity and task-
modulated coactivation will improve in CI subjects compared
with each subject’s baseline measurements. The aims of this
investigation were to study functional activity by analyzing
the percent signal change in the fMRI BOLD signal within
an ROI and to study task-modulated coactivation by conduct-
ing an ROI-based task-modulated coactivation analysis
between ROIs in BNC and CI subjects before and after ver-
gence training.

Materials and Methods
Subjects

Seven BNC (three women) and four CI (four women) sub-
jects participated in this study. Subjects had no history of
brain disorders and were between the ages of 18 and 35
years. Normal binocular vision was defined as having a nor-
mal near point of convergence (NPC) of <8cm, assessed by
measuring the distance a high acuity target was perceived as

A

FIG. 1. (A) Schematic of
the LED targets used to
stimulate vergence eye
movement responses. (B)
The experimental block
design was composed of sus-
tained fixation (denoted as
Fixation) and vergence eye
movements (denoted as Eye
Mvt) which modulated func-
tional activity of the BOLD
signal within the vergence
neural substrates. BOLD,
bold oxygenation level B
dependent; LED, light
emitting diode.
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diplopic along the subject’s midline (Von Noorden and Cam-
pos, 2002), and a normal stereopsis (<50 sec of arc), assessed
by the Randot Stereopsis Test (Bernell Corp., South Bend,
IN). CI was diagnosed by an optometrist using methods de-
scribed in our prior study (Alvarez et al., 2010b). The diagno-
sis criteria comply with conventional clinical methods
(Cooper et al., 2011). All subjects signed written informed
consent forms approved by the University of Medicine and
Dentistry of New Jersey (UMDNYJ) and the New Jersey Insti-
tute of Technology (NJIT) Institution Review Boards (IRBs)
in accordance with the Declaration of Helsinki.

Image instrumentation and acquisition

A 3-Tesla Siemens Allegra Magnetron MRI Scanner with
a standard single-channel head coil (Erlangen, Germany)
was used to perform the fMRI scans during the experimental
tasks. The fMRI imaging parameters used during the acqui-
sition were composed of the following attributes: time of rep-
etition (TR)=2000 msec, time of echo (TE)=27 msec,
matrix size=64x64, field of view=220mm, and flip an-
gle=90°. A total of 32 slices were collected (axial orienta-
tion) with a slice thickness of 5mm. The voxel resolution
was 3.4x3.4x5.0mm’. High-resolution anatomical vol-
umes acquired using a magnetization-prepared rapid acquisi-
tion with gradient echo (MPRAGE) were collected after all
functional tasks. The MPRAGE imaging parameters in-
cluded the following attributes: TR=7.2 msec, TE=4.38
msec, T1=900 msec, flip angle=8°, and matrix size =256 X
256 with a total of 80 acquired slices. The voxel resolution
was 0.9x0.9x2.0mm>. Subjects were instructed to limit
head motion and foam padding was used to facilitate the re-
striction of physical movement. All subjects were positioned
supine on the gantry of the scanner with their heads situated
along the midline of the coil.

Functional experimental design

The visual stimulus (see Fig. 1A) was carefully aligned
with the subject’s midline to stimulate symmetrical vergence
eye movements to test the hypotheses of this study. Subjects

Schematic of LED Targets

Vergence
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Near Target
Middle Target
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could see the targets with the aid of a mirror. Visual stimuli
were a set of nonferrous light emitting diode (LED) targets
that formed a line 5 cm in height by 2 mm in width secured
with polyvinyl chloride tubing. The LED stimulus targets
were located at the following three vergence demands: 2°,
3°, and 4°. The target positions were chosen because smaller
vergence movements have been shown to elicit fewer sac-
cadic responses compared with larger vergence movements
(Chen et al., 2010; Coubard and Kapoula, 2008; Semmlow
et al., 2008, 2009) as well as due to physical constraints of
the scanning room.

The experiment utilized a conventional block design of
sustained fixation for the ““‘off”’ stimulus compared to ver-
gence eye movements for the “‘on’” stimulus as shown in Fig-
ure 1B. Prediction is known to decrease the latency and peak
vergence velocity of convergence responses (Alvarez et al.,
2002, 2005, 2010a; Kumar et al., 2002a, 2002b). Hence, to
reduce anticipatory or predictive cues, this experiment uti-
lized a series of vergence eye movements where each target
was illuminated for a random amount of time between 3 and
S5sec. LED targets were never simultaneously illuminated.
The eye movement sequence illuminated one of the follow-
ing three stimuli: the near (4°), middle (3°), or far (2°) vi-
sual targets where the subject could not anticipate when
the next target would illuminate or which of the three tar-
gets would be illuminated. Each phase lasted 20 sec and
was repeated for 3.5 cycles. Hence, the total experiment
time was 2 min 20 sec. The experiment was repeated three
times per subject.

