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Resultater

were performed (Fig. 6). The prevalence of accommodative dys-
function and convergence insufficiency did not differ in patients
with mild versus moderate to severe traumatic brain injury accord-
ing to the current analysis. However, the data for accommodative
dysfunction need to be interpreted with caution because only one
study with moderate-to-severe traumatic brain injury data was

available for the analysis. This study comparison combined data
across studies frequently using different diagnostic approaches
(Table 2) and often did not stratify prevalence by the types of ac-
commodative issues (e.g., accommodative insufficiency and
infacility). However, the study findings comport with Brahm et al.4

and Alvarez et al.,35 who did report these traumatic brain injury

FIGURE 2. Forest plot of accommodative dysfunction prevalence in traumatic brain injury patients. Each data (square) and error band (horizontal line)
represent mean prevalence and 95% confidence interval (CI), respectively. “Events” refer to the number of patients with a positive diagnosis of accom-
modative dysfunction; “total” is the sample size of each study. Weights and combined prevalence are calculated using the DerSimonian-Laird random-
effects model. Sizes of the gray boxes are in proportion to the reported weights. Mean prevalence is presented as a broken vertical line. Asterisk indicates
statistically significant heterogeneity (P < .10).

FIGURE 3. Forest plot of convergence insufficiency prevalence in traumatic brain injury patients. All conventions as in Fig. 2.

Visual Dysfunctions in TBI — Merezhinskaya et al.
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Har danskerne de briller, de har brug for?

Fig. 2. !e reduction in distance visual acuity as a function of optimal subjective subtracted by habitual 
refraction in the eye where this di"erence was largest negative.

 

Fig. 1. !e reduction in distance visual acuity as a function of optimal subjective subtracted by habitual 
refraction in the eye where this di"erence was largest positive.
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The patients were provided with pre-
scriptions for spectacles directed at optimis-
ing near task visual function. They were
instructed to wear the spectacles whenever
doing near work. The spectacles were dis-
pensed by an optometrist of the patient’s
choice. At the second visit, the patients had
been using the spectacles for five to
12 months (mean 8.2 ! 2.5 months).
The study adhered to the tenets of the

Helsinki Declaration. Ethics approval was
obtained from the ethics board, Karolinska
Institutet, Stockholm.

Statistical analysis
Student’s paired t-test and Pearson correla-
tion were used for analysis.

RESULTS

Symptoms
The symptom assessment according to
CISS revealed a mean score of 37.9 ! 7.3
before treatment and 26.0 ! 5.7 after treat-
ment. After treatment, two patients
(S4 and S5) scored below the cut-off point
(up to 21) for abnormal symptom level
(Figure 1). Another two patients (S2 and
S8) showed a considerable reduction
(more than 10) in symptom score. Three
patients (S1, S3 and S7) did not show any
significant reduction in symptom score.
The CISS score before treatment was miss-
ing for one patient (S6).

All normals scored below the cut-off
point for abnormal symptom level (mean
score 7.5 ! 3.5).
The score for each item in the CISS

form was averaged on group level and plot-
ted to visualise the symptom profile before
and after treatment (Figure 2). For refer-
ence, the plot includes the results from a
previous study that assessed symptoms in
patients with blast-induced mild traumatic
brain injury.17 The symptom profile
remained after treatment with a reduction
in almost all symptom items. Notably, the
specific visual symptoms of words blurring,
words moving and double vision did not
stand out. On the other hand, symptoms of
trouble remembering, loss of concentra-
tion, headache, eyes feel uncomfortable or
tired and a feeling of reading slowly were
more pronounced.

Visual examination
All patients had a good distance decimal
visual acuity in the range 1.0 to 1.6. The
findings in the visual examination
(Table 2) included accommodative deficits
affecting accommodative amplitude
and/or facility. Furthermore, in four
patients there was a receded near point of
convergence, high exophoria or an
affected fusional vergence range. One
patient had uncorrected hyperopia.
At the follow-up examination two patients

(S2 and S8) showed an improvement in
accommodative amplitude but did not
reach the normal expected span. Two

patients (S1 and S4) showed a worsening in
accommodative amplitude. The receded
near point of convergence normalised in
two patients (S2 and S4) and the fusional
vergence range increased in one patient
(S5). Those patients who showed a
decreased symptom score also tended to
improve in at least one clinical measure. No
clear relationships were observed between
improvements and time since injury.

Reading performance
Reading eye movement data were complete
for six patients. The mean reading speed
increased by 15.6 per cent after treatment
(Table 3). The increase was not statistically
significant; however, it moved the mean
reading speed closer to the normal group.
The increase in reading speed was associ-

ated with improved reading eye movement
efficiency. Significant correlations were
found between the increase in reading
speed and the reduction in average num-
ber of fixations per word (r = −0.89,
p = 0.02) (Figure 3) and reduced propor-
tion of regressive saccades (r = −0.93,
p = 0.01) (Figure 4).
A significant correlation was found

between the change in average number of
fixations per word and the change in pro-
portion of regressive saccades (r = −0.94,
p = 0.01) (Figure 5); however, not with the
change in average saccade length.
Four patients (S1, S4, S5 and S6)

increased their reading speed markedly
after spectacle treatment, while two
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Figure 2. Symptom profile based on averaged Convergence
Insufficiency Symptom Survey (CISS) score by item

Figure 1. Individual symptom score before and after treatment.
The dotted line indicates the total score limit for distinguishing
between normal and abnormal levels of symptoms (up to 21).
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Prismekorrektion hos patienter med skelen & dobbeltsyn (n=128) 
(Prospektiv interventionsstudie) 

Prism satisfaction in those with comitant versus incom-
itant deviations was not statistically significant between
groups, although more patients with incomitant deviation
(25%) were neutral, somewhat dissatisfied, and very dissat-
isfied with prisms compared with the comitant group
(18%). See Figure 2.
Prism satisfaction based on strength of prisms prescribed

was not any lower in those who were prescribed higher
prism strength (P 5 0.11; Table 4).
Of the 134 patients, 18 opted for surgery, of whom 12

(67%) chose surgery because they were dissatisfied with
prism glasses, and 6 (33%) opted for surgery because
they desired to be prism independent. The amplitude of
ocular misalignment (Table 5) was higher in the surgery
group, although the mean prism prescription between the
groups was not significant. Of the 18 patients, 11 had

trochlear nerve palsies, 3 each had decompensated and
“other” causes, and 1 had abducens nerve palsy.

The results of the prism satisfaction survey revealed that
101 patients (75%) reported wearing prisms daily, with 73
(54%) reporting over 5 hours of prism wear (Table 6). The
satisfaction from prism wear did not correlate with the
number of hours of prism wear. Resolution of diplopia
.80% of the time was reported by 95 patients (71%),
and extent of resolution of diplopia was highly correlated
with satisfaction from prism wear (P \ 0.001), improve-
ment in depth perception (P \ 0.001), driving
(P\ 0.001), and reading (P\ 0.008). See Table 6.

The questionnaire results also showed that patients
experienced variable bothersome side effects from the
prism glasses. Weight of the prism glasses, altered depth
perception, visual distortion, and light halos were noted
by 6%-16% of patients. The effects of these side effects
on those that were very satisfied with prisms versus less
than very satisfied was not statistically significant
(Table 7); However, 22% of the patients also reported
other side effects in addition to the above, including head-
aches, dizziness, blurry vision, eye pain, tearing and pulling
(n 5 30). Of these, only 9 patients (30%) were very satis-
fied, whereas 21 (70%) were less than very satisfied with
prism glasses which was statistically significant (P\0.001).

Discussion

Over half the subjects in our study were very satisfied with
prisms, and the satisfaction did not vary significantly with
etiology or type of ocular deviation, although those with
esodeviations were more satisfied than those having other
types of misalignments, as also reported in a prior study.5,6

In a recent study, prisms were also useful for acute acquired
comitant esotropia in 30 patients who developed new eso-
tropia measuring 12D-60D at distance.11 Of these patients,
90% had resolution of double vision with prisms alone,
with the remainder undergoing surgery (n 5 12). The
amplitude and comitancy of deviation, prior history of
prism use, amount of prisms prescribed, type of lenses
did not influence the satisfaction rates which was similar
to a prior retrospective study.10 Those with decompen-
sated heterophoria had high satisfaction rates of 86%
(Table 1), which compares well to 85% satisfaction noted

FIG 1. Degree of satisfaction among prism wearers based on type of
ocular misalignment.

Table 2. Amplitude of ocular deviation and mean strength of prisms prescribed in different types of ocular misalignment

Amount

Type of deviationa

Eso-
(n 5 49 [36.5])

Exo-
(n 5 17 [12.7])

Hyper-
(n 5 48 [35.9])

Eso- 1 hyper-
(n 5 17 [12.7])

Exo- 1
hyper-(n 5 3 [2.2])

Amplitude of deviation 8.4 ! 5.8 (2-25) 17.1 ! 8.9 (2-30) 7.6 ! 4.9 (2-20) 10.8 ! 6.7 (4-30) 11.0 ! 6.2 (6-18)
Prism strength 5.9 ! 3.2 (1-15) 8.4 ! 6.6 (2-30) 5.4 ! 2.7 (2-12) 7.7 ! 4.1 (2-18) 8.3 ! 4.9 (5-14)
Ratio of amplitude of
deviation to prism
strength

1.5 ! 0.8 (1.0-6.0) 2.2 ! 0.7 (1.0-3.8) 1.5 ! 1.4 (0.6-10.0) 1.4 ! 0.5 (1.0-2.5) 1.3 ! 0.2 (1.2-1.5)

SD, standard deviation.
aResults are mean ! SD (range).
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for similar deviations from our previous retrospective study
(n 5 41).6 This may be related to better fusional ampli-
tudes, which would allow for lesser amount of prisms
needed, thereby accounting for higher satisfaction.

