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 Abstract 
Heightened awareness and interdisciplin-
ary management of traumatic brain injury 
(TBI) sequelae have become a significant 
public health issue. Typical TBI sequelae 
include impaired: cognition, sensory pro-
cessing, communication, and behavior. 
Sensory processing sequelae of TBI often 
include vision deficits since all four lobes 
of the brain impact visual function. This 
paper focuses on the frontal lobe’s inte-
gral role in motor planning, visual execu-
tive function, and motor learning. A 26-
year-old male, incurred a frontal lobe TBI 
when a nail gun misfired, damaging his 
left frontal and left parietal lobes.  Opto-
metric management is described for con-
sequent aspects of compromised visual 
function. 
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INTRODUCTION/
BACKGROUND
Definition and Epidemiology of 
Traumatic Brain Injury

TTraumatic brain injury (TBI) is de-
fined as a physiological disruption of 

brain function which is traumatically-in-
duced, sudden, non-progressive and non-
degenerative.1,2 TBI requires the presence 
of at least one of the following: an altered 
mental state, loss of consciousness, post-
traumatic amnesia, or focal neurological 
deficits.1 Common causes of TBI include 
falls, motor vehicle accidents, collisions 
with moving or stationary objects and as-
saults.3-10

Approximately 1.4 million people in the 
United States incur TBI yearly in the ci-
vilian population alone.3,4 This figure is 
likely an underestimate of the actual in-
cidence of TBI since it includes only the 
reported events where patients presented 
to the hospital for treatment immediately 
post-injury.3  
The burden to society is significant. Ap-
proximately 5.3 million people in the 
United States live with TBI and require 
some form of long-term assistance to 
complete their activities of daily living 
(ADLs).3-10  Although many of these TBI 
survivors are young, they are often unable 
to work due to limitations from their brain 
injury. Therefore, tax payers bear the fi-
nancial burden for direct medical fees and 
lost productivity estimated at approxi-
mately $60 billion in 2000.3

A range of 1.6 to 3.8 million sports- and 
recreation-related mild TBI (mTBI) 
where no immediate post injury atten-
tion is sought, is estimated to occur each 
year.3,10  For those with mTBI who actual-
ly do seek medical attention and undergo 
neuro-imaging, the resolution of standard 
neuro-imaging, magnetic resonance im-
aging, and computed tomography are not 
necessarily sensitive enough to identify 
the principal neurological cause of TBI, 
diffuse axonal injury.2-7,9-12 Consequently, 
many with mTBI are released from the 
hospital with normal neuro-imaging results 
and no neurological diagnosis.3,4

Regardless, those with mTBI who sought 
medical attention immediately, often ex-
perienced substantial deficits in ADLs, 
that may eventually require out-patient 
rehabilitation. Sequelae of mTBI may 
also include deficits in cognition, sensory 
processing, communication and behavior. 
These are collectively referred to as post 
concussion syndrome (PCS).4 Since PCS 
may take hours to weeks to manifest in 
mTBI, many with mTBI are perplexed 
about the onset and etiology of their 
symptoms.4 
The general symptoms3,4 of TBI, while 
multiple and often vague (Table 1), may 
require patients to seek assistance from 
several physicians and rehabilitation 
healthcare professionals. Each profes-
sional is a member of the interdisciplinary 
rehabilitation healthcare team and often 
works in concert with one another in as-
sisting patients regain function in daily 
living.3,4
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cortex has certain designated responsibili-
ties with respect to visual processing. Re-
fer to Table 3 for a cursory overview of 
the four lobes and associated visual func-
tion.22 Visual information may be compro-
mised either due to anomalies of the ac-
commodative and ocular motor systems, 
or anomalies in any of the four lobes of 
the brain. Disrupted visual information, in 
turn, may compromise higher-level visual 
processing. In other words, a sophisticat-
ed processing system is only as optimal as 
its input.2

Many ADLs, such as walking, reading, 
computer use, and driving, utilize vision as 
the primary sensory input. Further, many 
aspects of neuro-rehabilitation, including 
cognitive, vestibular, and occupational 
are also visually-driven. This preponder-

ant vision dependence required for per-
forming ADLs and neuro-rehabilitation 
techniques suggest that improving visual 
function may also benefit the patient’s 
overall function. Depending upon the 
nature of the vision anomaly, vision reha-
bilitation may be incorporated as neuro-
optometric rehabilitation, occupational 
therapy, or cognitive rehabilitation. Opti-
mizing visual function may consequently 
facilitate other rehabilitative aspects, im-
prove ADLs, and enhance overall quality 
of life  for the patient.
The Frontal Lobe: 
Neuroanatomy and Neuro-
Physiology Relating to Vision
 The two main responsibilities of the fron-
tal lobe in visual processing include visual 

Table 1. General Symptoms of Traumatic Brain Injury3,4

Pain/Systemic Cognition Sensory Processing Communication Behavior

- Fatigues easily
- Lacks energy
- Headache
- Neck pain

- Difficulty with short term memory
- Inability to sustain concentration
- Difficulty making decisions
- Decreased reaction time
- Slower speed of processing/overt actions
- Easily lost or confused with directions

- Dizziness/lightheadedness
- Nausea
- Increased sensitivity to lights
- Blurred vision
- Increased sensitivity to sounds
- Increased sensitivity to distractions
- Changes in smell/taste/ hearing
- Tinnitus