Imaging analysis

Image preprocessing. The AFNI (Cox, 1996) and FSL
(Jenkinson and Smith, 2001; Jenkinson et al., 2002) software
suites were used to process and analyze the raw data re-
trieved from the MRI scanner. The first five images of
each trial dataset were removed to reduce possible T1 stabi-
lization effects, which are commonly performed within fMRI
analyses (Biswal et al., 2010).

The AFNI motion correction involves both the removal of
spatially coherent signal changes using a partial correlation
method, and the application of a six-parameter, rigid-body,
least-squares alignment routine. This algorithm estimates
for motion artifacts and performs motion correction using
six motion parameters. Three parameters calculate the
amount (mm) of movement within each plane (anterior to
posterior, right to left, and inferior to superior) and three pa-
rameters calculate the amount of rotation (°) between planes
(yaw, pitch, and roll). These six motion regressors are used
within the linear regression model to minimize motion ef-
fects of the acquired BOLD signal.

The CompCor component data-driven method was used to
reduce the effects of physiological artifacts within the BOLD
signal (Behzadi et al., 2007). FSL’s Brain Extraction Tool
(BET) (Smith, 2002) function removed nonbrain tissue
from the anatomical image dataset. FSLs FMRIBs Auto-
mated Segmentation Tool (FAST) (Zhang et al., 2001) strati-
fies the skull-stripped anatomical dataset into three different
segments. Three whole-brain probability maps of each voxel
were categorized as the probability of a voxel being cerebral
spinal fluid (CSF), WM, or gray matter. The segmented an-
atomical CSF and WM probability images were transformed
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into functional space using FSL’s FLIRT function (Beckmann
and Smith, 2004, 2005). To create CSF and WM regressors,
CSF and WM probability images were first thresholded using
levels of 99% and 97% probability, respectively. Time series
from all the voxels surviving the threshold were extracted.
The probability levels of this study were more conservative
compared with those used previously that used a threshold
level of 80% (Biswal et al., 2010). Then, the first five principle
components relating to the CSF and WM time series were cal-
culated. FSL’s FEAT command was used to perform the voxel-
wise linear regression analysis on all datasets using the 16
aforementioned regressors (six motion parameters, five princi-
ple components of CSF, and five principle components of
WM). The residuals of the regressed datasets (removal of the
16 artifacts) were then filtered in AFNI using a band-pass filter
(full width at half maximum Gaussian filter with cutoff fre-
quencies of 0.01 and 0.15 Hz). The band-pass filter was used
to remove direct current offset and high-frequency signals
that were probably not neuronal in nature. Thus, the datasets
were motion corrected.

A detailed motion analysis of all subjects using a frame
displacement method that calculates the absolute value of
movement was conducted (Satterthwaite et al., 2013). The
average frame displacements with one standard deviation
for the degree of rotation were 0.18°+£0.07°, 0.16°£0.09°,
and 0.20°£0.08° for yaw, pitch, and roll, respectively. The
average frame displacements analyzing all subjects within
each plane, with one standard deviation, were 0.36+0.13,
0.4210.11, and 0.37£0.08 mm for the anterior to posterior,
left to right, and inferior to superior planes, respectively. No
significant differences in motion artifacts were observed be-
tween the post- and prevergence training datasets of the CI
patients assessed using a paired #-test (p>0.9). No signifi-
cant difference in head motion was observed between the
BNC and CI groups (p>0.9). Hence, head motion was not
considered problematic within this dataset. Three experi-
mental trials collected in case motion artifact were problem-
atic. A trial that contained considerable motion would be
omitted from further analysis. Since our analysis revealed
no significant motion artifact, the three experimental trials
were averaged per subject after removing the 16 regressors
(six motion parameters, five principle components for CSF,
and five principle components for WM) from each dataset.

Data analysis. There were two primary image analyses
conducted to test the hypotheses of this study: (1) the average
percent signal change per subject within each ROI assessed
the functional activity within an ROI and (2) an ROI-based
correlation technique of the average ROI time series to assess
the task-modulated coactivation between ROIs.

Regions of interest. The ROIs were defined using anatom-
ical markers coupled with a model-driven method to identify
functional activity near the anatomical markers. Neurophysiol-
ogy studies on primates support that the following ROIs are
involved in vergence eye movements: FEFs, PPC, and CV
(Gamlin and Yoon, 2000; Gamlin et al., 1996). This experi-
ment sought to stimulate the cortical and cerebellar regions
required to mediate vergence eye movements.