In the group with decompensated trochlear nerve palsy
(22%), 74%were either very satisfied or somewhat satisfied
with prisms, whereas a quarter remained dissatisfied with

prism glasses. Our study had lower satisfaction compared
with previously reported success rate of 91% in 83 patients
with trochlear nerve palsy.7

In those with convergence insufficiency (n 5 12), 75%
were very and somewhat satisfied. This result was higher
than the 64% reported by Tamhankar and colleagues.6

Flanders and Sarkis9 reported on resolution of diplopia in
32 patients with convergence insufficiency of 141 patients
who were given Fresnel prisms and noted 80% satisfaction
with prism use, although the convergence insufficiency
group results were not reported separately.

Prior, larger studies reported 68%5 and 53%8 satisfac-
tion with prisms in patients with thyroid eye disease. Our
cohort had only 6 patients with thyroid-related strabismus,
thus precluding comparison. Similarly, only 4 patients in
our cohort had abducens nerve palsy, thereby limiting
our conclusions. Satisfaction with prism wear among those
with pure vertical deviations was 75% (Figure 1). This was
somewhat lower than our previous study,5,6 which reported
higher satisfaction (86%).

The satisfaction rates in those with oblique prism pre-
scriptions for horizontal and vertical misalignment were
82% for esodeviation and hyperdeviation and 66% for exo-
deviation and hyperdeviation (Figure1). These were higher
than 50% satisfaction reported previously, although the
mean amount of prisms prescribed in the study of Tamhan-
kar and colleauges5 was higher (9D) compared with our
study (7.7D for esodeviation and hyperdeviation and 8.3D

with exodeviation and hyperdeviation).5 Another study re-
ported on 53% success with oblique prisms in 75 patients,
of whom 25 had thyroid-related strabismus and were given
a lower strength of prism glasses (5D horizontal and 4D of
vertical prism).8

The mean amount of prism prescribed in our study was
modest, in the 5.4D-8.4D range for average mean deviations
of 8.4D-17D (range, 2D-30D). In themajority of patients, it is
unnecessary to prescribe the entire strength of the prisms,
because those with better fusional amplitudes can tolerate
lower prism strength. We found that assessing this by
placing a prism bar and raising or lowering the prisms
can adequately indicate the amount of prism needed. The
lowest amount of prism prescribed will help with
decreasing the side effects associated with stronger prisms.

Other factors, such as prior history of prism use or types
of lenses, did not influence prism satisfaction in our cohort.
We hypothesized that prism ground into progressive lenses
might result in decreased satisfaction, given that those who
wear progressives often have to shift their gaze to look
through different segment of the lenses in order to see
clearly; thus, inserting prisms in progressive glasses could
result in lower satisfaction. However, the satisfaction rates
among those that had prisms in single vision distance
glasses versus progressives did not differ. It is noteworthy
that in 95% of patients, ground-in prisms were prescribed
without a trial of Fresnel membrane prisms, in keeping
with practice preference of the author (MT). We believe
that a trial of Fresnel prisms is not always an accurate

FIG 2. Degree of satisfaction among prismwearers in those with com-
itant and incomitant deviations.

Table 3. Percentage of patients (N 5 134) who were “very
satisfied” compared with history of prism wear, and prism and lens
type

Characteristics of
prisms and lenses

No. of patients
(% of total)

Very
satisfied, no. (%) P Value

Prior history of prism
use
No 100 (75) 55 (55) 0.20
Yes 34 (25) 23 (68)

Prism power changed
at follow-up
No 83 (62) 49 (59) 0.80
Yes 51 (38) 29 (57)

Type of lenses
Progressives 68 (51) 41 (60) 0.87
Single vision
distance

53 (40) 30 (57)

Reading glasses 13 (10) 7 (54)
Lens prescription

Plano 40 (30) 22 (55) 0.62
Prescription 94 (70) 56 (60)
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Table 3 
Binocular log contrast sensitivity data in normal observers and patients with TBI 

Effects of CPF lenses 

No Filter (+) 450 (+) 527-S (+) 550-S 

Normals (n = 7) 
Mean 1.95 1.97 1.88 1.84 
(S.D.) (0.12) (0.10) (0.08) (0.16) 

Patients (n = 7) 
l.U. 1.95 2.10 2.25 2.10 
L.S. 1.95 2.25 2.25 2.10 
B.B. 1.35 1.65 1.65 1.45" 
D.B. 1.95 2.10 1.95 1.95 
R.S. 1.95 2.25 1.95 1.95 
M.1.C. 1.95 1.95 1.80 1.65 
A.P-B. 1.95 2.25 2.10 1.95 

Mean 1.86 2.08 1.99 1.88 
(S.D.) (0.23) (0.22) (0.23) (0.24) 

Data for normal observers are presented as means ± S.D.s Data for each patient are represented to emphasize effects of individual 
filters on contrast sensitivity. a For analysis of data, an estimated point was derived by the Kirk Estimation of Missing Score equation 
(Kirk. R.E .. Experimental Design: Procedures for the Behavioral Sciences 1968. Brooks/Cole Publishing Company) for this patient. 

absence of filters, and while viewing through each 
CPF filter. Under the no filter condition, six of 
the seven subjects with TBI exhibited normal 
binocular log CS values, with BB the sole excep-
tion; the log CS value for this subject was reduced 
to 1.35'. 

Absorptive filtering of light appeared to have 
little effect on normals, however, in six of the 
photophobic subjects with TBI, at least one filter 
of the three tested produced an enhancement of 
CS, up to a two-fold increase, or 0.3 log units 
above values obtained without the filter. It is 
important to note that the magnitude of this 
enhancement may reflect a ceiling effect due to 
the charts design, since the 2.25 value is assigned 
to the last triplet of letters at the highest contrast 
value on the chart. The use of light-filtering lenses, 
may, in some cases, create enhancement beyond 
the two-fold effect. 

'(At the time of testing, however, BB was still exhibiting 
some seizure activity and losses of vision extending 2-3 hand 
was clearly the least recovered subject tested). 

The log contrast sensitivity scores were ana-
lyzed using a split plot ANOV A with one between 
subjects variable (groups = 2 levels) and one 
within subjects variable (filter conditions = 4 lev-
els). 

This analysis indicated that although groups 
were not a significant factor, there was a signifi-
cant difference due to filter conditions [F [3,36] 
= 7.72, P < 0.01] and, more importantly, a sig-
nificant interaction of filter conditions with groups 
[F [3,36] = 3.33, P < 0.05]. Tests of simple main 
effects indicated that this interaction was due to 
the fact that variations in contrast sensitivity 
across filter conditions was statistically significant 
only for the group of photophobic patients [F 
[3,36] = 8.25, P < 0.01]. Finally, the significant 
data for this group were evaluated further using 
two-tailed Dunnett's t-tests to compare contrast 
sensitivity performance without a filter to sensitiv-
ity with each of the CPF filters. These tests indi-
cated that, when compared to their performance 
without a filter, contrast sensitivity of the patient 
group showed significant increases with both the 
450 (P < 0.01) and 527-S (P < 0.05) filters. 

Bedring i kontrastsensitivitet og læsehastighed med filterglas???

Illustration 2: ML Filter LLR

Illustration 3: ML Filter 41

OUR STANDARD FILTERS
Recommended for

W
or

k 
& 

le
is

ur
e

O
ut

do
or

 &
 

sp
or

t

R
ed

uc
ed

 
vi

si
on

ML Filter - Information - Our Filters

7

ML Filter 400
Lightly tinted lens that is comfortable and relaxing for most 
people. Absorbs some of the shortwave blue light. Colour: 
Light beige.

ML Filter C1
Allows parts of the blue light transmits to maintain a natural 
color perception. Absorbs 80 % of the harmful shortwave 
blue light. Colour: Yellow.

ML Filter 450
Absorbs all of the harmful shortwave blue light. Colour: 
Lemon.

ML Filter 500
Allows a small part of the blue light transmit to have some 
colour perception. Absorbs 95 % of all blue light. Colour: 
Yellow.

ML Filter 511 Orange lens. Absorbs all blue light. Colour: Orange.

ML Filter 527
Absorbs all blue light and some parts of the green light. 
Colour: Dark orange.

ML Filter 550
A clearly red lens that absorbs all blue light and most of the 
green light as well. Colour: Red.

ML Filter 585
Dark red lens that only allows parts of yellow light and red 
light to transmit. Colour: Dark red.

