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SIGNIFICANCE: Prior studies have demonstrated the effectiveness of vergence-accommodative therapy in the
treatment of convergence insufficiency (CI). These results show the changes in brain activation following therapy
through the use of functional magnetic resonance imaging (fMRI).

PURPOSE: The purpose of this study was to investigate changes in brain activation following office-based vergence-
accommodative therapy versus placebo therapy for CI using the blood oxygenation level–dependent signal from fMRI.

METHODS: Adults (n = 7, aged 18 to 30 years) with symptomatic CI were randomized to 12 weeks of vergence-
accommodative therapy (n = 4) or placebo therapy (n = 3). Vergence eye movements were performed during base-
line and outcome fMRI scans.

RESULTS: Before therapy, activation (z score ≥ 2.3) was observed in the occipital lobe and areas of the brain de-
voted to attention, with the largest areas of activation found in the occipital lobe. After vergence-accommodative
therapy, activation in the occipital lobe decreased in spatial extent but increased in the level of activation in the
posterior, inferior portion of the occipital lobe. A new area of activation appeared in the regions of the lingual gyrus,
which was not seen after placebo therapy. A significant decrease in activation was also observed in areas of the
brain devoted to attention after vergence-accommodative therapy and to a lesser extent after placebo therapy.

CONCLUSIONS: Observed activation pre-therapy consistent with top-down processing suggests that convergence
requires conscious effort in symptomatic CI. Decreased activation in these areas after vergence-accommodative
therapy was associated with improvements in clinical signs such as fusional vergence after vergence-accommodative
therapy. The increase in blood oxygen level–dependent response in the occipital areas following vergence-
accommodative therapy suggests that disparity processing for both depth and vergence may be enhanced follow-
ing vergence-accommodative therapy.
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Convergence insufficiency is a common binocular vision disor-
der1 that is generally characterized by a greater exophoria at near
compared with distance, receded near point of convergence, and/or
inadequate positive fusional vergence abilities.2–7 Common symp-
toms that accompany the condition include headaches, eyestrain, visual
fatigue, diplopia when completing a near task, loss of concentration,
problems remembering what has been read, sleepiness while read-
ing, poor comprehension, and movement of print while reading.2,8–14

The reported prevalence is between 2.25% and 8.3%.15 Office- and
home-based vergence-accommodative therapies have been shown
to improve the signs and symptoms of convergence insufficiency,
with office-based therapy being significantly more effective than
home-based therapy.2,5,16

Multiple areas of the brain have been associated with vergence
eye movements. Studies utilizing single cell recordings within the
brainstem have demonstrated burst neurons responsible for
convergence/accommodation near the nucleus reticularis tegmenti
pontis17 and near the mesencephalic reticular formation, dorsal
and lateral to the oculomotor nuclear complex.18 Vergence control
cells have also been found in the frontal eye fields within the
premotor cortex.19,20 Alvarez et al.21 used functional magnetic res-
onance imaging to investigate the neurophysiological changes in
three areas (frontal eye fields, posterior parietal cortex, and cere-
bellar vermis) in subjects with convergence insufficiency after ther-
apy (6 hours at home and 12 hours in office) while subjects
alternately viewed three light-emitting diode lights. The light-
emitting diode lights were placed at different distances resulting
in vergence demands of 4° (near), 3° (middle), and 2° (far).21–23

Alvarez et al.21 found increased brain activation during conver-
gence post-therapy. However, other studies have shown decreased
brain activity (recruitment of fewer neurons) after a skill is learned
(such as in golf and piano players), whichmay indicate that less ef-
fort was needed to complete the task.24,25

Functional magnetic resonance imaging is a noninvasive and
nonionizing imaging technique that allows the indirect measure-
ment of brain activity brought about by a particular task, for exam-
ple, eye movements. Cognitive tasks require changes in the local
cerebral blood flow due to a neurophysiological process called
neurovascular coupling, the compensation for regional oxygen con-
sumption due to metabolism brought about by engagement in a
certain task. A magnetic resonance imaging scanner can be made
sensitive to cerebral blood flow by exploiting differential magnetic
properties of oxygenated and deoxygenated blood, and accordingly,
brain function can be measured. The use of oxygenation as an
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TABLE 1. Inclusion and exclusion criteria