The following ROIs were drawn in native space using ana-
tomical and functional markers: FEFs, PPC, and CV. The bi-
lateral FEFs were defined as the area within the intersection
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PPC-L [52 10 12]
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FIG. 2. Representation of average masks with one standard deviation for the frontal eye fields, left and right (FEF-L
[brown] and FEF-R [red]), posterior parietal cortex, left and right (PPC-L [dark green] and PPC-R [yellow]), Broca’s region,
left and right (BRC-L [light blue] and BRC-R [light green]), and cerebellar vermis (CV [dark blue]) shown using three views
within a three-dimensional model brain. The centroid of each mask is denoted as left (positive) or right (negative), anterior
(positive) or posterior (negative), and superior (positive) or inferior (negative).

between the precentral sulcus and superior frontal sulcus. The
PPC was within the vicinity of the intraparietal sulcus. The
CV regions VI and VII were defined on the mid-sagittal
plane. Broca’s region served as a control ROI because it
was not stimulated in prior fMRI vergence studies (Alkan
et al., 2011a, 2011b; Alvarez et al., 2010a). The mask for Bro-
ca’s region was created using only anatomical markers that were
defined near the inferior frontal gyrus anterior to the motor strip.
Figure 2 depicts the ROIs within a three-dimensional brain
model used in this study that were identified using axial sli-
ces. Table 1 lists the volume of each subject’s masks for
FEF-L (left), FEF-R (right), PPC-L, PPC-R, CV, Broca-L,
and Broca-R. The average and standard deviation for the
masks used are also listed in Table 1. The averages with
one standard deviation of each ROI are shown in Figure 2.
As Figure 2 shows, none of the masks overlap to avoid any

partial-volume effects. The centroid of the mask listed as
left (positive) or right (negative), anterior (positive) or poste-
rior (negative), and superior (positive) or inferior (negative)
is denoted within the legend of Figure 2.

A general linear model using a reference time series repre-
sentation of the block design experimental stimulus that con-
volved with the hemodynamic response function was used.
Correlation maps were created using a threshold of »>0.4
(p<0.05) to show active brain regions. Mask identification
was facilitated by observing the active brain regions coupled
with the anatomical locations described earlier for the FEFs,
PPC, and CV. Broca’s region was the control ROI and was
identified strictly using anatomical markers. Since the datasets
were not transformed into a standardized space such as the
Montreal Neurological Institute (MNI) space, some variance
is also observed for the mask of Broca’s region.

TABLE 1. VOLUME OF EACH MASK MEASURED WITHIN EACH INDIVIDUAL SUBJECT’S NATIVE SPACE IN MM®

Volume ( mm’ ) FEF-L FEF-R PPC-L PPC-R cv Broca-L Broca-R
HC 1 867 809.2 1271.6 1098.2 982.6 520.2 520.2
HC 2 809.2 751.4 1271.6 1098.2 1213.8 520.2 520.2
HC 3 1040.4 867 1445 982.6 1040.4 520.2 520.2
HC 4 809.2 1098.2 1502.8 965.2 867 520.2 520.2
HC 5 751.4 924.8 1693.6 1734 1040.4 520.2 635.8
HC 6 1156 924.8 1676.2 1734 1156 346.8 635.8
HC 7 809.2 924.8 1676.2 1734 982.6 520.2 520.2
Cll1 895.9 982.6 953.7 751.4 953.7 520.2 520.2
CI2 809.2 1098.2 1213.8 693.6 867 520.2 520.2
CI3 867 809.2 1849.6 1069.3 1156 433.5 520.2
Cl 4 867 722.5 1184.9 1271.6 809.2 549.1 520.2
Average 880 901 1430 1194 1006 499 541
Standard deviation 118 126 275 382 131 58 47

FEF-L, FEF-R, PPC-L, PPC-R, and CV used both anatomical markers and functional activity to define the mask. Broca-L and Broca-R
used only anatomical markers to serve as a control ROI to study the variability within a nonstimulated ROL
Broca, Broca’s region; CI, convergence insufficiency; CV, cerebellar vermis; FEF, frontal eye field; HC, healthy control; L, left; R, right;

PPC, posterior parietal cortex; ROIs, regions of interests.
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Broca’s region served as a control ROI (not related to the
hypotheses of this study). Language was not manipulated
within the experimental protocol. Prior investigations show
that Broca’s region was stimulated during experiments that
study language (Geschwind, 1970; Kim et al., 1997) but
was not stimulated within vergence eye movement experi-
ments (Alkan et al., 2011a, 2011b). Hence, Broca’s region
was used as a control ROI to study the variability within a
nonstimulated ROI. The Broca mask only used anatomical
markers to pool the time series from that region since the
BOLD signal did not significantly correlate to the experi-
mental design.