ML Filter LLR

LED Light Reduction - Absorbs shortwave blue light with 
focus on eliminating the uncomfortable blue light from 
modern car head lights. It also increases the comfort for 
computer work. Colour: Light yellow.

ML Filter 41

Has been shown to provide increased comfort. Relieve 
migrain symptoms. Reduce visual stress, especially after 
brain traumas with some effect on the visual function. 
Reduce visual symptoms with blepharitis. Colour: Pink.
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Jackowski et al. Photophobia in patients with traumatic brain injury: Usesof light-filtering lenses 
to enhance contrast sensitivity andreading rate. NeuroRehabilitation.1996: 193-201

Bedring i komfort ! 
Filterglas nedsætter dog spontan remission (n=62)

Truong JQ, Ciuffreda KJ, Han MH, Suchoff IB. Photosensitivityin mild traumatic brain injury 
(mTBI): a retrospective analysis. Brain Inj. 2014;28:1283e7
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Appendix – Home protocol: Oculomotor and gaze stability exercises  
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Cui et al. • Medicine (2024) 103:32 www.md-journal.com

2.3.4. Gait measurement. The GAITRite system (CIR Systems 
Inc., Havertown) automates measuring temporal and spatial 
gait parameters via an electronic walkway connected to the USB 
port of a Windows computer. The standard GAITRite electronic 
walkway contains 8 sensor pads encapsulated in a rolled-up 
carpet to produce an active area 61 cm wide and 488 cm long. 
As the subject ambulated across the walkway, the sensors 
continuously captured each footfall as a function of time and 
transferred the collected information to a personal computer to 
process into footfall patterns. The intra-rater reliability of this 
measure ranged from 0.77 to 0.99, while the inter-rater reliability 
ranged from 0.81 to 0.99.[31] The GAITRite system recorded the 
gait velocity (cm/s), cadence (steps/min), step time of affected 
side and nonaffected side (s), and step length of affected side and 
nonaffected side (cm). For the measurements, participants were 
instructed to stand 3 m away from the electronic carpet and walk 
across it at a comfortable walking speed, stopping after walking 3 
m past the electronic carpet. An examiner closely supervised each 
participant during the test to prevent falls. The measurements 
were repeated 3 times with a 1-minute break between each 
measurement to reduce the potential for bias due to muscle 
fatigue. The average of the 3 trials was calculated and recorded.[29]

2.3.5. Fall efficacy. The Modi!ed Falls Ef!cacy Scale was 
used for ****fall ef!cacy tests. Modi!ed Falls Ef!cacy Scale 
consists of a total of 14 questions. Each item was scored on 
a 10-point visual analog scale, and the scores of all answered 
items were summed and adjusted to a range of 0 to 140 points. 
Higher scores indicate greater con!dence and less fear of falling, 
while lower scores indicate less con!dence and more fear of 
falling. The Modi!ed Falls Ef!cacy Scale was chosen over other 
scales because its items include daily outdoor activities such as 
the use of public transport and road crossing. The Modi!ed 
Falls Ef!cacy Scale demonstrated high internal consistency 
(Cronbach’s α = 0.95) and high test–retest reliability (intraclass 
correlation = 0.97).[32]

2.4. Statistical analysis

Data normality was assessed using the Kolmogorov–Smirnov test. 
Two-way ANOVA was used to compare the differences in bal-
ance, gait ability, and fall effects among the 3 groups at 3 different 
periods. One-way ANOVA was used for analysis of the data for 
comparison of differences within each group. If a signi!cant inter-
action for a condition by side was found, post hoc analysis was 
performed to determine difference in pair-wise comparison. The 
statistical analysis was performed using SPSS 20.0 for Windows. 
The level of statistical signi!cance was set at α ＝ 0.05.

3. Results

3.1. General characteristics of the subjects

Thirty patients with chronic stroke participated in this study. The 
patients were randomly divided into 3 groups (10 patients in each 
group). All patients in the 3 groups performed basic neurodevelop-
mental treatment. Group 1 performed balance exercises accompa-
nied by gaze stability exercises. Group 2 performed gaze stability 
exercises and group 3 performed balance exercises. There were no 
signi!cant differences in age, gender, weight, height, affected side, 
Korean-Mini-Mental State Examination, onset time, and stroke 
type among the 3 groups of subjects (P > .05). The general charac-
teristics of the study subjects were as follows (Table 3).

3.2. Changes in balance ability among the three groups

3.2.1. Posture stability test with eyes open-overall stability 
index. 

3.2.1.1. Changes in overall stability index with eyes open. When 
the eyes were opened, there were signi!cant differences in the 
overall stability index according to the different time within the 
groups (P < .05). And there were signi!cant differences among 
the 3 groups (P < .05). However, there was no signi!cance of the 
interaction between group and time (P > .05).

Table 4
Comparison of overall stability index in each group (eye open)

Group

Group 1
(n = 10)

Group 2
(n = 10)

Group 3
(n = 10)

F PMean ± SD Mean ± SD Mean ± SD

Pre 5.06 ± 2.34 6.16 ± 1.85 5.95 ± 2.08 0.774 .471
Post 3.08 ± 1.32 5.50 ± 1.56 4.85 ± 1.75 6.480 .005*
Follow-up 3.31 ± 1.49 5.47 ± 1.56 4.96 ± 1.27 6.077 .007*
F 21.940 9.715 10.196
P .000* .001* .001*

SD = standard deviation.

Figure 2. Comparison of overall stability index within each group. *Statistical 
significance within the group compared with the premeasurement (P < .05).

Figure 3. Comparison of overall stability index in each group. §Statistical sig-
nificance in the measurement outcomes between groups (P < .05).
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read and shifted his eyes rightward into the hemianopic field.
This was reflected by improvement in nearly all of the reading
eye movement parameters, with the reading rate increasing by
40%, from 47 to 67 words per minute. Hence, reading eye
movements and reading ability improved after training.
Last, the questionnaire results demonstrated considerable

improvement in reading and related attentional aspects after
training for the subject with stroke. His overall questionnaire
score increased from 15 to 21, with the maximum optimal
score being 24. This improvement was consistent with the
objective ocular motility findings.

Traumatic Brain Injury
Testing before and after training for the subject with TBI

revealed little, if any, change in his clinical optometric data
regarding heterophoria and vergence. His DEM clinical find-
ings improved from a pretraining ratio of 62:45 with no errors
to a posttraining ratio of 42:40 with no errors. Objective and

subjective oculomotor findings before and after training are
presented below.
Figure 6 presents a composite summary of the fixational eye

movement findings. In the eye position versus time recordings,
the primary training-related improvement was the reduction in
amplitude of the obliquely directed, nystagmus-like drift move-
ments (!2°/s maximum drift velocity), especially in the verti-
cal direction. This improvement is reflected in the 2-dimen-
sional plots, in which the relatively large, vertically biased
fixational error before training was markedly reduced, with
only a slightly oblique bias now present. In addition, the
frequency distribution of the radial error became narrower,
more peaked, and shifted toward zero after training, which
demonstrates a reduction in both mean position error and its
variance. The pre- versus posttraining fixational error magni-
tudes are summarized in table 1. For the horizontal, vertical,
and radial dimensions, improvements were 34%, 39%, and
35%, respectively. Thus, overall fixational accuracy improved
considerably after training.
Findings for predictable saccades are presented in figure 7

and table 2 (TBI). Horizontal saccadic gain was within normal
limits, but vertical saccadic gain was reduced, before training.
After training, however, vertical saccadic gain normalized and
was consistently close to 1. This is also evident from the actual
eye movement recordings. Hence, the accuracy of predictable
saccades improved markedly with training.
Saccadic latency for both horizontal and vertical nonpredict-

able saccadic eye movements was within normal limits before
training. It remained so during the entire training period.
The pursuit results are in table 2 (TBI). Pursuit gain was

essentially normal both before and after training.
Simulated reading findings are presented in figure 8. The

mean saccade frequency ratio was increased approximately
2-fold in both conditions before training. Thus, the subject was
executing twice as many saccades as demanded by the actual
step target stimuli for attainment of accurate foveal acquisition.
However, with training, the mean saccade frequency ratio
normalized toward a value of 1. It reduced by 40% in the
multiple-line condition and by 50% in the single-line condition.
Hence, saccadic ocular motility for both simulated reading
patterns improved considerably after training.
Reading results are in figure 9 and table 3. With training, all

parameters improved considerably; for example, reading rate
increased from 138 to 177 words per minute (ie, by !30%).
Thus, reading eye movements and reading ability improved
with training.
Last, the questionnaire results revealed considerable im-

provement in reading and related attentional aspects after the
training in this subject with TBI. The overall questionnaire
score for this subject increased from 6 to 11, with the maxi-
mum optimal score being 24. This improvement was corrobo-
rated by the objective ocular motility findings.

Table 3: Visagraph Parameters Before and After Training
for the Stroke and TBI Subjects

Parameter

Stroke Subject;
Adult Level 10

TBI Subject; Adult
Level 10

Pre Post Pre Post

Words per minute 47 67 138 177
Grade level 1.0 1.0 3.2 6.0
Fixations/100 words 383 291 148 119
Regressions/100 words 168 117 31 16
Duration of fixation (s) 0.33 0.30 0.29 0.28
Comprehension (%) 90 100 70 90

Fig 4. Simulated reading mean saccade frequency ratio before (Pre)
and after (T2) training for multiple-line (ML) and single-line (SL)
conditions in the stroke patient.