- Slower speech
- Aphasia

- Lacks motivation
- Mood swings
- Sleep disturbances

Table 2. Deficits of Vision Function, Principal Associated Symptom, and Percentage of Occurrence 
in a Visually-symptomatic TBI Sample2

Deficit of Principal Associated Symptom % of Occurrence in 
a Visually-Symp-

tomatic TBI 
Accommodation Blur 41%16-18

Tear Film Integrity Blur varies with blinking 19%14,15

Versional Ocular Motility Slower, inaccurate reading skills 51%16-18

Vergence Ocular Motility Eyestrain / diplopia eliminated with monocular occlusion 56%16-18

Visual-Vestibular Interaction Loss of balance and dizziness with difficulty in visually-stimulating environments 56-58%19

Light-Dark Adaptation Elevated light sensitivity 49%19

Visual Field Integrity Missing a portion of vision 38%20

Visual-perceptual Processing Slow reading Not reported

Table 3. Visual Processing and the Lobes of the Brain22

Lobe Role in Vision Function
- Occipital - Geniculo-striate pathway receiving visual input via the optic nerves, the optic tracts, and the optic radiations, in addi-

tion to the associated visual areas
- Temporal - Associated with perception, recognition, filtration, integration, and organization of auditory and visual stimuli

- Associated with perception of sequential visual stimuli
- Associated with memory and speech

- Parietal - Associated with visually guided movements, spatial orientation, pattern recognition, perception of simultaneous visual 
stimuli, and figure ground perception

- Frontal - Associated with general reasoning / problem solving, decision making / planning, spatial organization, planning and 
execution of visually-guided movements, visualization, emotional state, and speech

Vision and TBI 
There are approximately 1.4 million 
TBIs incurred in the United States annu-
ally. Cohen,2 on the basis of existing lit-
erature,11-20 estimated 30%2 present with 
neurological visual impairments (Table 
2). These may, or may not, resolve over 
time without intervention. This estimate 
of 30% is plausible given the extensive 
cortical innervation throughout all four 
lobes of the brain that impact visual func-
tion and the fact that many with TBI pres-
ent with axon damage traversing multiple 
cortical areas.11-21

The human brain obtains meaningful vi-
sual information with accurate input from 
the accommodative and ocular motor 
systems. Further, each lobe of the human 



Volume 21/2010/Number 1/Page 5Journal of Behavioral Optometry

executive functioning and motor plan-
ning.23 The frontal and occipital lobes 
are particularly susceptible to insult with 
TBI.24 Thus, understanding the role of the 
frontal lobe in visual processing is benefi-
cial functionally as well as structurally in 
optometric evaluation and management.2

The frontal lobe is anterior to the central 
sulcus and is bordered by the lateral sul-
cus. It comprises approximately one third 
of the human brain. The main areas of 
the frontal lobe discussed in the follow-
ing case report include the primary motor 
cortex, the premotor cortex, and the pre-
frontal cortex (Figure 1).23,25

The primary motor cortex (Brodmann’s 
Area 4) lies immediately anterior to the 
central sulcus and runs parallel to the 
precentral gyrus.23,25 It is somatotopically 
organized and is responsible for con-
trol of voluntary, skilled movements of 
the contralateral half of the body. It also 
controls the execution of visually-guided 
movements.  Injury to this area can lead to 
vision deficits such as inefficient visually-
guided movements (Table 4).25 -27

The premotor cortex (Brodmann’s Area 
6) lies anterior to the primary motor cor-
tex and contains the supplementary motor 
cortex. The premotor cortex, also somato-
topically organized, is involved with evok-
ing postural movements, as well as stor-
ing spatial information for the brain.23,25  It 
is therefore responsible for programming 
and preparing for movements and postural 
changes in conjunction with the primary 
motor cortex, corticospinal, and corti-
cobulbar fibers. 25 Injury to the premotor 
cortex may lead to vision deficits such as 
the inability to gauge visual-spatial rela-

tionships and properly initiate visual-mo-
tor planning (Table 4).23,25-29

The prefrontal cortex, which is the most 
extensive cortical region of the frontal 
lobe, lies anterior to the premotor cortex 
and is rich in connections with the pari-
etal, temporal, and occipital lobes via long 
associated fibers.23,25 The prefrontal cortex 
is responsible for higher-order cognitive 
functions including organization and mo-
tor planning actions, also referred to as 
visual executive functioning.23 Visual ex-
ecutive functioning refers to the ability 
to accurately initiate, shift, or sustain eye 
movements by utilizing spatial informa-
tion gathered from the premotor cortex. It 
also initiates visually-guided movements 
via the frontal eye fields and primary mo-
tor cortex.30,31 Injury to the prefrontal cor-
tex may impair versional ocular motility 
(i.e., fixation, pursuit, saccades) and ver-
gence ocular motility (i.e., convergence 
and/or divergence)30,31 (Table 4).  Deficits 
of versional ocular motility may be per-
ceived by the patient as either oscillopsia, 
blur while reading, and/or skipping lines 
or words while reading.
Two other areas of the frontal lobe are the 
frontal eye fields and Broca’s area. They 
are important in planning of eye move-
ments and speech, respectively.  The fron-
tal eye fields (Brodmann’s Area 8) lie 
anterior to the premotor cortex on the lat-
eral surface of the hemisphere.25 This area 
of the brain is involved in fixation, sac-
cades, and pursuit via a complex pathway 
involving the supplementary eye fields, 
basal ganglia, superior colliculus, cerebel-
lum, thalamus, and brainstem.25,26,30  It is 
this area that is responsible for voluntary 