Functional activity analysis. All data were kept in native
space (i.e., data were not transformed into Talairach & Tour-
noux or MNI space) to reduce any warping artifacts. The
time series located within the vicinity of the anatomical
markers, which had a Pearson correlation coefficient of
r20.4 (p<0.05) with the hemodynamic model described
earlier, were pooled. This study used a within-subject longi-
tudinal design. The same threshold was used on the pre- and
postvergence training analyses. Hence, we assume that any
potential differences observed within the datasets were due
to training. The BOLD percent signal change for each ROI
per subject comparing elevated activation observed during
the vergence task to the baseline of sustained fixation was
computed from the time series. The individual-subject per-
cent signal change values were pooled to conduct the
group-level statistical analysis described within the statisti-
cal analyses section. The time series from each ROI were
also correlated with the square wave experimental block de-
sign to compute Pearson correlation values.

Task-modulated coactivation analysis. Using the aver-
aged signal from each ROI described previously, a task-
modulated coactivation analysis was conducted. A pair-wise
correlation was computed using the averaged time series for
each ROI per individual subject. The MATLAB software
suite (Waltham, MA) was used to perform a pair-wise linear
correlation analysis between the following seven ROIs: left
and right frontal eye field (FEF-L and FEF-R), left and right
posterior parietal cortex (PPC-L and PPC-R), cerebellar ver-
mis VI and VII (CV), and left and right Broca’s region
(Broca-L and Broca-R). This analysis was conducted on the
seven BNCs and the four CI subjects before and after vergence
training. These data were then pooled to conduct a group-level
analysis. A correlation matrix was plotted using the mean val-
ues from each of the three groups studied (BNC, CI before,
and CI after vergence training).

Vergence training protocol for Cl subjects. Repetitive
vergence training was utilized to provoke changes in the neu-
ral substrates that stimulate vergence eye movement re-
sponses. The CI subjects participated in a total of 18h of
vergence training: 6 h at home and 12h in the laboratory.
Home training was monitored by having each CI subject
recorded in a log book the amount of time spent on vergence
training. It entailed two 10-min sessions (morning and even-
ing) 3 days per week for 6 weeks. Laboratory training was
composed of 1-h sessions, twice per week for 6 weeks.
Within a single day, a subject participated in either labora-
tory or home training but not both. Details of the vergence
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training were described in our previous publication (Alvarez
et al., 2010b). The laboratory and home training consisted of
step and ramp stimuli similar to methods used clinically
(Griffin, 1988; Scheiman and Wick, 2008).

Cl subject symptoms. Symptoms were quantified using
the Convergence Insufficiency Symptom Survey (CISS),
which is a 15-question survey (CITT, 2008). Each symptom
is scored from zero to four where zero represents the symp-
tom never occurs and four represents the symptom occurs
very often. The responses are summed where a score of 21
or higher has been validated to have a sensitivity of 98%
and specificity of 87% in young adults between 18 and 35
years of age (Rouse et al., 2004).

Statistical analyses. The subject data were stratified into
the following three groups: BNCs, CI subjects before ver-
gence training, and CI subjects after vergence training.
An unpaired #-test was used to determine whether signifi-
cant differences were observed in (1) the percent signal
change of the BOLD fMRI signal within an ROI and (2)
the task-modulated coactivation between ROIs by compar-
ing the CI and the BNC groups. A paired #-test determined
whether the CI subjects exhibited significant changes in the
percent signal change of the fMRI BOLD signal within an
ROI, task-modulated coactivation between ROIs, CISS,
NPC, vergence ranges, and near dissociated phoria, for
the postvergence training measurements compared with
pretraining measurements. Linear regression was con-
ducted between (1) the CISS and the BOLD percent signal
change and (2) the CISS and the task-modulated coactiva-
tion where the Pearson correlation coefficient was assessed
for significant correlation. Statistics were calculated using
NCSS2004 (Kaysville, UT). Significance was defined as a
p-value <0.05. Bonferroni correction was not applied be-
cause of the limited number of subjects within the study.
Figures were generated using MATLAB (Mathworks,
Natick, MA).

Results
Clinical vision parameters

A paired r-test revealed a significant difference comparing
the baseline (before vergence training) parameters and the
after vergence training parameters for the following mea-
surements: the NPC (r=4.9; p=0.04), base out positive
fusional vergence range (r=9.5; p=0.01), near dissociated
phoria (r=11; p=0.008), and CISS (¢=3.6; p=0.05). All sig-
nificant changes are improvements to the clinical signs and
symptoms studied.