Fig 5. Reading eye movements for adult level 10 paragraphs before
(top) and after (bottom) training in the stroke subject with right
hemianopia. Up is right, and down is left. Time periods for both eye
movement traces are the same.
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trusion frequency and amplitude reduced. These improvements
are reflected in the 2-dimensional plots, in which the relatively
large and symmetrical fixational errors before training became
markedly reduced and near normal limits41 after training. The
frequency distribution of the radial error also became narrower,
more peaked, and shifted toward zero after training, which
demonstrates a reduction in both mean position error and its
variance. The pre- versus posttraining fixational error magni-
tudes are summarized in table 1. For the horizontal, vertical,
and radial dimensions, the training improvements were 63%,
36%, and 55%, respectively. Hence, overall fixational accuracy
improved considerably after training.

Fig 2. Fixational eye move-
ments in the stroke patient.
Left panels, before training
(Pre); right panels, after train-
ing (T2). Top graphs, horizon-
tal and vertical eye positions
as functions of time; middle
graphs, 2-dimensional plot of
horizontal and vertical fixa-
tional eye position scatter/er-
ror (ie, the fovea projected
into visual space relative to
the reference fixation point
[0,0]); and bottom graphs,
mean radial fixation error.
NOTE: 1200 samples from an
artifact-free, 10-second por-
tion of the time/eye position
traces were used for the 3 fixa-
tional error analyses.

Table 1: Mean Amplitude of Fixational Error for the Horizontal,
Vertical, and Radial Directions Before and After Training in the

Stroke and TBI Subjects

Direction
From Center

Stroke TBI

Pre Post % Improvement Pre Post % Improvement

Horizontal .83° .31° 63 .38° .25° 34
Vertical .47° .30° 36 .46° .28° 39
Radial .87° .39° 55 .26° .17° 35

NOTE: % improvement is (pre!post)/pre"100.
Abbreviations: post, after training (T2); pre, before training.
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Alvarez et al. Vision Therapy in Adults with Convergence Insufficiency: Clinical and Functional Magnetic 
Resonance Imaging Measures. Optom Vis Sci 2010;87:E985–E1002 

FIGURE 7.
Axial and sagittal view of data from functional imaging experiment studying prediction for four CI subjects. Images on the left column are the average
of the before vision therapy data set, the middle column are after vision therapy, and the right column are from a follow-up scan. On average, increases
in spatial extent (amount of significant activation) and/or intensity are observed when comparing the before and after scans.

FIGURE 6.
Average peak velocity ! one standard deviation for subjects S1 through S4 for 2° convergence (plot A), 4° convergence (plot B), and 4° divergence (plot
C) responses from the first week of training (one bar), last week of training (light gray bar), and during a follow-up session (dark gray bar). The number
of responses analyzed is denoted under each bar.

E996 Vision Therapy in CI Adults: Clinical and fMRI Measures—Alvarez et al.

Optometry and Vision Science, Vol. 87, No. 12, December 2010
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• Læsehastighed (ord pr minut) 
• Visuel opmærksomhed i det perifere synsfelt

Smaakjær et al. Therapist-assisted vision therapy improves outcome for stroke patients 
with homonymous hemianopia alone or combined with oculomotor dysfunction
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Therapist-assisted vision therapy improves outcome for stroke patients with
homonymous hemianopia alone or combined with oculomotor dysfunction
Peter Smaakjær , Signe Tornøe Tødten and Rune Skovgaard Rasmussen

Department of Vision, Centre for Special Education (CSU), Slagelse, Denmark

ABSTRACT
Objective: To improve visual performance and perception in stroke patients suffering from
visual impairments by the use of therapist-assisted vision therapy.
Methods: This study was an interventional efficacy open-label investigation. The vision
therapy was designed to enhance binocular vision, and saccadic ability, and vergence ranges
maximally, and for patients with hemianopia also to improve peripheral awareness. The vision
training consisted of one lesson a week for 12 weeks carried out by an optometrist and a
vision therapist. Between lessons, patients were to train at home for a minimum of 15–20 min
daily.
Results: Twenty-four patients completed the course. Significant improvements in visual per-
formance were measured for all test parameters from the baseline to the evaluation after the
last lesson of vision training. The COPM results improved both in terms of satisfaction with the
completion of a task and with the way the task was carried out (p = 0.001). Groffman tracing test
results improved from median 7.5 to 16 (p = 0.002), reading speed in words increased
(p = 0.0004), and peripheral awareness of visual markers improved (p = 0.002).
Conclusion: Therapist-assisted vision therapy increased peripheral visual awareness.
Furthermore patients felt safer in the traffic and in outdoor activities. Reading speed sig-
nificantly increased, and the ability to keep a moving object in focus improved.
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Introduction

Acquired brain injury usually includes traumatic
brain damage and vascular brain damage, the latter
including in particular ischemic or haemorrhagic
stroke. Stroke is the second most common cause of
death and the third most common cause of disability
worldwide [1]. In 60–80% of cases stroke results in
oculomotor dysfunction [2,3].

Stroke rehabilitation consists of retraining the cog-
nitive and physical functions, but in many cases pro-
blems with vision are overlooked. Studies have
indicated the number of cases of vision impairment
in patients with acquired brain damage: 86.7% of
cerebral vascular accidents result in some form of
vision reduction/impairment. It is therefore vital
that specialists become aware of this problem [4].

Moreover, investigators performing a study similar to
our current investigation found that 100% of patients
with cerebral vascular damage improved after vision
therapy and the results were stable after 2–3 months
[5]. In patients with hemianopia other investigators
found that the choice of training was important, espe-
cially training using of exploratory eye movements
improved outcome compared to eye fixating [6].

Such investigations are unpredictable because the
patient, relatives and health care personnel seldom

have complete information about what kinds of
sight impairment are experienced or might be antici-
pated. Common and well-known problems include
loss in the field of vision, double vision and reduced
clarity of vision. Oculomotor dysfunction, disruption
in perception, and reduced stereopsis can be just as
disabling and are, if anything, even more common
consequences of acquired brain injury [7,8].

Plasticity is the basis of all neurorehabilitation,
from speech and language to motor control, cognitive
and vision rehabilitations therapies [9]. Vision has
very great influence on movement and behaviour
[10–12], and it is difficult for a brain-damaged patient
to make appropriate movements before his/her vision
can give understanding of what, how and where to.
About 50% of the brain is involved with vision or
visual processing, and brain injuries such as strokes
can affect many aspects of vision some of which are
not obvious to the patient or the treating physician or
neurologist [11]. For example, cognitive rehabilita-
tion and language/speech rehabilitation involve fast
changes in glance direction (saccades), searching and
visual scanning combined with precise and stable
fixation.

The aim of our current study was to improve
visual performance and perception in adult stroke
patients suffering from visual impairments by the
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The median age was 55.5 (48.5 – 63.5), and the
median number of days from the first symptoms to
the intervention was 261 (144 – 938).

Twenty-four patients completed the course.
Significant improvements in visual performance were
measured for all test parameters from the baseline to
the evaluation after the last lesson of vision training.
The COPM results were improved both in terms of
satisfaction with the completion of a task and with the
way the task was carried out. The Groffmans tracing
test results were improved together with reading speed
in words per minute, and peripheral awareness of
visual markers measured over time.

Other findings and outcomes

The Groffman Tracing test measures eye movement
during reading. Reading requires an ability for precise
fixation and sliding eye movement to read sentences.
At the same time, the fixation changes must be fast,
precise and accurate. We measured a highly signifi-
cant improvement in the reading test, a result
reflected in a reading speed, which increased from
88 words to 140 words per minute.

The peripheral awareness test took more or less
the same time and corresponded to time it takes to
go down a 200 m long corridor with 26 markers.
On the other hand, there was a big increase in the
number of markers found, which is a surprisingly
positive result and which is backed up by later
reports from patients who have become observant
in traffic and no longer walk into objects etc.

The COPM test results shows how the patient
carries out the exercise and these scores were also
improved be vision therapy, indicating an increase
in visual performance. This result is clear, even if
questions could be asked about whether the
answers are given to please the interviewer because
the vision therapist and the data collector were one
and the same person. Results from achievement-
based tests like Groffman, reading tests, star count-
ing tests, etc., where the result cannot be exagger-
ated via subjective experience, indicate that the
patients’ increased functionality cannot be
explained by attempts to please the vision therapist
and data collector.

Discussion

Our results indicate that vision therapy led to marked
improvements in the participants in several areas.
Vision therapy increased peripheral visual awareness,
so the participants became safer in traffic and in
general outdoor activity. Reading speed significantly
increased, and the ability to keep a moving object in
focus improved. Thus even patients with neurologi-
cally stationary deficits can benefit from vision
training.