oculomotor and saccadic eye movements. 
Unilateral damage to this area may result 
in an ipsi-lesional conjugate oculomotor 
deviation (ocular motor defect when look-
ing to the side of the cerebral damage).25 
The proper execution of saccades, how-
ever, requires frontal eye field involve-
ment to shift visual attention prior to the 
actual shift of gaze.31 This process, known 
as motor planning, dictates how the de-
cision is made prior to the actual shift of 
gaze. It regulates the shifting and sustain-
ing of gaze.29 Research shows that injury 
to the frontal eye fields may also result in 
impaired initiation of saccadic ocular mo-
tility (Table 4).32  
Lastly, Broca’s area, located in the infe-
rior frontal gyrus of the left hemisphere, 
is in the motor speech area of the brain. 
Broca’s area contains rich connecting fi-
bers with the ipsilateral temporal, parietal, 
and occipital lobes to coordinate language 
function.  Injury to Broca’s area may lead 
to Broca’s expressive aphasia, which is 
characterized by impaired speech initia-
tion while sparing language comprehen-
sion (Table 4).4,23

Fundamentals of Motor 
Learning and Motor Planning 
The neurophysiology and neuroanatomy 
of the frontal lobe is important because 
motor learning relies upon the prefrontal 
cortex. Motor learning involves estab-
lishing “an internal [visual spatial model] 
which represents the exact matching be-
tween perceived sensory and motor infor-
mation.”33 Motor learning is typically es-
tablished by an explicit phase and implicit 
phase.33 

Figure 1:  Neuroanatomy of the Frontal Lobe 

Table 4: Clinical Dysfunctions Secondary 
to Frontal Lobe Injury4,23,25-27,37

Affected Area Clinical Dysfunction

Primary Motor 
Cortex

Inability to execute an efficient visually 
guided movement

Premotor 
Cortex

Inability to gauge visual-spatial 
relationships and/or properly initiate 
motor planning

Frontal Eye 
Field

Inability to shift visual attention and gaze

Prefrontal 
Cortex

Deficits in executive function or 
combining information from the above 
areas in order to commence visually-
guided movements such as  saccadic 
eye movement

Broca’s Area Broca’s expressive aphasia, impairing 
speech initiation while sparing language 
comprehension
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The explicit phase, or initial stage, of 
motor learning involves gathering sen-
sory motor memories that are encoded in 
the dorsolateral prefrontal cortex.  These 
early sensory motor memories are based 
upon trial and error, extremely dependent 
upon feedback, and have a high attention-
al demand.33 Children demonstrate the 
explicit phase while progressing through 
various developmental stages. For ex-
ample, with visual motor learning, infants 
and toddlers take in sensory information 
based on their surrounding visual cues 
and use tactile stimulation as feedback to 
confirm or negate their visual perception. 
Based on these experiences, children be-
gin to develop a sensorimotor map with 
information about the spatial orientation 
of objects, localization of objects in rela-
tion to themselves, depth perception and 
even motor recruitment.33  
Once infants and toddlers gather a signifi-
cant amount of experiences, they begin to 
progress into the implicit phase of mo-
tor learning. This phase is more sophis-
ticated and highly-skilled than explicit 
motor learning. The implicit phase of 
motor learning typically involves an “un-
intentional, non-conscious form of learn-
ing characterized by behavioral improve-
ment” or improvement based on sensory 
information. Further, the implicit phase 
is rapid and automatic, involving wide-
spread sensorimotor control.33  
Ultimately, the goal of explicit and implic-
it phases of motor learning in vision is the 
transformation of visual cues into efficient 
motor responses or visually-guided move-
ments, based on repetitious experiences 
of correct sensory-motor matches.28,33-35   
These learned behaviors are encoded in 
the prefrontal cortex. Insult to this area 
may present with inaccuracies in depth 
perception, ocular motility, or a poor 
command of spatial awareness.33  Daily 
life implications may include: difficulties 
judging distances when driving, ambulat-
ing through busy streets without bumping 
into people or objects, and walking up and 
down stairs without mis-stepping. 
Motor Planning in the Premotor 
Cortex 
As stated previously, the premotor cor-
tex is responsible for the programming 
of motor responses to be executed by the 
primary motor cortex.25 Thus, neurons in 
the premotor cortex are responsible for 
initiating a virtual action plan based on 
the well-established sensorimotor map 
created in the dorsolateral prefrontal cor-

tex.33 The process of visualizing an 
action plan prior to its execution 
is referred to as motor planning.  
Motor planning utilizes work-
ing memory, which involves both 
temporary and long term memory 
storage. Working memory allows 
information to be gathered, main-
tained, and manipulated by the 
frontal cortex until it is ready for 
use in a behavioral task.23,34-42  
Motor planning is evident in both 
saccadic and vergence ocular mo-
tility. Preceding any physical eye 
movement, the premotor cortex 
initiates a covert, or internalized, 
action plan based on the surround-
ing visual input. This covert plan 
requires a shift of visual attention, 
which precedes an overt shift of 
gaze executed by the frontal eye 
fields.  Motor planning regulates 
covert decisions which are dependent on 
the visual spatial localization of objects. 
This process leads to the efficient overt 
execution of motor responses such as sac-
cadic and vergence ocular motility.23, 34-40 