Typical functional activity and task-modulated coactivation
from a BNC and a CI before and after vergence training

Figure 3 shows data from two subjects whose individual
parameters were most similar to the group averages, one
BNC (left column), one CI subject before vergence training
(middle column), and the same CI subject after vergence
training (right column). Figure 3A shows the average time
series from the FEF-L (red line) and the PPC-L (green
line) plotting the percent signal change as a function of vol-
umes collected (a total of 70 volumes equating to 140 sec in
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(A) Averaged time series for the FEF-L (red) and PPC-L (green) ROIs from one typical BNC (left) and one CI

before (middle) and the same CI after vergence training (right). (B) Example of the task-modulated coactivation analysis be-
tween FEF-L (red circle), PPC-L (green circle), CV (blue circle), and Broca-L (purple circle). The Pearson correlation co-
efficient (r-value) and p-value are shown where the thickness of the line represents the significance. The time series from
Broca-L was not significantly correlated to FEF-L, PPC-L, or CV in any of the subjects studied. (C) Averaged time series
for Broca-L (purple) and CV (blue). BNC, binocularly normal control; CI, convergence insufficiency; ROIs, regions of in-

terests.

duration). The thickness or absence of a yellow line between
ROIs in Figure 3B represents the strength and significance of
the task-modulated coactivation. Each line is labeled with the
Pearson correlation coefficient and p-value was derived from
the correlation between the following ROIs: FEF-L, PPC-L,
Broca-L, and the CV denoted as red, green, purple, and blue
circles, respectively. Note, Broca-L has no lines to the FEF-
L, PPC-L, and CV because the task-modulated coactivation
was not significant (p>0.1) in these two subjects shown or
in any of the other subjects analyzed. Figure 3C shows the
time series from Broca-L (purple lines) and from the CV
(blue lines). The BNC has an FEF time series that is more
correlated (r=0.66; p<0.001) with the experimental block
design (white and gray boxes for the 3.5 cycles of the exper-
iment) compared with the CI before vergence training
(r=0.33; p<0.01). After vergence training, this subject’s
FEF correlation with the block design increases (r=0.73;
p<0.001). Similar trends are observed for the PPC and the
CV. As expected, the time series from Broca’s region (con-
trol ROI to study variability of a nonstimulated region) does
not correlate with the experimental block design for the BNC
and the CI before or after vergence training (r=0.15£0.05;
p>0.1).

Figure 3B shows the ROI-based task-modulated coactiva-
tion analysis for two individual subjects, one BNC and one
CI before and the same CI after training. The average time se-
ries were significantly correlated between the FEFs and PPC,
FEFs and CV, and PPC and CV for the BNC (r>0.71;

p <0.001). However for the BNC, the time series from Broca’s
region was not significantly correlated to FEFs, PPC, or CV,
displayed without a line between Broca’s region (purple
circle) and the other ROIs (r<0.1; p>0.2). Figure 3B
shows the data from CI subject 3, who had the highest task-
modulated coactivation within the CI group before vergence
training. Even for this CI subject (before training), the task-
modulated coactivation (0.18<r<0.44) was less compared
with the BNC subjects. For this same CI subject after vergence
training, the correlations between the FEFs, PPC, and CV im-
proved (r>0.63; p<0.001) compared with the baseline mea-
surements. For the CI subject before and after vergence
training, the time series from Broca’s region did not correlate
to any of the other ROIs (r<0.2; p>0.1). The width of the yel-
low line represents the level of significance. High significance
(p<0.001) is denoted using a thick line and lower significance
(0.001 <p<0.05) is denoted using a thin line.

Group-level analysis of functional activity

Figure 4 shows the average with one standard deviation
for the group-level analysis of the percent change in the
BOLD signal per ROI for the following groups: BNCs
(green bar), CI subjects before vergence training (blue
bar), and CI subjects after vergence training (red bar).
When comparing the BNC to the CI data before vergence
training using an unpaired #-test, significant differences
were observed within the FEFs, PPC, and CV (r>2.3;
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p<0.05). Significant differences were not observed within
Broca’s region between the BNC and either the before or
after vergence training CI datasets (z>1.1; p>0.3). A paired
t-test showed that the percent change in the BOLD signal in
the FEFs, PPC, and CV of the four CI subjects who partici-
pated in vergence training was significantly greater after
training compared with the baseline values (#>2.6;
p<0.001). No statistical difference was observed in Broca’s
region (t=1.2; p>0.3) when comparing the baseline and
after vergence training data.

Group-level analysis of task-modulated coactivation

Figure SA shows a correlation matrix of the group-level
BNC dataset. The color bar represents the average correla-
tion between the ROISs labeled in the row versus the column.
In the BNC group, strong correlations were observed be-
tween the left and right FEFs, left and right PPC, and the
CV. The time series from Broca’s region were not signifi-
cantly correlated to the FEFs, PPC, or CV (r<0.2; p>0.1).
Figure 5B and 5C shows a correlation matrix for the
group-level CI dataset before and after vergence training, re-
spectively. For the CI subjects, correlation values between
the FEFs, PPC, and CV were lower before vergence training
and these values increased postvergence training. Figure 5
plots D through F display the p-values for the following sta-
tistical comparisons that were conducted: unpaired r-test
comparing BNC versus the CI before vergence training data-
sets, an unpaired #-test comparing the BNC and the CI after
vergence training datasets, and a paired #-test comparing the
CI before and after training datasets. The task-modulated
coactivation of the BNC group was significantly different
compared with the task-modulated coactivation of the CI
group before vergence training dataset for the FEFs, PPC,
and CV. After vergence training, the CI group dataset was
not significantly different compared with the task-modulated
coactivation of BNC group dataset. The paired ¢-test compar-
ing the before and after vergence training CI datasets
revealed that a significant increase of task-modulated coacti-
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FIG. 4. Percent BOLD
signal change for FEF-L
(left), FEF-R (right), PPC-L,
PPC-R, CV, Broca-L, and
Broca-R for CI subjects be-
fore vergence training (blue),
CI subjects after vergence
training (red), and the BNC
subjects (green). Bar plots are
the average plus one standard
deviation. Color images
available online at www
Jliebertpub.com/brain