Furthermore we observed that the first step in a
patient’s understanding of their own life situation
with a visual dysfunction is to understand and relate
to what is abnormal and how they can build a strat-
egy to compensate for it. This is the first place where
vision therapy or any other form of rehabilitation
begins to make sense. Success is based on self-under-
standing and the increased quality of life that follows.
If a vision diagnosis is not made, the patient’s visual
problems may continue and get worse. They will, for
example, continue to have difficulty reading and writ-
ing; they may continue to experience travel sickness
and fatigue.

Limitations

Our investigation used no control group and participa-
tion was not randomised, which weremajor weaknesses
of the study. Moreover, the data collection and proces-
sing were carried out by the multidisciplinary team,
thus the investigation was open-label. Still, single
group studies evaluating outcomes longitudinally, like
the current study, may be the only feasible method and
provide interesting exploratory results [21]. In our cur-
rent study the participants’ median time from symp-
toms onset to the start of the intervention was nearly
9 months (range 5–30 months), thus participants had
chronic vision deficits unlikely to spontaneously
improve or recover. Participants were difficult to find
and recruit, and it took 4 years to include 24 partici-
pants. Including control patients, and possible needing
at least twice as many participants, was not feasible in
this study. Furthermore, the obtained results were
highly significant, implying profound changes among
participants after the intervention that seem unlikely to
happen spontaneously.

Table 1. The main results from before and after the intervention and their associated p-values.
Test N Baseline After intervention p-Value

Groffman 24 7.5 (0–16.5) 16 (0.5–23) 0.002
Reading test 18 88 (62–112) 104 (76–134) 0.0004
Star test, seconds to carry out 20 101 (69–130.5) 118 (58–156) 0.24
Star test, number correctly counted 20 12.5 (9.5–15) 15.5 (14–17) 0.002
COPM completion 22 9 (7–13) 15.5 (13.5–20) 0.0001
COPM satisfaction 22 6.5 (4–10) 15.5 (11–18) 0.0001

Results are presented as median values with the associated 25th and 75th percentiles in brackets.
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Vision Therapy for Post-Concussion
Vision Disorders

Michael Gallaway*, Mitchell Scheiman†, and G. Lynn Mitchell‡

ABSTRACT
Purpose. To determine the frequency and types of vision disorders associated with concussion, and to determine the
success rate of vision therapy for these conditions in two private practice settings.
Methods. All records over an 18-month period of patients referred for post-concussion vision problems were reviewed from
two private practices. Diagnoses of vergence, accommodative, or eye movement disorders were based on pre-established,
clinical criteria. Vision therapy was recommended based on clinical findings and symptoms.
Results. Two hundred eighteen patient records were found with a diagnosis of concussion. Fifty-six percent of the con-
cussions were related to sports, 20% to automobile accidents, and 24% to school, work, or home-related incidents. The
mean age was 20.5 years and 58% were female. Eighty-two percent of the patients had a diagnosis of an oculomotor
problem [binocular problems (62%), accommodative problems (54%), eyemovement problems (21%)]. Themost prevalent
diagnoses were convergence insufficiency (CI, 47%) and accommodative insufficiency (AI, 42%). Vision therapy was
recommended for 80% of the patients. Forty-six per cent (80/175) either did not pursue treatment or did not complete
treatment. Of the 54% (95/175) who completed therapy, 85% of patients with CI were successful and 15% were improved,
and with AI, 33% were successful and 67% improved. Clinically and statistically significant changes were measured in
symptoms, near point of convergence, positive fusional vergence, and accommodative amplitude.
Conclusions. In this case series, post-concussion vision problems were prevalent and CI and AI were the most common
diagnoses. Vision therapy had a successful or improved outcome in the vast majority of cases that completed treatment.
Evaluation of patients with a history of concussion should include testing of vergence, accommodative, and eye movement
function. Prospective clinical trials are necessary to assess the natural history of concussion-related vision disorders and
treatment effectiveness.
(Optom Vis Sci 2017;94:68Y73)

Key Words: vision therapy, vision rehabilitation, concussion, convergence insufficiency, accommodative insufficiency,
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Up to 3.6 million concussions are reported annually from
causes such as motor vehicle accidents, sports, and
household injuries.1,2 Traumatic brain injury (TBI)

from blast injuries was the signature injury of the Iraq and Af-
ghanistan wars. Studies with both military3Y8 and civilian9Y11

populations have found that oculomotor deficits such as conver-
gence insufficiency (CI), accommodative insufficiency (AI), and
saccadic dysfunction (SD) occur 30 to 42% of the time after con-
cussion, which is much higher than the 5 to 15% estimated in the
general population.12,13 A recent hospital-based study by Master

et al. found very similar prevalence rates in adolescents after con-
cussion, with CI and AI reported in approximately 50% of the
sample.14

Treatment of concussion-related vision disorders often involves
the use of vision therapy/rehabilitation to remediate vergence, ac-
commodation, and versional eye movements. In a retrospective
study in a university optometric clinic, Ciuffreda et al. reported that
90% of patients (n = 33) with TBI-related oculomotor abnormal-
ities experienced improvement in signs and symptoms after vision
therapy.15 In a recent placebo-controlled randomized clinical trial,
the authors found clinically and statistically significant improve-
ments in vergence, accommodative, and versional findings and vi-
sual attention.16Y18

As awareness of concussion-related vision disorders has grown
over the past 5 to 10 years, more optometrists are diagnosing and
treating these disorders. Although there is strong evidence for the
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oculomotor abnormalities are much more common after con-
cussion than the prevalence rates in the general population. This
may be due to the widespread neural architecture of the visual
system, which includes frontal and posterior cortical regions, cer-
ebellum, cranial nerves, and interconnections between these areas.
The neurometabolic and structural impacts of concussion in the
form of diffuse axonal injury render the visual brain especially
vulnerable.31 As a result, vision therapy is emerging as a treatment
modality in concussion treatment, although more data are needed to
assess effectiveness.32

The most common types of concussion-related vision disorders in
this sample were CI, AI, and SD. This finding is consistent with
previous literature in military subjects,3Y8 the adult civilian popula-
tion,9,33 and children.14 Other conditions such as convergence excess,
comitant vertical deviations, and accommodative infacility were di-
agnosed less frequently. It is possible that some of these problems were
premorbid, and that concussion may have exacerbated symptoms or
increased the level of oculomotor dysfunction. It is interesting that
there were no cranial nerve palsies in this sample, underscoring the
notion that cranial nerve palsies are much more likely to occur from
more focal damage seen in moderate or severe TBI.34

Seventy-eight percent of the patients reported having previous
or concurrent vestibular therapy, reflecting the high prevalence
of vestibular disorders after concussion.23,24 It may also reflect
practice patterns in the authors’ practice area, where vestibular
therapy administered by physical therapists sometimes includes
convergence and ocular motor activities. Pre-existing vestibular
dysfunction may also have contributed to this high prevalence.

Nearly 46% of patients for whom vision therapy was recommended
either did not finish treatment or did not elect treatment in the
authors’ practices. Some patients may have sought treatment else-
where (including with physical therapists) or waited to see if reso-
lution or improvement of their problems occurred through natural
healing. Some were also prescribed reading glasses that may have
lessened symptoms and reduced the motivation for therapy, whereas
others may not have been able to afford the cost of vision therapy.

The ROC curve analysis suggests that a combination of NPC
break, accommodative amplitude, and DEM ratio score has very
good ability to predict the presence of a vision disorder. This

information may be helpful for screening purposes for physicians
and primary care optometrists.

In our sample, the success rates for vision therapy suggest that
cortical neuroplasticity is still present and that treatment can be
effective in this population. Strengths of this study were that all
patients with concussion-related vision disorders over an 18-month
period were included. In addition, the two investigators used similar
assessment and treatment methods. Limitations of this study were its
retrospective design, the use of unmasked examiners, the high
percentage of patients who did not start or complete vision therapy,
and a lack of a control group. It is possible that factors such as a
placebo effect, regression to the mean, and continued natural healing
accounted for some of the treatment effect. Despite these limita-
tions, these data provide insight into the prevalence of vision
problems of patients referred to optometrists post-concussion and
about the effectiveness of vision therapy for concussion-related vi-
sion disorders. Currently, there is only one randomized clinical trial
comparing treatments for concussion-related oculomotor problems.
In this study by Ciuffreda and colleagues,16Y18 all of the subjects (n =
12) were at least 1 year removed from their brain injury, and they still
demonstrated significant ocular motor plasticity as the result of
vision therapy. The evidence from the Ciuffreda study, plus the data
from this large retrospective study, suggests that vision therapy is a
valuable treatment for concussion-related vision disorders and argue
for a large, multicenter randomized clinical trial that would be able
to minimize factors that introduce bias in study results.

TABLE 5.