The following case of severe frontal lobe-
related TBI illustrates the common visual 
and general symptoms associated with 
TBI. Furthermore, it exemplifies the use 
of frontal lobe processes, specifically 
motor planning, visualization, and motor 
learning, as well as the relationship be-
tween frontal lobe processing and neural 
plasticity.41,42  Finally, this case demon-
strates the incorporation of frontal lobe 
processing in standard neuro-optometric 
vision rehabilitation techniques to opti-
mize visual function, with possible asso-
ciated improvements in other aspects of 
rehabilitation and ADLs.
CASE REPORT
Case History
CK, a 26 year old Indian male construc-
tion worker, was working on the job when 
the nail gun he was using backfired.  A 
nail penetrated 3" into his left frontal and 
left parietal lobes. Subsequently, he was 
hospitalized for two weeks and under-
went neurosurgery. Once released from 
the hospital, CK reported significant vi-
sion symptoms to his ophthalmologist. 
The ophthalmologist, in turn, referred 
CK to the Raymond J. Greenwald Reha-
bilitation Center at the State University of 
New York, State College of Optometry for 
neuro-optometric evaluation and manage-
ment.   

Upon initial evaluation in September 
2007, CK was involved in cognitive and 
speech therapy. His presenting symptoms 
are summarized in Table 5. His personal 
and family medical and ocular health his-
tories were remarkable for hypertension, 
diabetes, thyroid disease, heart disease, 
cataracts, and glaucoma. CK was taking 
Acetominophen to control general body 
aches, valproic acid to control the severe 
headaches, and Antivert to control dizzi-
ness and vertigo. CK reported having no 
allergies to medications. 
Optometric Examination
CK’s optometric examination results re-
vealed uncorrected distance visual acu-
ities of 20/20 OD and 20/20 OS, but with 
delayed response times.  His unaided near 
visual acuities fluctuated from 20/20 to 
20/60 in each eye. There was no restriction 
of CK’s extraocular motility for either eye, 
nor was there evidence of nystagmus in 
primary gaze for either eye. Confrontation 
visual field testing revealed no restriction 
in any meridian for either eye. Pupils were 
equally round and reactive to light, with 
no relative afferent pupillary defect. Ocu-
lar health evaluation of the anterior and 
posterior segments was unremarkable for 
each eye, except for a reduced tear break 
up time in each eye. 
A refractive analysis revealed low hy-
peropia. Although retinoscopy indicated a 
correction of +1.75 DS at far, improved 
sustainable visual acuities with best cor-
rected vision of 20/20 under monocular 
and binocular conditions was achieved at 
far with +0.50 DS in each eye and at near 
with +1.25 DS in each eye. Since multi-

Table 5:  Symptoms for CK Upon 
Initial Presentation in September 2007
Vision symptoms: 
-  Distance and near blur
-  Eye strain and discomfort
-  Words becoming “jumbled” while he is reading
-  A necessity to re-read material for content
-  Increased sensitivity to light
-  Dizziness/feeling of spinning and overall 
      imbalance
General symptoms:
-  Fatigues easily
-  Flat emotions
-  Severe left-sided headaches with higher-level 
      cognition and verbal communication
-  Decreased speed of thought processing 
-  Short-term memory deficits
-  Expressive aphasia
-  Difficulty concentrating and easily distracted 
-  Easily confused with multiple-step instructions
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focal lenses are not typically prescribed 
for ambulation in those with TBI due to 
cognitive deficits and gait disturbances, 
two separate pairs of spectacles were pre-
scribed for CK.11,12 A distance spectacle 

prescription of +0.50 DS in each eye was 
given, as well as a separate reading pre-
scription of +1.25 DS in each eye. Both 
spectacle corrections incorporated anti-

reflective coating to partially alleviate the 
symptom of photosensitivity.
A sensorimotor vision evaluation con-
firmed comitancy of pursuit with no re-
strictions of extraocular motility. However, 
his eye movements were characterized by 
unsteady fixation, discomfort, and strain 
under monocular and binocular viewing 
conditions. Saccades were hypometric in 
all gazes, with increased latency, and a 
distinct deficiency in motor planning was 
evident under monocular and binocular 
viewing conditions.
Measurements for cover test, heteropho-
ria testing, vergence ranges, and Keystone 
Visual Skills were consistent with conver-
gence insufficiency, poor compensatory 
vergence ranges, decreased speed of fu-
sional recovery, deficits of saccades, and 
decreased motor planning.  Visual percep-
tual testing revealed severe deficits in: vi-
sual closure; visual sequential memory; vi-
sual simultaneous memory; slower speed 
of processing; difficulty with initiation of 
vision responses; and decreased motor 
planning ability. In addition, CK was di-
agnosed with convergence insufficiency, 
latent hyperopia, photosensitivity, and 
deficits of saccades. Two pairs of glasses 
and in-office neuro-optometric vision re-
habilitation (minimum of 40 sessions) 
was prescribed to address his symptoms 
and clinical signs. These symptoms and 
signs were associated with convergence 
insufficiency, deficits of saccades, and the 
associated visual processing deficits (i.e. 
slower speed of visual processing; visual 
memory deficits; difficulty with initiation, 
visualization and motor planning). 
Neuro-Optometric Vision 
Rehabilitation Paradigm 
Four main categories of vision skills were 
involved in CK’s neuro-optometric vision 
rehabilitation regimen: versional, ocular 
motor and vergence oculomotor, accom-
modative, and visual perceptual (Table 6).  
The principles involved in treating CK 
were the same as with a non-TBI vision 
therapy case,43 except for the significant 
emphasis on re-training CK’s visual ex-
ecutive function and motor planning abil-
ity. The vision therapy techniques used to 
train CK for ocular motility and accom-
modation are the same as are standardized 
and well described by Drs. Scheiman and 
Wick.43 They were, however, modified 
to incorporate motor planning, initiation, 
and repeatability to address CK’s needs 
related to the frontal lobe injury.2 In terms 
of visual perceptual processing, visualiza-