BROCA-L BROCA-R

vation was observed between the FEF-L and CV as well as
the PPC-L and CV (p<0.05).

The linear regression analyses reported that for the CI
datasets, the CISS and the percent BOLD signal change
from the following ROIs FEF-L (Fig. 6A), FEF-R (Fig.
6B), and CV (Fig. 6C) were significantly correlated
(r<£—-0.7; p<0.02). The correlations between CISS and the
following ROIs PPC-L, PPC-R, Broca-L, and Broca-R
were not significant (—0.6<r<0.4; p>0.1). Linear regres-
sion analyses were also conducted on the differences be-
tween the percent change in the BOLD signal as a function
of the differences in the CISS. Difference was defined as
the measurements after vergence training minus the initial
measurements before vergence training. The sample size is
small where none of the correlations were significant
(p>0.1). However, the correlation for the difference in the
BOLD percent signal change for the cerebellum ROI as a
function of the difference in CISS had a Pearson correlation
coefficient of r=0.8. Linear regression analyses were
also conducted to assess the correlation between the task-
modulated coactivation and the CISS. Significant correla-
tions between the task-modulated coactivation of each pair
of ROIs and the CISS were not observed (—0.6<r<0.4;
p>0.05). The greatest correlation was observed between
the CISS and the task-modulated coactivation between the
right FEFs and left PPC (r=—0.65; p=0.08).

Discussion

The data support the hypotheses that were tested. Signifi-
cant task-modulated coactivation was observed between the
FEFs, PPC, and CV (p<0.05) in BNC subjects. Functional
activity and task-modulated coactivation studying the FEFs,
PPC, and CV assessed via the percent BOLD signal change
and an ROI-based correlation analysis, respectively, was re-
duced in CI subjects before vergence training compared
with BNCs. After vergence training, both functional activity
and task-modulated coactivation between the FEFs, PPC,



602

JASWAL ET AL.

A BNC B Cl(Before Vergence Training) (C Cl (After Vergence Training)
= = e =2 @ @
- = =z I - =
o © - -« A © 2 - o ©
5 8 FR33E 85 833888
- = - ® - ® ® ~ 2 - @ -~ ® ® r~ =
FEF-L FEF-L FEF-L 10
FEF-R FEF-R FEF-R 0.8
PPC- L PPC- L .
PREE <0.0001M 0.6
PPC-R PPC-R PPC-R
CEREB CEREB CEREB <0.001f {0.4
BROCA- L BROCA - L BROCA- L 0.03f {0.2
BROCA-R BROCA-R BROCA-R
>0.1%~0.0
p R
value value
D BNC VS Cl Before E BNC VS CI After F Cl Before vs. After
(unpaired t-test) (unpaired t-test) (paired t-test)
: g : g : g
A m23I a0 n v v a 2 8 n T v T O o
T 5335 %% FIRZIIF8S TP I IE P
- = [l o = - o - F — - W — ] - - [l - = (d =
FEF-L FEF-L FEF-L
FEF-R FEF-R FEF-R
PPC- L PPC- L PPC-L
PPC-R PPC-R PPC-R N
CEREB CEREB CEREB E 0.
BROCA-L BROCA-L BROCA-L
BROCA-R BROCA-R BROCA-R
(i
p
value

FIG. 5. Pair-wise correlation analyses. Group-level correlation values are between FEFs (left and right), PPC (left and
right), CV, and Broca’s region (left and right) for BNCs (A); CI subjects before vergence training (B); and the same CI sub-
jects after vergence training (C). Group-level statistical comparisons reporting p-values are shown for BNC versus CI before
vergence training (D), BNC versus CI after vergence training (E), and CI before versus CI after vergence training (F).

and CV significantly increased in CI subjects. Broca’s region
was not significantly different between the BNC and the CI
subjects (using either the before or after training data). The re-
sults of this study will be compared with those in the literature.