Inclusion criteria

18–30 y old

Best-corrected visual acuity of 20/25 or better in each eye at distance
and near

Exophoria at near ≥4 Δ greater than distance

Receded near point of convergence of ≥6-cm break

Reduced positive fusional vergence (less than twice the near phoria
OR <15 Δ; blur, or break if no reported blur)

CISS ≥21

Accommodative amplitude ≥5 D

Random-dot stereopsis of at least 500 seconds of arc

Cycloplegic refraction within the past 3 mo

Wearing any needed refractive error correction for at least 2 wk prior
to eligibility

Willingness to discontinue any base-in prism or plus add wear

Access to computer with Internet to perform the computerized home
therapy procedures

Willingness to be randomized into either the active or placebo therapy

Presumptive ability to successfully complete fMRI scanning

No previous treatment with vision therapy

Not personally or living with an eye-care professional, ophthalmology/
optometry student/resident, ophthalmic technician, or employed in
an eye care setting

No household member enrolled in any vergence therapy study or
currently completing vision therapy

Exclusion criteria

Amblyopia, constant strabismus, vertical phoria >1 Δ, refractive
surgery, or manifest or latent nystagmus

Refractive error (not corrected by contact lenses) beyond the range
of the fMRI safe trial lens set

Systemic diseases known to affect accommodation, vergence,
or ocular motility

Current use of any medication known to affect accommodation,
vergence, or ocular motility

History of brain injury, neurological disease, or any condition that
may be in conflict with obtaining normal fMRI scans

Pregnancy, presence of a pacemaker, or any metallic implant that
might be incompatible with fMRI safety

Developmental or learning disability that may interfere with treatment

Left-handed dominance

Δ = prism diopter; CISS = Convergence Insufficiency Symptom
Survey; D = diopter; fMRI = functional magnetic resonance imaging.
Modified with permission from Oechslin et al.29
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imaging contrast is a well-established technique called blood oxy-
gen level–dependent signal.26

Prior literature has not investigated changes in brain activation
in subjects with symptomatic convergence insufficiency in response
to a stimulus with a wide range in magnitude of vergence demands
after a course of office-based vergence-accommodative versus pla-
cebo therapy performed according to the Convergence Insufficiency
Treatment Trial protocol.2 The purpose of this pilot study was to in-
vestigate the change in functional magnetic resonance imaging
blood oxygen level–dependent response to a range of convergence
demands (presented using a random-dot stereogram stimulus) in
regions of the brain associated with vergence eye movements, after
office-based vergence-accommodative or placebo therapy.

METHODS

Recruitment

Subjects were recruited through the clinics at The Ohio State
University College of Optometry and Student Health Center, as well
as through an advertisement on The Ohio State University Wexner
Medical Center research Web site. All subjects signed written in-
formed consent documents that were approved by the institutional
review board at The Ohio State University; study procedures were in
accordance with the Declaration of Helsinki.

Eligibility/Baseline Entrance Testing

Eligibility testing included the Convergence Insufficiency Symp-
tom Survey, cover testing at distance and near, and assessment of
fusional vergence ranges (negative and positive), near point of con-
vergence,monocular amplitude of accommodation (right eye only),
monocular accommodative facility (right eye only), and vergence
facility. Testing was carried out using the Convergence Insuffi-
ciency Treatment Trial studies' protocols, with the subject wearing
any needed refractive correction.2,27–29 The Convergence Insuffi-
ciency Treatment Trial criteria were used for symptomatic conver-
gence insufficiency.5,30 Inclusion and exclusion criteria are listed
in Table 1. Eligible subjects were given a brief demonstration of
the visual stimulus to be completed while in the scanner.