Table 6. Vision Training Categories and Techniques Performed 
for CK. Techniques denoted with asterisks (*) are described in the 

discussion
Category Techniques 
Versional  ocular motility 
(fixation, saccades, pursuit)

Monocular
*Four corner wall saccades: incorporate motor planning and visual    
motor integration (VMI)
*Standup rotating pegboard tracking: incorporate VMI

Binocular
Projected Hart Chart saccades
Hart Chart coordinates
Computerized fixation, saccades, and pursuit with visual motor 
integration 

Vergence ocular motility Brock string activities:
Walk-up
2 bead jump duction
3 bead jump duction 
*3 bead jump duction with yoked prism
Multiple string with yoked prism and balance board
Multiple string with prism flips and metronome

Two finger jump duction 
Pointer and straw
Mirror superimposition
*Vectogram vergence ranges with VMI
Life savers with motor planning
Computerized vergence training at near and projected with the follow-
ing targets:

Simultaneous perception
Flat fusion
Stereopsis
Random dot

Cheiroscope activities 
Fused base-in Van Orden Star training
Fused base-out Van Orden Star training

Accommodation Monocular accommodative facility
in free space
using lenses 
computerized

*Monocular accommodative control using transparent eccentric circle 
Biocular accommodative facility with lenses

Red rock 
Split spirangle vectogram 

Integrating accommodation and vergence while viewing base-out dis-
parity vectograms using plus lenses and base-in disparity vectograms 
using minus lenses as jump duction.

Visual perceptual skills Visual Perceptual / Visualization
*Room mapping
Parquetry Blocks

Direct copy
From memory / visualization

Visual memory (simultaneous, sequential, or spatial) using pencil and 
paper, or computerized programs

no delay and direct
with a delay and direct
*with a delay, direct, plus cognitive task 
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tion, accuracy, and speed; these were also 
trained for repeatability.2

The neuro-optometric vision rehabilita-
tion techniques for each category were 
administered in phases and are listed in 
order of increasing difficulty, with the eas-
iest techniques stated first (Table 7).33 The 
principal difference between standardized 
vision therapy techniques and those used 
for CK is the incorporation of motor plan-
ning. This motor planning emphasizes vi-
sual executive function in all four catego-
ries of the listed visual skills and involves 
creating a sensorimotor mismatch.2   
While there may be many ways of creating 
a sensorimotor mismatch, a common way 
of achieving this goal is by using yoked 
prisms. Yoked prisms create a sensorimo-
tor mismatch by physically changing the 
angle that light enters the eye, shifting 
the virtual location of the visual spatial 
world in the direction of the apex of the 
yoked prisms. With the yoked prisms in 
place, the patient is asked to make an eye 
movement, which may be conjugate (i.e., 
pursuit or saccade) or disconjugate (i.e., 
convergence or divergence).  By altering 
the visual (i.e., sensory) input and hav-
ing the patient try to make the appropriate 
eye movement (i.e., motor response) for a 
given task, the concept of explicit motor 
learning is elicited. This places the patient 
in an unfamiliar visual environment that 
must be explored through visual-motor 
responses.  Using physiological diplopia, 
localization, and visual motor feedback, 

the patient creates synapses that are need-
ed to access his or her already established 
sensorimotor map. Modifying standard-
ized training techniques with frontal lobe 
injury may seem elusive. Examples of 
how selected techniques were modified 
for CK’s vision rehabilitation regimen in 
each of the four categories of vision reha-
bilitation are described below.   
Versional Ocular Motility. Two spe-
cifically modified versional oculomotor 
therapies used in training CK include four 
corner wall saccades and stand up rotat-
ing pegboard tracking (Table 6).  With 
these two techniques, the modifications 
used were visualization and motor plan-
ning. CK was instructed to first visualize 
the eye movement in his mind and then 
initiate the motor response. The motor 
response was initiated as part of the mo-
tor planning cascade of the frontal lobe to 
permit proper muscle recruitment prior to 
the execution of the motor response.  
For example, motor planning with four 
corner wall saccades began with CK hold-
ing a laser pointer directed to the middle 
of the wall while he visually fixated the 
spot.  Then, CK was instructed to visual-
ize the area in the upper right hand cor-
ner of the wall, plan to move his eyes 
efficiently to that corner, and then make 
the efficient saccadic eye movement to 
that corner. Once the eye movement was 
made, CK was instructed to remain fixat-
ing on the corner for five seconds.  After 
this time CK was instructed to move the 