Functional activity within an ROI

Nonhuman primate single-cell electrophysiology studies
have investigated the influence of disparity in FEFs using
symmetrical step stimuli (Gamlin and Yoon, 2000), near
and far targets (Ferraina et al., 2000), and smooth sinusoidal
tracking stimuli (Akao et al., 2005; Fukushima et al., 2002).
The FEFs and PPC have also been shown to be involved in
predictive oculomotor learning (Tseng et al., 2013). The
PPC encodes for different binocular distances defined by dif-
ferent vergence angles studying primates using single-cell
recordings (Breveglieri et al., 2012; Ferraina et al., 2009;
Genovesio and Ferraina, 2004) and humans using transcra-
nial magnetic stimulation (Kapoula et al., 2001, 2004,
2005; Yang and Kapoula, 2004) and fMRI (Alvarez et al.,
2010a; Alkan et al., 2011a, 2011b; Quinlan and Culham,
2007). Primate single-cell studies have also shown that the

CV is used to mediate a vergence response (Gamlin et al.,
1996; Nitta et al., 2008a, 2008b). Patients, particularly
those with lesions to the cerebellar vermal regions, exhibit
a decrease in slow tracking vergence (Sander et al., 2009).

This present study further confirms that the FEFs, PPC,
and CV are metabolically active during a vergence task.
The novelty of this study’s results is that the functional activ-
ity of the FEFs, PPC, and CV are reduced in CI subjects at
baseline compared with BNC subjects and significantly im-
proved after 18 h of vergence training to levels more similar
to those exhibited by the BNC subjects. The results support
the hypotheses that subjects with CI have reduced functional
activity compared with BNCs and that after vergence train-
ing the functional activity improves to levels more similar
to those observed in BNCs.

Task-modulated coactivation between ROls

The task-modulated coactivation of the vergence network
is not completely understood. Neurophysiology studies on
primates support a direct connection between the FEFs and
PPC as well as a connection between the FEFs and cerebellar
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FIG. 6. Percent BOLD signal change versus CISS scores for CI groups (before and after vergence training) for the FEF-L
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the CISS score (after minus before vergence training) for the FEF-L (D), FEF-R (E), and cerebellum (F). CISS, Convergence
Insufficiency Symptom Survey. Color images available online at www.liebertpub.com/brain

cortex through the nucleus reticularis tegmenti pontis (Gam-
lin, 2002). Functional connectivity studies using resting-state
fMRI support connectivity between the FEFs and PPC study-
ing humans and primates (Hutchison et al., 2012). In addi-
tion, direct connections between the lateral intraparietal
area and the oculomotor cerebellum have been identified
using a combination of rabies virus and a conventional chol-
era toxin B tracer in nonhuman primates (Prevosto et al.,
2010). The present study implies that the FEFs, PPC, and
CV may have functional connections quantified through
the task-modulated coactivation analysis.

Information is scarce in terms of how task-modulated
coactivation may be altered for those with CI. This present
study supports the hypothesis that the task-modulated coac-
tivation of CI subjects is on average significantly lower com-
pared with task-modulated coactivation observed within
BNC subjects. However, after 18 h of vergence training, CI
patients exhibited significant correlation between the FEF,
PPC, and CV ROIs showing task-modulated coactivation
patterns more similar to BNC subjects thus supporting the
third hypothesis. These data suggest that vergence training
not only increases the percent BOLD signal change within
the FEFs, PPC, and CV but also increases the task-modulated
coactivation between the FEF and CV as well as the PPC and
CV ROIs. Increasing the correlation of the BOLD signal
within and between the FEFs, PPC, and CV may be one

mechanism that leads to the sustained reduction in visual
symptoms that CI subjects experiences after vergence train-
ing. These data support that the CISS was significantly cor-
related to the BOLD percent signal change within the FEFs
and CV. These data suggest that future therapeutic interven-
tions may consider targeting the improvement of the meta-
bolic activity within FEFs and CV.

Clinical relevance

The techniques developed within this study can serve to
compare different vergence training protocols to provide a
deeper understanding of the mechanisms evoked during ver-
gence training and serve to compare future vergence training
protocols. Ultimately, the techniques within this study have
the potential to evaluate the efficacy of different therapeutic
protocols leading to further improvements in vision function.

Rehabilitation studies

While eye movement rehabilitation studies that utilize
fMRI are scarce, fMRI has been used to study the effects of
rehabilitative training tasks that use eye movements such as
reading (Laatsch and Krisky, 2006; Laatsch et al., 2004; Shay-
witz et al., 2003). One study investigated a saccadic task and
reading comprehension task before and after cognitive reha-
bilitation therapy where functional activity increased post
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therapy compared with the baseline measurements studying
patients with mild (Laatsch et al., 2004) and severe (Laatsch
and Krisky, 2006) traumatic brain injury. Reading investiga-
tions in dyslexic patients showed reduced activation in the
left parietotemporal and occipitotemporal regions in patients
who did not improve their reading ability compared with dys-
lexic patients who did improve their reading in adulthood
(Shaywitz et al., 2003). Another study on vision-restoration
training has shown an increase in visual receptive fields corre-
lated to an increase in the amplitude of the BOLD signal in pa-
tients with cerebral blindness (Raemaekers et al., 2011).
Similar to the prior reading, saccade and vision-restoration
training protocols, this current study also reports an increase
in functional activity assessed via the BOLD percent signal
change compared with each subject’s baseline measurements.