All functional magnetic resonance imaging scans were com-
pleted at the Center for Cognitive and Behavioral Brain Imaging
at The Ohio State University by a trained technician. A Siemens
3-T magnetic resonance imaging scanner was utilized, with a 12-
channel head coil. Functional images were collected using the fol-
lowing imaging parameters: repetition time of 2500 milliseconds,
echo time of 28 milliseconds, matrix size of 72 � 72, flip angle
of 76°, and voxel resolution of 3 mm3, isotropic. Anatomical im-
ages were collected using the following parameters: repetition time
of 1950 milliseconds, echo time of 4.44 milliseconds, matrix size
of 224� 256, flip angle of 12°, and a voxel resolution of 1.0mm3,
isotropic. Subjects viewed the computer-generated stimulus on a
monitor visible to them through a mirror mounted on the head coil.
A 10-second localizer scan was run, and adjustments were made
accordingly to center the cerebral cortex within the scanner's imag-
ing region. Following the localizer scan, a 7-minute anatomical scan
was completed. The stimulus paradigms were then completed. All
data from the scans were sent to Wright State University for analy-
sis by examiners masked to each subject's treatment group.

Subjects wore red and blue filter glasses and viewed a red and
blue random-dot stereogram target on a monitor 59 cm away
through a mirror on the head coil (a constant 70-cm, reflected
www.optvissci.com Optom Vis Sci 201
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image). The target subtended 7.3° vertically by 6.7° horizontally
and contained a central disparate square (3.3°) with approximately
480 seconds of crossed disparity relative to the background. The el-
ements composing the random-dot stereogram subtended 2.0minutes
of arc square. The subject was instructed to look at the central
square and to try to keep it single for each presentation such that
a smaller square could be seen floating in front of the single, larger
square. Easy and hard step convergence stimulus paradigms were
presented, each of which started with 20 seconds of rest (zero
8; Vol 95(6) 506
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demand, i.e., the images seen by the right and left eye were overlaid),
followed by 30 seconds of increasing convergence demands. Varied
magnitudes of convergence demands were presented by separating
the red and blue anaglyphic targets. The easy convergence step para-
digm started with a 4-Δ demand and increased by 2 Δ every 6 sec-
onds, ending with a demand of 12 Δ. The hard step vergence
paradigm started at 5Δ and increased by 5Δ every 6 seconds, ending
with a demand of 25Δ. Each cycle of rest and increasing convergence
demand was continued for a total of 250 seconds. Fig. 1 shows the
timing pattern for the paradigms used. Subjects completed the
easy vergence paradigm followed by the hard vergence paradigm.

After completion of the baseline functional magnetic resonance
imaging scan, each subject was randomized to 12 weeks of weekly
office-based vergence-accommodative therapy or office-based pla-
cebo therapy. Each therapy visit consisted of 55 to 60 minutes of
procedures, questions, and homework instructions. Subjects were
asked to perform home reinforcement procedures 15 minutes a
day, 5 days a week. Office-based vergence-accommodative therapy
subjects completed therapy designed to stress vergence and ac-
commodative abilities, and placebo subjects completed placebo
therapy that did not involve vergence or accommodation beyond
that involved in normal near tasks. Office-based and home rein-
forcement therapy procedures followed the protocol set forth by
the Convergence Insufficiency Treatment Trial Study.2,5,27 Clinical
signs and symptoms of convergence insufficiency were evaluated
monthly by a masked examiner. After 12 weeks of therapy, an ex-
aminer masked to the subject's assigned treatment group performed
the primary outcome vision testing and functional magnetic reso-
nance imaging scans. All vision testing and functional magnetic
resonance imaging scanning procedures and paradigms were the
same as those completed at baseline. Subjects were classified as
either “successful,” “improved,” or “nonresponder,” as defined by
the Convergence Insufficiency Treatment Trial study.2,5,27 Specifi-
cally, subjects were considered “successful” if the subject obtained
an asymptomatic Convergence Insufficiency Symptom Survey score
(<21), normal near point of convergence (<6 cm), and normal posi-
tive fusional vergence (>15 Δ base-out and at least twice the near
phoria). Subjects were classified as “improved” if the subject ob-
tained an asymptomatic or improved Convergence Insufficiency
Symptom Survey score (<21 points or ≥10-point decrease, respec-
tively) and achieved normal or improved near point of convergence
or positive fusional vergence (near point of convergence <6 cm
or improved by ≥4 cm; positive fusional vergence >15 Δ base-
out and at least twice the near phoria or improved by ≥10 Δ
FIGURE 1. Timing pattern for the easy and hard vergence paradigms. Pink bo
target (for both easy and hard paradigms). Red, pink, and blue boxes represent
to 12 Δ for easy, 5 Δ to 25 Δ for hard). Modified with permission from Oechs
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base-out). Subjects who did not meet these criteria were classi-
fied as “nonresponders.” Anyone not classified as “successful”
was offered the active vergence-accommodative treatment regi-
men at no cost after completion of the second functional mag-
netic resonance imaging scan.