laser pointer to the upper right hand cor-
ner where his eyes were fixated, allow-
ing feedback based on a visually-guided 
movement.  CK then repeated this move-
ment for all of the four corners proceeding 
clockwise and then counter-clockwise. 
This activity reinforces visualization, with 
the creation of a virtual action plan in the 
premotor cortex, in conjunction with the 
sensorimotor map and motor feedback 
based on visual input, as well as motor 
planning.28,29,33  
This concept of motor planning can also 
be applied to the stand up pegboard rota-
tor.  While holding a handheld medium 
sized loop in one hand, CK was instructed 
to track a single peg with his eyes and 
maintain the handheld loop centered 
around the peg as it rotates around on the 
pegboard in a clockwise or counterclock-
wise fashion. By holding the loop half-
way between the rotating pegboard and 
CK’s eye, a sensorimotor mismatch was 
created, such that a new experience may 
be encoded in his prefrontal cortex.33 The 
mismatch here lies in the working dis-
tance of the loop.  If the loop is positioned 
closer to the patient’s eye, then the task is 
less challenging since the rotation of the 
loop is much smaller and correlates to the 
rotation of the eye itself.  If the loop is po-
sitioned farther from the patient’s eye and 
closer to the peg, then its rotational cir-
cumference is larger and more similar to 
that of the peg, than to that of the patient’s 
eye. Therefore, if the loop is positioned in 
between the eye and the peg, its rotation 
matches neither that of the eye or the peg, 
forcing the patient to experiment in visual 
space, just as is evident in explicit motor 
learning.    
Vergence Ocular Motility. Motor plan-
ning may be incorporated with vergence 
oculomotor therapy. It relies heavily upon 
proprioceptive feedback through visual 
motor integration and physiological dip-
lopia.  A few specialized vergence thera-
pies of note include vectogram ranges 
with visual motor integration and Brock 
string three bead jump duction technique 
with yoked prism (Table 6).  
When training with vectograms, the sen-
sorimotor mismatch is inherent to each 
vectogram through the perception of 
SILO (smaller in, larger out).  Since this 
visual perceptual concept may be foreign 
to the brain, a new visual environment 
where motor learning can take place is 
created.  While holding a pointer, CK was 
instructed to localize the perceived vecto-
graphic image using the pointer. This ac-

Table 7.  Phases of Neuro-Optometric Vision Rehabilitation for CK
Phase I Objectives
- Develop rapport: Define realistic goals, objectives, and guidelines
- Establish feedback scale (level of difficulty)
- Establish awareness of physiological diplopia
- Improve accuracy of: large angle saccadic; pursuit eye movement; monocularly then 

binocularly, including fixation with motor planning of ocular motility 
- Normalize accommodative amplitude 
- Develop plus lens acceptance, ability to relax accommodation, emphasize motor plan-

ning and initiation of accommodation
- Establish feeling of convergence and divergence

Phase II Objectives
- Improve small and moderate angle saccadic and pursuit eye movements with motor 

planning  
- Normalize accommodative facility, emphasizing initiation and control of the accommoda-

tive system 
- Develop robust positive/negative fusional vergence with visual motor integration 
- Develop ability to visualize changes in versional ocular motility, vergence ocular motility, 

and accommodation 

Phase III Objectives
- Decrease latency of saccadic/pursuit/vergence/accommodative ocular motility 
- Reinforce accommodative stamina; improve accommodative-vergence interaction  
- Automate ability to localize objects with precise visual spatial command 
- Increase speed of overall visual processing 
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tive participation triggers explicit motor 
learning. It re-establishes connections to 
the sensorimotor map of the dorsolateral 
prefrontal cortex via visual motor integra-
tion.33 Additionally by using physiologi-
cal diplopia of the pointer to localize the 
image in space, it provides the brain with 
the necessary feedback regarding whether 
both eyes are processing visual informa-
tion simultaneously. 
Another example of creating a senso-
rimotor mismatch involves using vertical 
yoked prism of a moderate amount (e.g., 8 
to 10 prism diopters) in conjunction with 
Brock String jump ductions with three 

beads. The yoked prism alters the angle of 
visual input and essentially changes sen-
sory information. With CK motor learn-
ing was employed by requiring his eyes to 
verge appropriately at the bead of regard 
through the vertical yoked prism.  CK 
received feedback, in the form of physi-
ological diplopia of the strings.  Addition-
ally, by using the location of where the 
strings cross in reference to the bead of 
regard, provided CK with information as 
to whether his eyes were properly aligned 
on the target.  
Accommodation. Motor planning may 
be used in accommodative training in 

the pre-presbyopic population through 
accommodative control, as evident with 
monocular accommodative control with 
transparent eccentric circles (Table 6).  
While one of CK’s eyes was patched, he 
was instructed to hold a single transparent 
eccentric circle card at approximately 40 
cm viewing distance. CK was instructed to 
look through the eccentric circle with the 
unpatched eye and allow the figure to go 
out of focus (i.e., become blurred) by vol-
untarily relaxing his accommodative state.  
Once defocused, CK then had to increase 
his accommodative state until the print on 
the transparent eccentric circle card was 