Changes in clinical measures after VT for subjects who completed VT

Diagnosis Test Mean pre-VT
Mean

post-VT(TSD) Mean change p-value

CI (n = 43)
CISS 31.1 11.0 j21.1 (T8.8) G0.0001

NPC break (cm) 13.0 3.3 j9.7 (T10.1) G0.0001
NPC recovery (cm) 17.7 5.6 j12.0 (T8.5) G0.0001

BO break (pd) 18.1 38.9 20.8 (T8.6) G0.0001
BO recovery (pd) 11.2 32.1 20.9 (T7.0) G0.0001

AI (n = 39)
CISS 28.6 8.6 j20.0 (T9.8) G0.0001

Accommodative amplitude (cm) 14.1 9.5 j4.6 (T3.6) G0.0001
SD (n = 23)

DEM horizontal speed (sec) 49.9 33.8 j16.1 (T14.3) G0.0001
DEM errors 1.82 0.59 j1.24 (3.6) 0.45

AI, accomodative insufficiency; BO, base-out; CI, convergence insufficiency; CISS, Convergence Insufficiency Symptom Survey; DEM,
Developmental Eye Movement Test; NPC, near point of convergence; SD, saccadic dysfunction; VT, vision therapy.

TABLE 6.

Predicting any vision disorder

Characteristic Area under ROC 95% CI

NPC break 0.79 0.72, 0.86
NPC recovery 0.74 0.67, 0.82
Accommodative amplitude 0.76 0.69, 0.84
DEM vertical time (percentile) 0.61 0.51, 0.72
DEM ratio (percentile) 0.71 0.63, 0.80
DEM errors 0.63 0.53, 0.73

DEM, Developmental Eye Movement Test; NPC, near point of
convergence.
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Vision Therapy for Post-Concussion
Vision Disorders

Michael Gallaway*, Mitchell Scheiman†, and G. Lynn Mitchell‡

ABSTRACT
Purpose. To determine the frequency and types of vision disorders associated with concussion, and to determine the
success rate of vision therapy for these conditions in two private practice settings.
Methods. All records over an 18-month period of patients referred for post-concussion vision problems were reviewed from
two private practices. Diagnoses of vergence, accommodative, or eye movement disorders were based on pre-established,
clinical criteria. Vision therapy was recommended based on clinical findings and symptoms.
Results. Two hundred eighteen patient records were found with a diagnosis of concussion. Fifty-six percent of the con-
cussions were related to sports, 20% to automobile accidents, and 24% to school, work, or home-related incidents. The
mean age was 20.5 years and 58% were female. Eighty-two percent of the patients had a diagnosis of an oculomotor
problem [binocular problems (62%), accommodative problems (54%), eyemovement problems (21%)]. Themost prevalent
diagnoses were convergence insufficiency (CI, 47%) and accommodative insufficiency (AI, 42%). Vision therapy was
recommended for 80% of the patients. Forty-six per cent (80/175) either did not pursue treatment or did not complete
treatment. Of the 54% (95/175) who completed therapy, 85% of patients with CI were successful and 15% were improved,
and with AI, 33% were successful and 67% improved. Clinically and statistically significant changes were measured in
symptoms, near point of convergence, positive fusional vergence, and accommodative amplitude.
Conclusions. In this case series, post-concussion vision problems were prevalent and CI and AI were the most common
diagnoses. Vision therapy had a successful or improved outcome in the vast majority of cases that completed treatment.
Evaluation of patients with a history of concussion should include testing of vergence, accommodative, and eye movement
function. Prospective clinical trials are necessary to assess the natural history of concussion-related vision disorders and
treatment effectiveness.
(Optom Vis Sci 2017;94:68Y73)
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near point of convergence

Up to 3.6 million concussions are reported annually from
causes such as motor vehicle accidents, sports, and
household injuries.1,2 Traumatic brain injury (TBI)

from blast injuries was the signature injury of the Iraq and Af-
ghanistan wars. Studies with both military3Y8 and civilian9Y11

populations have found that oculomotor deficits such as conver-
gence insufficiency (CI), accommodative insufficiency (AI), and
saccadic dysfunction (SD) occur 30 to 42% of the time after con-
cussion, which is much higher than the 5 to 15% estimated in the
general population.12,13 A recent hospital-based study by Master

et al. found very similar prevalence rates in adolescents after con-
cussion, with CI and AI reported in approximately 50% of the
sample.14

Treatment of concussion-related vision disorders often involves
the use of vision therapy/rehabilitation to remediate vergence, ac-
commodation, and versional eye movements. In a retrospective
study in a university optometric clinic, Ciuffreda et al. reported that
90% of patients (n = 33) with TBI-related oculomotor abnormal-
ities experienced improvement in signs and symptoms after vision
therapy.15 In a recent placebo-controlled randomized clinical trial,
the authors found clinically and statistically significant improve-
ments in vergence, accommodative, and versional findings and vi-
sual attention.16Y18

As awareness of concussion-related vision disorders has grown
over the past 5 to 10 years, more optometrists are diagnosing and
treating these disorders. Although there is strong evidence for the
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The findings in the vision examination are presented in Table 3. 
There was a subgroup of patients (intervention group n = 5, con-
trol group n = 8) who did not possess binocular vision, that is, they 
did not benefit from a simultaneous and unified percept from both 
eyes. The reasons were acquired or congenital eye lesions, strabis-
mus, or abnormal visual development. It was not relevant to 
measure or treat eye teaming for these patients. Accommodation 
issues were found for two patients in the intervention group and 
one patient in the control group.

Convergence

The near point of convergence (NPC) improved in the interven-
tion group, from median 20 to 12 (Z = 2.26, p = .02) (Figure 2). It 
improved to some extent in the control group as well but not at 
a statistically significant level.

Convergence facility

Convergence facility improved in both groups (Figure 3). The 
change was statistically significant in the intervention group 
(Z = ff2.16, p = .03). The truncated appearance of the boxplots 
reflects the fact that a number of patients performed nil cycles 
at admittance as well as discharge.

Vergence reserves at distance viewing

A statistically significant increase of the vergence reserves for 
distance viewing was found in both intervention (Z = ff2.44, 
p < .01) and control group (Z = – 1.99, p = .04) (Figure 4). The 
median for the intervention group reached the target interval 
of vergence reserves.

Vergence reserves at near viewing

At discharge, both groups reached a level of vergence reserves 
for near viewing that were within or tangent to the target 
interval (Figure 5). In the intervention group the change was 
a statistically significant (t = ff4.47, DF = 15, p < .01).

Accommodation

Accommodative function was measured in patients younger 
than 40 years; 13 patients (age 27–39 years) in the intervention 
group and four patients (age 18–37 years) in the control group. 
Two patients in the intervention group and one in the control 
group had receded near point of accommodation at admit-
tance. At discharge the near point of accommodation had 
improved to minimum expected near point of accommodation 
or better in all three patients. Due to the low number of 
patients no further analysis was performed.
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Figure 2. The NPC (cm) at admittance and discharge for the intervention and control 
group. A lower value is better with the aim of 6–10 cm as indicated by the greyed area.
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Figure 3. Convergence facility (cycles per minute, cpm) at admittance and 
discharge for the intervention and control group. A higher value is better with 
the aim of 7–11 cpm as indicated by the greyed area.
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Figure 4. Fusional vergence width (prism diopters) for distance viewing at 
admittance and discharge for the intervention and control group. A higher 
value is better with the aim of 19 prism diopters or more as indicated by the 
greyed area.
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Vision-related symptoms

Visual symptoms at near work were estimated with the 
CISS survey at admittance and discharge. The change in 
score was analyzed for those patients in the intervention 
group who went through VT (n = 38) and for the patients 
in the control group who might have benefitted from VT 
(n = 31) (Figure 6). In the intervention group the reduc-
tion in symptoms was statistically significant (Z = 2.97, 
p < .01). There was no statistically significant change in 
the control group. There was a significant difference 
between the groups in baseline symptom level (U = 932, 
Z = 3.51, p < .01) that can impact the interpretation of the 
outcome.

Discussion

The purpose of this study was to investigate the effects of VT as 
part of neurorehabilitation after acquired brain injury. One 
group received VT for their oculomotor dysfunctions while 
the other group served as controls in order to monitor the 
course of visual dysfunctions without VT. The two groups were 
of equal characteristics in terms of age, gender, diagnosis, time 
since injury and persistent disability according to GOSE.

A total of 18.7–31.7% of the patients had suboptimal spec-
tacle correction. The reason could simply be normal change in 
refraction but it could also be due to a reduced ability to 
compensate. For example, far-sightedness (hyperopia) may 
not be as lightly compensated for through accommodative 
effort after an ABI. Furthermore, affected contrast vision, 
resulting from subtle visual pathway lesions (17), may mean 
that suboptimal spectacle correction has greater effect on visual 
clarity. Visual clarity is in turn an important component for 
optimal eye teaming. Our findings suggest that screening of 
visual acuity at admittance should be considered.

The prevalence of specific oculomotor dysfunctions was 
between 27.9% and 60.6% amongst 75.6–79.2% of the patients 
which is in line with previous research (3,5). The occurrence of 
specific oculomotor dysfunctions differs somewhat from pre-
vious literature which may be related to patient populations 
and criteria for defining dysfunctions. Even though differences 
in injury and persistent disability may occur, we consider the 
control of patient demographics to be a strength of this study. 
Given the clinical setting, the criteria for oculomotor dysfunc-
tions were derived from the literature and balanced against our 
clinical experience. This means that the lower borders of the 
criteria were set to reflect what from our clinical experience is 
required for functional vision. The purpose being to balance 
vision-related rehabilitation efforts against other rehabilitation 
needs. The reported occurrence of oculomotor dysfunctions in 
this study would likely have been higher if choosing criteria 
considered optimal in an otherwise healthy population.