Data Analysis

Functional magnetic resonance imaging data analysis and ex-
amination involved multilevel processing using FMRI Expert Anal-
ysis Tool in FMRIB Software Library (FSL version 5.0.4).31,32

Significant areas of activation during the vergence-active condition
(increasing steps of convergence demand) as compared with the
vergence-inactive condition (zero vergence demand) were identi-
fied. Activation before and after therapy was compared in areas
previously identified as active during vergence eye movements (as
listed in Table 2). In addition, exploratory analyses were performed
to identify other regions with significant differences in activation
before and after therapy and between the two groups. At the first
level, individual functional magnetic resonance imaging data sets
were preprocessed and analyzed for individual-level statistics.
Each individual data set was preprocessed by performing motion
correction using MCFLIRT.33 High-pass temporal filtering (Gaussian-
weighted least-squares straight line fitting, with a cutoff =90 seconds)
was carried out to ensure that the data were free of low-frequency
physiological signals. Spatial smoothening of the datawas also carried
out by Gaussian convolution (full-width half-maximum of 5 mm).
After the preprocessing steps, each individual data set was ana-
lyzed for individual-level statistics.

For statistical analysis of the individual functional magnetic res-
onance imaging data to assess significant activations, a general lin-
earmodel was designed that described the experimental paradigm.
This was done by designating a boxcar shape explanatory variable
with a period of 50 seconds (20 seconds “off” and 30 seconds “on”).
The explanatory variable was convolved with a double-gamma he-
modynamic response to generate a predictor. This predictor, dur-
ing the statistical analysis, was tested for its fitting with the time
series (blood oxygen level–dependent signal change) in each voxel
of the functional magnetic resonance imaging data set with a
cluster-based thresholding approach for a z score of 2.3 or higher
and a significance level P < .05. The resultant outcome z statistics
maps were registered to their respective individual anatomical im-
ages and then to the standard brain template (MNI152_T1_2mm).

At the second level, the individual-level statistics from the first
were grouped, and a paired t test comparison was carried out
xes represent a zero convergence demand for the red and blue anaglyphic
increasing steps of convergence demands for the anaglyphic targets (4Δ

lin et al.29
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TABLE 2. Observed activation in previously identified regions of
interest (ROI)

x y z
Pre-therapy

z score
Post-OBVAT

z score

Dorsolateral prefrontal cortex

Right 52 10 32 6.6 3.1

Left −54 10 32 7.7 3.0

Frontal eye field

Right 24 32 32 NS NS

Left −22 32 42 NS NS

Supplementary eye field

Right 6 0 42 2.8 4.0

Left −2 0 58 5.3 2.6

Precuneus

Right 20 −74 28 7.0 3.7

Left −20 −70 28 4.2 3.8

Inferior parietal lobule

Right 38 −48 48 5.8 3.0

Left −30 −48 48 4.4 2.8

Cerebellar vermis 0 −76 −30 4.1 3.6

Statistical significance (z score ≥ 2.3, P < .05). NS = nonsignificant
activation; OBVAT = office-based vergence-accommodative therapy.

TABLE 3.Mean (SD) clinical measures at baseline and 12-week
outcome examination

Vergence-accommodative

therapy (n = 4)

Placebo therapy

(n = 3)

Symptom score (CISS)

Baseline 33.3 (12.7) 31.7 (4.8)

12-wk outcome 21.4 (4.8) 17.8 (3.7)

Negative fusional vergence
(blur or break), Δ

Baseline 10.0 (2.8) 10.7 (3.1)

12-wk outcome 21.5 (4.4) 10.0 (0.0)

Positive fusional vergence
(blur or break), Δ

Baseline 13.7 (2.1) 13.1 (0.3)

12-wk outcome 40.0 (8.3) 17.1 (4.3)

Near point of convergence
break, cm

fMRI in Convergence Insufficiency — Widmer et al.
between pre– and post–vergence-accommodative therapy, as well
as between pre– and post–placebo treatment. Also, an unpaired t test
was used for the comparison between the vergence-accommodative
therapy and placebo groups. Given the small sample size, fixed-
effect modeling was used for each group comparison. Therefore,
the activation maps obtained by these group comparisons are rep-
resentative only of the sample, not of a wider population.