Table 8: Sensorimotor Vision Data
Test Category Test Result September 2007 Result from April 16, 

2009, unless noted 
otherwise  

Comparison of the two 
examinations

Distance 
testing

uncorrected with +0.50 DS OD, OS with +0.50 DS OD, OS

Cover test 4 prism diopters (∆) 
exophoria

Orthophoria Improved 4 prism diop-
ters (∆)

Von Graefe 3 ∆ exophoria 1 ∆ exophoria Improved 2 ∆

Distance negative fusional vergence x/8/2 x/12/6 Difference Range: 
x/+4/+4

Distance positive fusional vergence x/12/-4 x/12/6 Difference Range: 
x/same/+10

Keystone visual skills (tests 1 and 4) Moderate undercon-
vergence beyond the 
expected range

Mild underconvergence 
within the expected 
range

Improved to be within the 
expected range

Keystone visual skills (test 2) No vertical deviation 
evident 

No vertical deviation 
evident

Stable

Near testing uncorrected with +1.75 DS OD, OS 
unless otherwise noted

with +1.75 DS OD, OS 
unless otherwise noted

Cover test 4 ∆ exophoria 4-6 ∆ exophoria, with 
sensorimotor fusion

Stable, gained aware-
ness of sensorimotor 
fusion

Von Graefe 7 ∆ exophoria 9 ∆ exophoria Changed: -2 ∆

Keystone visual skills (tests 10 and 
11)

Moderate undercon-
vergence beyond the 
expected range

Mild underconvergence 
within the expected 
range

Improved to be within the 
expected range

Near negative fusional vergence 11/20/18 X/24/18 Difference Range: x/+4/
same

Near positive fusional vergence 6/18/0 X/18/9 Difference Range: 
x/same/+9

Near point of convergence 5”/8”, with difficulty sus-
taining fusion

3” with good sensory mo-
tor fusion (03/26/09)

Improved 2” with sustain-
ability

Negative relative accommodation +1.00D +1.75D Gained +0.75 D
Positive relative accommodation -0.50D -1.00D Gained -0.50 D
Stereopsis 25” arc (improved to 

20” arc with +0.50 DS 
OD,OS)

50” arc Decreased 30” arc

King Devick #1 :58 seconds
#2 :45 seconds
#3: 48 seconds

#1 : 90 seconds
#2 : 85 seconds
#3:  95 seconds

#1 : 32 seconds longer
#2 : 40 seconds longer
#3:  47 seconds longer

Computerized 
Perceptual 
Testing

Visual closure 7/1/1 very low 8/6/9 below average Improved 1/5/8
Visual sequential memory 6/3/1 very low 4/5/3 very low Stable -2/+2/+2
Visual simultaneous memory 5/4/3 low 3/3/1 very low Decreased -2/-1/-2
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precisely focused using fine accommoda-
tive control and motor planning.   
Visual Perceptual Processing. In this 
area, important concepts to emphasize, 
either in free space or using computerized 
programs, include visualization and speed 
of visual processing.  
A technique for visualization that can be 
performed in free space, is room mapping 
(Table 6). CK was instructed to visualize a 
blueprint of his home and record in a tape 
recorder the exact steps and path taken 
to walk from one point to another in his 
home. Once the recording was completed, 
CK listened to his own instructions and 
followed the directions, while obtaining 
direct feedback as to whether the visual-
ization was correct. When an error was 
made, CK returned to the starting point, 
re-visualized the path, and then re-com-
menced the task. 
Speed of visual processing can be elicit-
ed by training sequential or simultaneous 
visual memory, using pencil and paper or 
via computerized programs. Simultaneous 
visual processing using a tachistoscope 
may be modified to employ a higher-level 
of processing by requiring increased work-
ing memory and manipulation in the fron-
tal cortex. CK was instructed to remember 
the characters presented tachistiscopically 
and then manipulate them in his mind. 
Examples of such manipulations include 
performing math calculations in a given 
sequence of numbers and ultimately re-
membering the original sequence shown. 
One can also form two small words from 
the letters presented while remembering 
the original sequence of letters shown.  
Vision Rehabilitation Results 
for CK
After 50 sessions of in-office vision ther-
apy, using the regimen outlined in Tables 
6 and 7 in conjunction with associated 
home-based activities, CK regained sig-
nificant function in many of his ADLs. He  
reported improved fluidity of speech, im-
proved speed of visual processing, and re-
duced light sensitivity.  Despite persistent 