In the intervention group there were significant improve-
ments in convergence, facility, vergence reserves and vision- 
related symptoms. This agrees with previous research per-
formed in similar settings (22–24). Some improvement could 
also be found in the control group. Both the intervention and 
control group went through an individually customized pro-
gram that included cognitive-, occupational-, and physiother-
apeutic rehabilitation. The cognitive therapy includes for 
example Attention Process Training (APT) that contains 
visually demanding elements. The occupational therapy 
includes for example computer- and administrative activities 
as well as orientation and ambulation elements. We may spec-
ulate that there are indirect training effects from the exposure 
to customary neurorehabilitation activities. But since there was 
not a control group who did not receive any intervention at all 
we cannot conclude that this is the case.

All in all, the findings suggest that targeted VT, in 
a neurorehabilitation setting, can result in concrete improvements 
in terms of function and symptoms. A key to targeted VT is the 
close involvement of a vision-specialist in the process of evaluating 
rehabilitation needs, follow-up of progress and adjustments of the 
VT-program where necessary. Further study will be required to 
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Figure 5. Fusional vergence width (prism diopters) for near viewing at admittance 
and discharge for the intervention and control group. A higher value is better with 
the aim of 27 prism diopters or more as indicated by the greyed area.
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Figure 6. Visual symptoms at near work according to CISS. A lower value is better 
with the aim of score 21 or less.
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Center at the SUNY College of Optometry University 
Optometric Center of New York. Subjects received a 
comprehensive vision examination prior to participating 
in the experiment, which included a detailed refractive, 
oculomotor, and ocular health assessment.

Study Design
We conducted a crossover, interventional experimen-

tal design of a single-blind nature (for the subject)

Figure 1.
Illustration of crossover interventional experimental design and
treatment phases. Adapted from Thiagarajan [87].

 (Fig-
ure 1). In this design, each subject acted as his or her 
own control, thus negating undesirable intersubject vari-
ability. Each subject received both OMT (treatment A) 
and P training (treatment B). During phase 1, every odd-
numbered subject first received treatment A, every even-
numbered subject first received treatment B, and vice 
versa during phase 2. This interventional study had a 
duration of 15 wk. It consisted of 12 wk of the two treat-
ment phases, 6 wk each phase separated by 1 wk, for a 
total of 9 h of OMT and 9 h of P training. In addition, 
there was a 3 wk measurement period: 1 wk before phase 
1 treatment, 1 wk after phase 1 treatment, and 1 wk after 
phase 2 treatment. During these training and measure-
ment periods, subjects did not perform any other OR to 
avoid contamination of test results.

The study consisted of the following phases:
1. Week 1: Initial baseline measures—all evaluative pro-

cedures (described later) were recorded over two sepa-
rate test sessions (each session lasting for up to 1.5 h, 
including rest periods to prevent fatigue), each sepa-
rated by at least 2 d.

2. Weeks 2–7: Phase 1 treatment—6 wk of either OMT or 
P training. Subjects received two training sessions per 

week. Each session was 60 min in duration, involving 
45 min of actual training with the remainder of time 
consisting of short and interspersed rest periods for the 
subject. Total training time was 9 h over the 6 wk.

3. Week 8: Repeat baseline measures—same as step 1.
4. Weeks 9–14: Phase 2 treatment—same as step 2.
5. Week 15: Repeat baseline measures—same as step 1.

Evaluative Procedures
Several general areas of testing were performed; 

these included clinical and laboratory vergence measures, 
as well as visual attention and near-vision symptoms. All 
clinical measures were assessed using standardized clini-
cal techniques [57]. All laboratory-based objective mea-
sures were performed using commercially available 
instrumentation with well-established test protocols 
developed in our laboratory for version [54], accommo-
dation [58], and vergence [41]. All measures were nonin-
vasive and were recorded with the subject’s habitual 
distance correction in place. Order of testing was ran-
domized over the 2 d of measurements.
1. Clinical measures: Selected binocular vision-related 

parameters were tested with randomization under stan-
dard clinical room illumination (80 Lux). They 
included NPC break and recovery, horizontal near pho-
ria using the von Graefe prism dissociation method, 
horizontal near PFV and negative fusional vergence 
(NFV) ranges, vergence prism facility (with 12 prism 
diopter [Δ] base-out [BO] and 3Δ base-in [BI] prism 
flippers), and stereoacuity using the Titmus stereo test.

2. Laboratory-based objective measures: Vergence 
dynamics to symmetric step vergence stimuli was 
recorded using the Power Refractor II (PRII) (Plusoptix 
Inc; Atlanta, Georgia) based on the principle of infrared 
videography and dynamic retinoscopy, with a sampling 
rate of 12.5 Hz (resolution: <0.9°) for binocular record-
ing, as described elsewhere [41]. This sampling rate 
exceeds the Nyquist criterion [59]. Targets comprised 
the contiguous red and green fixation light-emitting 
diodes (LEDs) (angular size: 0.28q) located on the 
measuring head of the PRII at 1 m and a white LED 
(angular size: 0.86q) placed at 0.3 m, both aligned 
along the midline. Mean response amplitude, peak 
velocity, time constant, and steady-state (SS) response 
variability were calculated separately for both conver-
gence and divergence.

3. Subjective visual attention test: A subjective correlate 
of global visual attention was assessed using the Visual 
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performed with constant verbal feedback, motivation,
repetition, and involving active participation of the
subject to maintain attentional awareness (Ciuffreda,
2002). At each session (lasting for 1 hour), the sham
analogue of version, vergence, and accommodation
training was performed for a total of 45 minutes with
interspersed rest periods for 15 minutes, for a total of 9
hours of training over the 6 week treatment phase. For
version, there was no formal, programmed, and repeti-
tive fixation (with foveal feedback) or saccades per se. It
rather involved intermittent and random saccades inter-
spersed with random fixational pauses that would not
be effective in training the versional system (Ciuffreda,
2002). Similarly, vergence sham did not involve any
disparity stimulation, and accommodative sham did not
involve any blur stimulation, as these are the primary
drives to the respective systems (Ciuffreda, 1992, 2002;
Hung et al., 1996).

3.1.2.1. SHAM version. For fixation ST, subjects bifix-
ated the estimated center of a contourless blank
computer screen at a 40 cm distance for 2 seconds
before two targets (1 inch square picture/symbol/letter)
were presented for 100 msec on either one or both
sides (±10 degrees either horizontally or vertically) of
the estimated fixation point. The subject attempted to
identify the two peripheral targets presented. Peripheral
target presentation time (100 ms) was shorter than the
mean saccadic latency (∼200 ms) (Ciuffreda & Tan-
nen, 1995) to prevent target foveation. Saccade sham
involved completion of perceptual puzzle blocks, in
which subjects completed the puzzle by arranging indi-
vidual puzzle blocks into an appropriate pattern both
monocularly and binocularly. Visual concentration was
the sham analogue of the simulated reading training.
The subject viewed and randomly scanned with sac-
cades an array (varying from 3 × 3 to 5 × 5) of pairs
of pictures for a 10-second period. Then, the pictures
were removed, and the subject was requested to recall
by visual memory the location of a specific picture in
the array.

3.1.2.2. Sham vergence. For sham-step stimuli, binoc-
ular or monocular plano-powered loose prims, prism
flippers, and/or monocular vertical prism (0.5 or 1pd)
flippers were used. The targets were comprised of pic-
tures, a vertical column of letters/numbers of varying
sizes, and a cartoon movie displayed on a com-
puter screen at 40 cm. The training was comprised of
repetitive and systematic manual alternation of the flip-
pers/loose prisms every 15–20 seconds, but without

any actual prismatic power changes horizontally, while
bifixating static targets or watching a cartoon movie.
For sham-ramp stimuli, subjects tracked a difference of
Gaussian (0.2cycles/degree) target through a 0.5 mm
pinhole monocularly for 5 minutes (2.5 minutes each
eye) in an otherwise dark room (Ciuffreda, 1992). This
target does not have any blur or disparity stimulation
when viewed monocularly (Kotulak & Schor, 1987).

3.1.2.3. Sham accommodation. This ST involved
repetitive and systematic manual alternation of the
lens flippers, monocularly and binocularly, but without
any spherical lens power changes (i.e., plano/colored
lenses). Subjects read a text paragraph or watched a
cartoon movie at 40 cm on a computer screen, similar
to that performed for the OMT.

4. Results

Figure 3 presents the group mean findings related to
reading rate before and after the OMT, with compari-
son to the grade-level normative data of Taylor (1966).
There was a significant 25% increase in reading rate fol-
lowing the OMT. It increased from 142 to 177 words per
minute, with it closely approaching the lower normal
limit (Taylor, 1966). However, it did not normalize.