For both the first- and second-level analyses, areas that demon-
strated statistical significance (z score ≥ 2.3, P < .05) were
highlighted, and a Talairach Daemon atlas was used to map these
areas using x, y, and z coordinates. The brain stem could not be
consistently imaged on all subjects.
Baseline 8.4 (1.8) 7.6 (1.1)

12-wk outcome 3.1 (0.3) 4.7 (1.0)

Amplitude of
accommodation OD, D

Baseline 8.6 (1.3) 8.4 (1.6)

12-wk outcome 11.8 (0.8) 8.7 (1.3)

Accommodative facility
OD, cpm

Baseline 5.6 (5.2) 14.0 (2.8)

12-wk outcome 17.1 (9.8) 17.2 (2.1)

Vergence facility, cpm

Baseline 10.5 (2.6) 17.8 (0.4)

12-wk outcome 18.3 (2.8) 17.5 (2.5)

Δ = prism diopter; CISS = Convergence Insufficiency Symptom
Survey; cpm = cycles per minute; D = diopter; OD = right eye;
SD = standard deviation.
RESULTS

Seven symptomatic convergence insufficiency subjects (6 fe-
males; mean age, 26.1 ± 2.5 years) were enrolled and randomly
assigned to vergence-accommodative therapy (n = 4) or placebo
(n = 3). Baseline descriptive statistics are shown in Table 3. Over-
all, the mean Convergence Insufficiency Symptom Survey was
32.6 (±9.5), mean near phoria was 10Δ exophoria (±4.3Δ), mean
positive fusional vergence was 13.4 Δ (±1.5Δ) (blur if reported or
break if no reported blur), and mean near point of convergence
was 8 cm (±1.5 cm). Although statistical analysis was not possi-
ble because of the small sample size, no meaningful differences
in baseline findings were apparent between those subjects
assigned to vergence-accommodative therapy and placebo. Mean
values for each group at primary outcome are also shown in
Table 3. After therapy, three of the four subjects in the vergence-
accommodative therapy group were considered successful, and
www.optvissci.com Optom Vis Sci 201
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one was a nonresponder. Two subjects in the placebo group were
considered improved after 12 weeks of therapy, and one was con-
sidered a nonresponder.

Brain slice images were generated for areas of activation (in-
creased blood oxygen level–dependent response) pre-therapy for
the vergence-accommodative therapy and placebo group averages
(Figs. 2A, B). On the whole, activation can be seen in clusters
mainly in the following areas: the frontal lobe (inferior frontal
gyrus, precentral gyrus, medial frontal gyrus, and the superior
frontal gyrus), temporal lobe (superior temporal gyrus and middle
temporal gyrus), parietal lobe (inferior parietal), occipital lobe, and
cerebellum (posterior lobe/declive). Before therapy, the observed
mean activation was similar between the two groups.

Figs. 3A and B show the activation slices after vergence-
accommodative and placebo therapies, respectively. The pre-therapy
activation areas seen more anterior/rostral in Fig. 2A are now re-
duced in size in the post–vergence-accommodative therapy scans,
with areas within the left hemisphere diminished to a greater de-
gree than those on the right. In addition, new areas in the inferior
portions of the occipital lobe were noted to show activation after
8; Vol 95(6) 508
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FIGURE2.Average group activation prior to (A) office-based vergence-accommodative therapy (OBVAT) and (B) office-based placebo therapy (OBPT) for
the easy step-vergence paradigm. Red/yellow clusters show significantly (z score ≥ 2.3, P < .05) active regions. Greatest activation is represented by
yellow clusters. R denotes right side of the brain.

fMRI in Convergence Insufficiency — Widmer et al.
vergence-accommodative therapy when compared with the pre-therapy
results. After placebo therapy, activation in the more anterior/rostral
areas also appeared to decrease somewhat relative to pre-therapy, al-
though to a lesser extent than post–vergence-accommodative therapy.