left-sided headaches with associated eye 
pain, CK reported being able to read for 
ten minutes consecutively with good com-
prehension of the material.  Re-evaluation 
of optometric findings after 50 sessions of 
in-office vision rehabilitation revealed an 
improvement in many of his ocular find-
ings (Table 8).  
Although CK showed improvements in 
most areas, his overall scores on some 
tests decreased relative to his initial exam-
ination.  It is important to understand that 
numeric grading systems are typically re-
quired to quantify improvement. In cases 
such a CK, the recorded numbers are not 
necessarily proportional to the quality of 
improvements experienced by the patient. 
Therefore, a balance between the patient’s 
reported symptoms and changes in clini-
cal signs upon re-evaluation is required in 
determining the degree of improvement 
evident in patients with TBI.
DISCUSSION
When designing a regimen for neuro-op-
tometric vision rehabilitation, the etiology 
of the TBI guides the approach, goals and 
expected outcomes of therapy. The foun-
dation of binocular vision is based on the 
utility of the sensorimotor map encoded 
by the prefrontal cortex.33 Consequently, 
frontal lobe injury may impede the ef-
ficiency and sustainability of vergence 
ocular motility, versional ocular motility, 
and accommodation, as well as the overall 
speed of visual processing. 
In the case of CK, his frontal lobe-related 
TBI impacted his motor planning and vi-
sualization. Therefore, concepts of motor 
learning, were incorporated in his vision 
rehabilitation regimen. To further ensure 
the re-acquisition of efficient sensorimo-
tor visual function, CK’s prior experienc-
es encoded in his prefrontal cortex, were 
accessed via sensorimotor matching and 
neural plasticity reinforced through rep-
etition.33,38,41,42 The ultimate goal of CK’s 
rehabilitation was to re-establish access 
to his sensorimotor map by creating sen-
sorimotor mismatches. This simulated his 

motor learning.2,33  A few additional ele-
ments were also required for success in 
vision rehabilitation (see Table 9).2,38,41,42

The elements in Table 9 are based on and 
enhanced by the existence of neural plas-
ticity. Throughout the entire vision reha-
bilitation regimen, highly-motivating and 
detailed visual stimuli should be utilized 
when possible to elicit active participation 
from the patient.  Developing proper motor 
responses to a visual mismatch facilitates 
explicit learning. It forces one to try to ac-
cess the previously developed sensorimo-
tor map in the dorsolateral prefrontal cor-
tex. Providing feedback to the patient is a 
pre-requisite for motor learning. Feedback 
may be provided in many ways including 
instructions and comments from the op-
tometrist, physiological diplopia, or visu-
al-motor responses, to name a few. Rep-
etition of the tasks is where home vision 
rehabilitation becomes important. This 
allows visual-motor responses where one 
gradually moves from explicit to implicit 
learning. As patients are able to perform 
basic vision tasks in-office, multi-sensory 
tasks may be introduced to help the ba-
sic vision task become more automated. 
In addition, problem solving or high-level 
cognition may be incorporated with visual 
processing techniques. 
CK’s success in vision rehabilitation was 
achieved by implementing the neuro-op-
tometric vision rehabilitation regimen 
outlined in Tables 6 and 7, as well as in-
corporating the seven elements listed in 
Table 9, and employing the principles of 
motor planning, visualization, and motor 
learning.  
CONCLUSIONS 
With the increasing occurrence of TBI in 
the United States and the world, knowl-
edge of associated symptoms and interdis-
ciplinary management is of public health 
significance. Through diffuse axonal inju-
ry and shearing, deficits after TBI may be 
widespread. They can include deficits of 
cognition, sensory processing, communi-
cation, and behavior. With respect to sen-
sory processing, vision deficits are mani-
fest in approximately thirty percent of the 
reported TBI cases annually in the United 
States. This percentage is highly probable 
since all four lobes of the brain contribute 
to visual function and DAI often traverses 
across multiple lobes. Vision may likely 
become impaired secondary to TBI. This 
can include anomalies of: accommodation, 
tear film integrity, vergence, versional oc-
ular motility, visual-vestibular interaction, 

Table 9.  Elements for Success in 
Neuro-Optometric Vision Rehabilitation

-  Proper motor responses to a visual mismatch
-  Feedback system
-  Repetition
-  Multi-sensory tasks, especially those involving visual motor integration
-  Problem-solving, or higher-level cognition, tasks when possible
-  Highly-motivating, detailed visual stimuli
-  Active participation from a motivated patient
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visual fields, light/dark adaptation, and 
visual speed of processing.  
Even though all four lobes contribute to 
vision processing, the frontal lobe is in-
tegral to all aspects of visual function. 
It is responsible for coordinating the ex-
ecution of visually-guided movements 
through motor planning, visual executive 
functioning, and motor learning. Distinct 
neurological pathways for accommoda-
tion, saccades, pursuit, and vergence exist. 
Neurological commonalities are evident 
with the frontal lobe-driven processes of 
motor planning and visual executive con-
trol. Both of these functions are integral 
in motor learning, neural plasticity, and 
neuro-optometric vision rehabilitation 
regimen.
Even with frontal lobe injury, neural plas-
ticity remains applicable via repetition and 
experience-based motor learning. Neuro-
optometric vision rehabilitation is viable 
as an option to optimize visual function in 
frontal lobe-related TBI, as was performed 
with CK.  Although CK is an example of 
severe and penetrating frontal lobe TBI, 
his case demonstrates that specific vision 
rehabilitation techniques are not critical in 
those with frontal lobe-related TBI; rather 
the incorporation of underlying philoso-
phies is far more important in neuro-opto-
metric vision rehabilitation. Specifically 
these elements should include: motor 
learning, motor planning, visualization, 
speed of visual processing in executive 
functioning, and repetition. Consequent to 
improved visual function with neuro-op-
tometric vision rehabilitation, the ability 
to perform other aspects of overall reha-
bilitation and ADLs may also improve. 
This should enhance the person’s overall 
quality of life, as occurred with CK. 
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