Table 4 presents the key group mean Visagraphic
oculomotor-based parameters, including reading rate
as described above. Grade-level efficiency significantly

Fig. 3. Mean reading rate before (Pre-OMT) and after (Post-OMT)
in mTBI compared to Taylor’s norm. Error bar indicates +1SEM;
* = statistically significant.
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Table 4
Mean (±1SEM) Visagraph parameters of reading eye movements
before (baseline) and after oculomotor training (post-OMT) for

grade-10 level text. wpm- words per minute; fixations/100 words –
number of progressive saccades; regressions/100 words – number of
regressive saccades. BOLD, italicized = statistically significant. * -

normal at baseline

Visagraph Baseline Post-OMT Significant p
parameter value

Reading rate
(wpm)

142 (10) 177 (14) yes <0.01

Comprehension
(%)

81 (4)* 85 (3) no 0.31

Fixations/100
words

164 (10) 135 (11) yes 0.02

Regressions/100
words

30 (3) 23 (4) no 0.11

Fixation duration
(sec)

0.27 (0.008)* 0.27 (0.10) no 0.91

Grade level
efficiency

4.1 (0.7) 6.3 (1.2) yes 0.01

Table 5
Correlation of critical oculomotor parameters for reading

Correlated parameters R value Significant p value

SRML ratio vs. reading rate 0.13 No 0.52
SRSL ratio vs. reading rate 0.27 No 0.19
Binocular accommodative

amplitude vs. reading rate
0.43 Yes 0.03

NPC break vs. reading rate −0.51 Yes 0.01
Binocular accommodative

facility vs. reading rate
0.23 No 0.26

Vergence facility vs. reading rate 0.31 No 0.14
Reading rate vs. CISS score −0.37 Yes 0.03
Reading rate vs. VSAT percentile 0.35 Yes 0.04

(i.e., prior to any OMT) in individuals with mTBI
(Green et al., 2010b; Szymanowicz et al., 2012; Thi-
agarajan, 2012; Ciuffreda et al., 2007) (see Table 5).
Binocular accommodative amplitude (i.e., the max-
imum accommodative amplitude), which increased
significantly and normalized following OMT, signifi-
cantly correlated with reading rate. Similarly, the near
point of convergence (i.e., the maximum convergence
amplitude), which increased significantly following
OMT but did not normalize, significantly correlated
with reading rate (Thiagarajan, 2012).

The change in reading rate also significantly corre-
lated with two key non-oculomotor-based, but related,
visual parameters (Table 5). Nearwork symptoms sig-
nificantly decreased, and visual attention significantly
increased, with increase in reading rate following OMT.

This aforementioned change in reading rate did not
significantly correlate with two key clinical dynamic
parameters, which are frequently abnormal at baseline

in mTBI (Green et al., 2010b; Szymanowicz et al., 2012;
Ciuffreda et al., 2007). These were lens facility and
prism facility (Table 5).

Lastly, and of considerable interest and importance,
was the frequency of occurrence of an abnormality in
one or more of the three oculomotor subsystems based
on dual categorization, namely clinically-based and
laboratory-based parameters. The summarized findings
are presented in Table 6 for each of the 12 subjects
at baseline. For each subject, there are 6 possible cat-
egories of oculomotor abnormalities across the three
oculomotor subsystems tested (2 for each, i.e., clinical
and laboratory). If all subjects exhibited an abnormal-
ity for all three subsystems for both the clinical and
laboratory-based parameters, there would be 72 boxes
checked in Table 6. First, across subjects, 60 out of the
72 possible boxes were checked as “abnormal” (84%).
Second, 11 of the 12 subjects (92%) had at least one of
the categorized parameters (clinical/laboratory) abnor-
mal for all three subsystems. Only one subject (CR04)
demonstrated abnormality in two systems (version and
vergence). Accommodation was found to be normal
in this subject. Third, no subject had an oculomotor
abnormality in only one oculomotor subsystem. Lastly,
the greatest number of abnormalities was found in the
versional system and the least number in the accom-
modative subsystem.

In contrast to that found for the OMT, the ST did not
have a significant effect on any parameters assessed
(Thiagarajan, 2012). In the odd group of subjects who
performed oculomotor training first, there was no sig-
nificant difference (p > 0.05) between post-OMT and
post-ST measures, thus showing no effect of the ST.
Similarly, in the even group of subjects who performed
ST first, there was no significant difference (p > 0.05)
between baseline and post-sham measures, again thus
showing no effect of the ST.

5. Discussion

Reading constitutes one of the most important activ-
ities of daily living (ADLs) (Ciuffreda et al., 2006). As
mentioned in the Introduction, efficient reading requires
the precise coordination of both the lower-level, oculo-
motor (version, accommodation, and vergence) and the
higher-level, non-oculomotor (e.g., attention, linguis-
tic, cognitive, memory) processes (Reichle & Rayner,
2002). Since TBI produces a diffuse/global kind of
brain injury (e.g., coup-contrecoup) (Suchoff et al.,
2001; Greve et al., 2009), deficits in either the oculo-

Thiagarajan P et al. Oculomotor neurorehabilitation for reading in mild traumatic brain injury (mTBI): An 
integrative approach. NeuroRehabilitation 34 (2014) 129–146 

Øjentræning/blikstabilisering vs. samsynstræning

FIGURE 9.
Linear regression analysis of clinical parameters vs. the functional imaging parameters
(percent activation within an ROI and average correlation within an ROI). Clinical
parameters include NPC, RPC, BO positive vergence range (BO range), near dissociated
phoria, average 2° peak velocity (2° PeakVel), and average 4° peak velocity (4° PeakVel).
Imaging parameters are the percent volume active within an ROI and average correlation for
five ROIs studied. The correlation value is denoted in the scale bar. Parameters that are
strongly correlated are plotted in red whereas parameters that are weakly correlated are
plotted in blue.
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the opposite eye in the proximal convergence condition. 
In this way, it may be possible to determine whether the 
laterality of the activated areas in this experiment is the 
result of the experimental paradigm or whether it is asso-
ciated with the neural correlates of vergence. Such studies 
will also help to refine the assessment of overlapping and 
nonoverlapping areas of activation when these areas are 
compared between vergence paradigms.

A limitation of this study is that given the temporally 
sluggish haemodynamic response measured in fMRI, it is 
unclear whether the detected areas of activation are asso-
ciated with the sensory or motor portion of the vergence 
response. The sensory response is meant here to indicate 

the detection and processing of the required vergence 
response amplitude for the vergence stimulus, while the 
motor portion may consist of two sub- portions represent-
ing the neural correlates associated with the vergence 
eye movement and the neural correlates associated with 
sustaining the vergence posture after the vergence eye 
movement. Differences in the activated areas reported 
across studies might be partially accounted for by method-
ological differences in which one portion of the response 
(sensory or motor) is emphasised over a different portion 
of the response. Future studies in which techniques such 
as electroencephalography, which has a higher temporal 
resolution than fMRI, are employed, or perhaps using a 

F I G U R E  9  (a) Activation (Z > 2.3) in the disparity convergence (red- yellow) and voluntary convergence (blue- green) conditions. (b) Common 
areas of activation (Z > 2.3) in the disparity convergence and voluntary convergence conditions.

F I G U R E  1 0  (a) Activation (Z > 2.3) in the accommodative convergence (red- yellow) and voluntary convergence (blue- green) conditions. (b) 
Common areas of activation (Z > 2.3) in the accommodative convergence and voluntary convergence conditions. (c) Common areas of activation 
(Z > 2.3) in the accommodative convergence and disparity convergence conditions. (d) Common areas of activation (Z > 2.3) in the accommodative 
convergence and proximal convergence conditions.
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the opposite eye in the proximal convergence condition. 
In this way, it may be possible to determine whether the 
laterality of the activated areas in this experiment is the 
result of the experimental paradigm or whether it is asso-
ciated with the neural correlates of vergence. Such studies 
will also help to refine the assessment of overlapping and 
nonoverlapping areas of activation when these areas are 
compared between vergence paradigms.

A limitation of this study is that given the temporally 
sluggish haemodynamic response measured in fMRI, it is 
unclear whether the detected areas of activation are asso-
ciated with the sensory or motor portion of the vergence 
response. The sensory response is meant here to indicate 

the detection and processing of the required vergence 
response amplitude for the vergence stimulus, while the 
motor portion may consist of two sub- portions represent-
ing the neural correlates associated with the vergence 
eye movement and the neural correlates associated with 
sustaining the vergence posture after the vergence eye 
movement. Differences in the activated areas reported 
across studies might be partially accounted for by method-
ological differences in which one portion of the response 
(sensory or motor) is emphasised over a different portion 
of the response. Future studies in which techniques such 
as electroencephalography, which has a higher temporal 
resolution than fMRI, are employed, or perhaps using a 

F I G U R E  9  (a) Activation (Z > 2.3) in the disparity convergence (red- yellow) and voluntary convergence (blue- green) conditions. (b) Common 
areas of activation (Z > 2.3) in the disparity convergence and voluntary convergence conditions.

F I G U R E  1 0  (a) Activation (Z > 2.3) in the accommodative convergence (red- yellow) and voluntary convergence (blue- green) conditions. (b) 
Common areas of activation (Z > 2.3) in the accommodative convergence and voluntary convergence conditions. (c) Common areas of activation 
(Z > 2.3) in the accommodative convergence and disparity convergence conditions. (d) Common areas of activation (Z > 2.3) in the accommodative 
convergence and proximal convergence conditions.
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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

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

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.
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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

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

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.
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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.
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