Fig. 4 shows regions where mean activation pre-therapy was sig-
nificantly greater than that observed post-therapy (paired t test
comparison) for both office-based vergence-accommodative ther-
apy and office-based placebo therapy. For those assigned to
vergence-accommodative therapy, regions of the brain that were
more active pre-therapy versus post-therapy were more anterior
and superior. Those areas that showed greater activation pre-therapy
were found on the left side more than the right side of the brain.

Fig. 5 shows regions where mean activation post-therapy was
significantly greater than that observed pre-therapy (paired t test
comparison) for both office-based vergence-accommodative therapy
and office-based placebo therapy. After vergence-accommodative
therapy, areas of increased activation (compared with pre-therapy)
were seen near the posterior pole of the occipital lobe, mainly in
the lingual gyrus, as well as a few smaller clusters in the cuneus
and posterior cingulate gyrus of the occipital lobe and the angular
gyrus of the parietal lobe. For those who underwent placebo
www.optvissci.com Optom Vis Sci 201
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therapy, there were no areas of the brain that showed a greater ac-
tivation level after placebo treatment compared with pretreatment.

Post-therapy activation was also compared between the post–
vergence-accommodative therapy and post–placebo treatment
groups (Fig. 6). As comparedwith those assigned to placebo, greater ac-
tivation was observed in those assigned to vergence-accommodative
therapy in the posterior, inferior portion of the occipital lobe, the
lingual gyrus, and in small clusters in the superior portions of the
parietal and frontal lobes. In the case of the parietal and frontal
lobe activation, the increased activation in the post–vergence-
accommodative therapy group was more obvious within the right
hemisphere than the left side.

Changes in blood oxygen level–dependent response in regions
of interest that were previously identified in the literature were also
examined (Table 2).21–23 Decreased activation (lower z score) was
observed across all regions of interest after vergence-accommodative
therapy as compared with pre-therapy, except in the medial frontal
gyrus/supplementary eye fields where there was an increase in
activation after vergence-accommodative therapy.

For the hard step vergence paradigm, the overall activation pattern
observed pre-therapy was similar to that of the easy step paradigm.
8; Vol 95(6) 509
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FIGURE 3. Average group activation after (A) office-based vergence-accommodative therapy (OBVAT) and (B) office-based placebo therapy (OBPT) for
the easy step-vergence paradigm. Red/yellow clusters represent significantly (z score ≥ 2.3, P < .05) active regions. R denotes right side of the brain.

fMRI in Convergence Insufficiency — Widmer et al.
However, the spatial extent of the activation was slightly larger
across many of the activation clusters. The post–vergence-
accommodative therapy activation areas that were greater than the
pre–vergence-accommodative therapy activation areas for the hard
step paradigm included mainly the clusters in the posterior lingual
gyrus. While these areas demonstrated increased activation (greater
z score) following therapy, they were smaller in spatial extent.
Observed changes in activation from pre-therapy to post-therapy
with the greater demands presented during the hard step vergence
(for vergence-accommodative therapy and placebo) revealed com-
parable patterns to those described for the easy step vergence,
although post-therapy we observed greater activation but over
a smaller spatial extent.

DISCUSSION

This study investigated the functional magnetic resonance im-
aging blood oxygen level–dependent response to a range of conver-
gence demands in previously identified regions of interest before
and after office-based vergence-accommodative or placebo therapy.
www.optvissci.com Optom Vis Sci 201
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In addition, analyses were performed to determine whether changes
occurred in other regions during convergence tasks. Because prior
research has demonstrated changes in areas of the brain associated
with vergence eye movements22 and because of the effectiveness of
office-based vergence-accommodative therapy,2,5,16,34 it was hy-
pothesized that changes in activation would be observed after ther-
apy and between groups (real vs. placebo therapy) in previously
identified regions of interest and in other areas associated with
vergence eye movements.