Functional connectivity has become more common within
longitudinal studies to investigate whether the interaction be-
tween ROIs is an independent factor that may contribute to
the sustained improvement observed in rehabilitation. The
present study was novel because it was the first to analyze
task-modulated coactivation for those with CI undergoing re-
petitive vergence training. For brain injury patients, studies
have shown a decrease in functional connectivity 3 months
postinjury compared with neurologically normal subjects
where functional connectivity improved to levels more similar
to controls 6 months postinjury (Nakamura et al., 2009). For
patients with multiple sclerosis, the increase in functional con-
nectivity assessed as an increase in correlation between ROIs
predicted the effects of cognitive rehabilitation quantified via
assessment of attention, executive function, depression, and
quality of life (Parisi et al., 2013) as did another study that
used the modified Story Memory Technique (Leavitt et al.,
2012). Patients with stroke also exhibited a decrease in func-
tional activity poststroke (within the first month) and connec-
tivity was improved postrehabilitation where functional
connectivity was significantly correlated to motor function
(Golestani et al., 2013; Park et al., 2011). For healthy individ-
uals, learning a novel motor task resulted in an increase in
functional connectivity within the fronto-parietal network
after repetitive training of the motor task (Taubert et al.,
2011). In summary, prior rehabilitative interventions in
those with brain injury, stroke, and multiple sclerosis all report
that an increase in functional connectivity is correlated to an
improvement in behavioral function. Similar to the aforemen-
tioned functional connectivity studies, this current study sup-
ports that an increase in task-modulated coactivation after 18 h
of vergence training was observed compared with baseline
measurements in CI subjects.

Reliability of fMRI

When studying sensory, motor, and cognitive function,
several fMRI investigations conclude that fMRI has high
test-retest precision (Brannen et al., 2001; Freyer et al.,
2009; Gamlin et al., 1996; Kiehl and Liddle, 2003; Loubi-
noux et al.,, 2001; Peelen and Downing, 2005; Specht
et al., 2003; Yetkin et al., 1996; Yoo et al.,, 2005; Zou
et al., 2005). Similar results are reported for resting-state
fMRI studies (Blautzik et al., 2012; Meindl et al., 2010;
Shehzad et al., 2009; Song et al., 2012). A recent eye move-
ment study of the reliability of a saccadic task showed an in-
terclass correlation coefficient of >0.5 in 75% of the subjects
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studied (Ming et al., 2012). Further, studies report that reli-
ability is improved when movement artifacts are small
(Lund et al., 2005) and that 3-T scanners have better repeat-
ability compared with 1.5-T scanners (Zou et al., 2005).

Study limitations and future direction

This study has a small sample size and future studies
should evaluate whether the results observed here generalize
to a larger population. It is unknown whether the changes ob-
served immediately after therapy persist long term. We
would anticipate that the observed functional changes
would be sustained because a randomized clinical trial that
studied CI patients reports that the reduction in CISS contin-
ues one year postvergence training (CITT, 2009). Ideally, fu-
ture studies will include a larger scale randomized clinical
trial composed of four groups. Half of the subjects would
be BNCs and the other half would have CI. Half the BNC
and half of the CI subjects would participate in active ver-
gence training while the remaining BNC and CI subjects
would receive placebo training. This type of study is beyond
the resources of this present study.

While the present study used Broca’s region as a control
ROI to study the variability within fMRI, future studies
should also assess the repeatability of functional activity
stimulated with vergence eye movements within BNC sub-
jects. A repeatability investigation of functional activity
evoked from saccadic eye movements using 45 subjects re-
ports activation consistency between 60% and 85% within
the same subject (Lukasova et al., 2013). Hence, we suspect
that the test-retest analysis of vergence will be similar to that
observed within saccadic studies.

Conclusions

The data of the present study support that CI subjects had a
decrease within the percent BOLD signal change within the
FEFs, PPC, and CV compared with BNC subjects, which im-
proved to levels more similar to BNC subjects after 18 h of
vergence training. The task-modulated coactivation between
the FEFs, PPC, and CV was also reduced in CI patients com-
pared with BNCs and improved postvergence training. The
CISS was significantly correlated to the BOLD percent sig-
nal change within the FEFs and CV. Results support the fol-
lowing: (1) an increase in functional activity within ROIs and
(2) task-modulated coactivation between the FEF, PPC, and
CV ROIs may in part lead to the sustained reduction in symp-
toms assessed via the CISS reported by CI subjects.
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