This study showed changes in blood oxygen level–dependent re-
sponse following vergence-accommodative therapy in adult sub-
jects with symptomatic convergence insufficiency as hypothesized.
In subjects assigned to vergence-accommodative therapy, much
of the activation noted in the frontal lobe pre-therapy was greatly
reduced in spatial extent or showed no activation post-therapy. Ac-
tivation in the occipital lobe was reduced in spatial extent but in-
creased in the posterior, inferior portion. Furthermore, a new area
of activation was observed in the posterior, inferior portions of the
occipital lobe, mainly in the lingual gyrus. This new area of activa-
tion was not observed post-therapy in those assigned to placebo.
Less activation was generally observed after vergence-accommodative
8; Vol 95(6) 510
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FIGURE 4. Red/yellow clusters show regions where average group activation pre-therapy was significantly (z score ≥ 2.3, P < .05) greater than that ob-
served post-therapy (paired t test comparison) for both office-based vergence-accommodative therapy (OBVAT) and office-based placebo therapy
(OBPT). Greatest differences in activation is represented by yellow clusters. R denotes right side of the brain.

fMRI in Convergence Insufficiency — Widmer et al.
therapy in regions of interest previously evaluated in functional
magnetic resonance imaging studies (dorsolateral prefrontal cor-
tex, frontal eye field, supplementary eye field, precuneus, inferior
parietal, cerebellar vermis).

Studies using single-cell recordings in area V1 have demon-
strated cells that are responsive to stereoscopic targets in macaque
monkeys. Some of these cells respond to random-dot stereo targets,
whereas others respond to non–random-dot stereo targets. Further,
some cells respond to crossed disparities, whereas others responded
to uncrossed disparities. These depth disparity–sensitive cells have
also been implicated in driving vergence eye movements.35 Thus,
the increase in blood oxygen level–dependent response in these oc-
cipital areas following vergence-accommodative therapy might sug-
gest that disparity processing for both depth and vergence could
be enhanced by vergence-accommodative therapy. The fact that ac-
tivation in the occipital lobe increased and became more localized
supports the results of a prior functional magnetic resonance imag-
ing study in golf novices during imagery of completing a golf
swing.24 The authors found that the extent of the brain area needed
to complete the visualized golf swing greatly decreased in the ex-
perimental group that received physical training as compared with
www.optvissci.com Optom Vis Sci 201
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the control group that did not receive any training. Although
Alvarez et al.21 reported that the spatial extent of and level of acti-
vation in regions of interest known to be used for vergence eye
movements (lateral prefrontal cortex, frontal eye fields, supple-
mentary eye fields, parietal eye fields, and the cerebellum) increased
post-therapy,21 this study found a smaller spatial range and de-
crease in activation in these areas following therapy. The differences
in results may be attributable to methodological differences. Specif-
ically, the stimulus to convergence in the current study was a
random-dot stereogram at a fixed distance (thus targeting fusional
vergence), whereas the stimuli used by Alvarez et al.21 were light-
emitting diodes at various distances (thus potentially stimulating
multiple forms of vergence including proximal). In addition, the cur-
rent study utilized larger magnitudes of convergence demands
(comparable to near demands experienced during typical near
viewing) and the accommodative-vergence therapy administered
followed the Convergence Insufficiency Treatment Trial office-
based vergence-accommodative therapy protocol, which has been
shown to be the most effective therapy treatment.2,5

Many brain areas known to be used during attentional tasks
were discovered to be active pre-therapy when examining all the
8; Vol 95(6) 511
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FIGURE 5. Red/yellow clusters show regions where average group activation post-therapy was significantly (z score ≥ 2.3, P < .05) greater than that ob-
served pre-therapy (paired t test comparison) for both office-based vergence-accommodative therapy (OBVAT) and office-based placebo therapy (OBPT).
Greatest differences in activation is represented by yellow clusters. R denotes right side of the brain.

FIGURE6.Unpaired t test comparison between average group activation after office-based vergence-accommodative therapy (OBVAT) versus average group
activation after office-based placebo therapy (OBPT). Red/yellow clusters represent regions where activation post-OBVAT was significantly (z score ≥ 2.3,
P < .05) higher compared with activation post-OBPT. Greatest differences in activation is represented by yellow clusters. R denotes right side of the brain.
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functional magnetic resonance imaging scan data. These atten-
tional areas include multiple locations throughout the dorsal frontal,
lateral prefrontal, and parietal cortices, including the following: me-
dial intraparietal sulcus, precuneus, superior parietal lobule, sup-
plementary eye fields, frontal eye fields, dorsolateral prefrontal
cortex, inferior frontal sulcus, temporal parietal junction, inferior
parietal lobule, and middle frontal gyrus.36 These attentional brain
areas also have been shown to have a connection with eye move-
ments.37,38 In addition, many of these areas are connected to each
other as the dorsal-frontoparietal network and the ventral-frontoparietal
network. The dorsal-frontoparietal network is bilateral and con-
nects the superior parietal lobes, intraparietal sulcus, and frontal
lobes. This network is associated with attention that is top-down,
meaning a person must think about attending to a stimulus before
an action is taken. On the other hand, the ventral-frontoparietal
network is located in the right hemisphere and connects the tem-
poral parietal junction, inferior parietal lobule, and ventral frontal
lobe. This network is associated with attention that is bottom-up,
meaning that the stimulus itself draws the attention of a person
and then causes an action.36 Before vergence-accommodative
therapy, frontal and parietal lobe areas of activation were observed
on both the left and right sides of the brain (Fig. 2). The bilateral
activation in these areas suggests that the dorsal system was active
prior to therapy and by extension that subjects were engaged in
top-down processing. On the other hand, following vergence-
accommodative therapy, the activation (shown in Figs. 3 and 4)
was reduced on both sides of the brain compared with pre-therapy,
but the reduction was more substantial on the left side of the brain.
This imbalance in the decreased activation for the right and left
sides of the brain suggests that after therapy subjects had a relative
decreased reliance on the (bilateral) dorsal system, which is asso-
ciated with top-down processing but continued reliance on the
(right-sided) ventral system, which is associated with bottom-up
processing as this system appears to remain active. Overall, these
resultsmay suggest that top-down–driven attentional areas (associ-
ated with the dorsal-frontoparietal network) are activated during
convergence in those with symptomatic convergence insufficiency.
Furthermore, this suggests that convergence in those with conver-
gence insufficiency may require conscious effort. Extra vergence
www.optvissci.com Optom Vis Sci 201
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effort may be associated with visual fatigue.39 A decrease in the
need for extra vergence effort in those assigned to vergence-
accommodative therapy is supported by the observed improve-
ments in clinical findings (positive fusional vergence, near point
of convergence, and vergence facility). On the other hand, improve-
ments in symptomswere observed in both groups after therapy. It is
unknown whether the improvement in symptoms in the placebo
group was due to a placebo effect, response bias, or regression to
themean.4,40 In addition, a poor association between clinical signs
and symptoms as measured by the Convergence Insufficiency
Symptom Survey has been previously reported.8,41 It has also been
reported that Convergence Insufficiency Symptom Survey scores
vary with the type of near activity.42

Strengths of the current study include use of a stimulus with a
wide range of convergence demands presented at a fixed distance,
the use of a therapy regimen shown to be effective for the treatment
of symptomatic convergence insufficiency, and the inclusion of a
placebo control.2,5 A limitation of the current study is the small
number of subjects (n = 7). However, the subjects who went
through vergence-accommodative therapy all showed the same
general pattern before versus after therapy (decreased frontal areas
of activation and a focusing of activation posteriorly).

In summary, after office-based vergence-accommodative ther-
apy in those with symptomatic convergence insufficiency, the
blood oxygen level–dependent response from functional magnetic
resonance imaging while viewing a random-dot stereogram with
increasing convergence demand showed a decrease in the spatial
extent and magnitude of activation in frontal attentional areas, a
decrease in the spatial extent of activation in much of the occipital
lobe, and an increase in the amount of activation in the posterior,
inferior occipital lobe. Observed activation pre-therapy that ap-
peared to be associated with the dorsal-frontoparietal network,
and therefore top-down driven attention, suggests that conver-
gence requires conscious effort in those with symptomatic conver-
gence insufficiency. The increase in blood oxygen level–dependent
response in the occipital areas following office-based vergence-
accommodative therapy suggests that disparity processing for
both depth and vergence may be enhanced following vergence-
accommodative therapy.
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