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Abstract 

Aim 

Considering the extensive neural network of the oculomotor subsystems, global 

damage as a result of traumatic brain injury could compromise precise oculomotor 

control, thus causing reading dysfunction. The aim of the present thesis was to evaluate 

comprehensively the effect of oculomotor-based vision rehabilitation in symptomatic 

individuals with respect to nearwork and reading and having a mild traumatic brain injury 

(mTBI). A wide range of laboratory and clinical parameters related to reading involving 

vergence, accommodation, and version were tested.  

 

Methods 

Twelve subjects with documented mTBI and nearvision-related symptoms 

participated in the study. A cross-over, interventional experimental design was used 

involving true “oculomotor” training and “SHAM” training. Each training protocol was 

performed for 6 weeks, 2 sessions a week, 45 minutes of actual training per session. 

During each training session, all three oculomotor subsystems 

(vergence/accommodation/version) were trained for 15 minutes each in a randomized 

order.  All laboratory and clinical parameters were measured before (baseline) and after 

true oculomotor (post-OMT) and SHAM (post-SHAM) training.  In addition, nearvision-

related symptoms were assessed using the Convergence Insufficiency Symptom Survey 

(CISS) scale. Lastly, subjective attention was measured using the Visual Search and 

Attention Test (VSAT).  



 

  iv 

Results 

Following true oculomotor training, there was a marked improvement in various 

laboratory and clinical parameters assessed. Over 80% of the abnormal parameters found 

at baseline testing were found to significantly improve with training. Dynamics of 

vergence and accommodation, along with clinically assessed maximum amplitudes, 

improved markedly. Versional saccadic eye movements demonstrated improved 

rhythmicity and accuracy. These results together had a significant positive impact on 

overall reading ability. The improved reading-related oculomotor behavior was reflected 

in reduction of symptoms. In addition, subjective attention was found to also improve 

with true oculomotor training. In contrast, none of the aforementioned parameters 

changed with SHAM training.  

 

Conclusions 

Oculomotor-based vision rehabilitation had a strong positive effect on reading-

related oculomotor control. This oculomotor learning effect is suggestive of intact 

neuroplasticity mechanisms in a compromised brain following TBI.   
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Chapter 1 TRAUMATIC BRAIN INJURY – AN OVERVIEW 

 

1.1 Definition and classification  

Traumatic brain injury (TBI) is defined as any structural damage caused by an 

external force to the brain and its associated structures (e.g., cranium) resulting in 

physiological disruption of brain function (VA/DoD, 2009). Immediately following such 

an event, it presents with at least one of the following clinical symptoms/signs: 

► Any period of loss/decreased/altered state of consciousness, such as 

confusion, disorientation, etc. 

► Any type of memory loss (retrograde/anterograde events); 

► Presence of an intracranial lesion; 

► Any neurological deficit (e.g., sensory/motor/perceptual), such as altered 

vision, balance problems, speech abnormalities, etc.  

 

It is of sudden onset, non-congenital, non-genetic, non-developmental, and non-

degenerative in origin. It is commonly referred to as “head trauma”, which encompasses 

both intracranial and extracranial involvement resulting from either blunt or penetrating 

type of injuries. The Centers for Disease Control and Prevention (CDC) estimated 

approximately 1.7 million people surviving a TBI in the United States, and it is the 

leading cause of mortality and disability in the U.S. (Faul et al., 2010). It is a major 

medical, optometric, social, economic, national, and public health issue in the United 

States (Suchoff et al., 2001a). Motor vehicle accidents (MVA), falls, assaults, gunshot 
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wounds, work-related injuries, etc., are some of the most common causes of TBI 

(VA/DoD, 2009).  Clinically, at the time of injury, the acute severity of the TBI is 

conventionally classified into mild, moderate, and severe based on the Glasgow Coma 

Scale (GCS), length of coma (LOC), post-traumatic amnesia (PTA) (Kushner, 1998), and 

more recently, also based on neuroimaging results and alteration of consciousness (AOC) 

or mental state (Table 1.1)  

Criteria Mild Moderate Severe 

LOC 0-30 minutes >30 minutes and <24 hours > 24 hours 

AOC Up to 24 hours >24 hours 
Severity based on other 

criteria 

PTA ≤1 day          >1 and < 7 days >7 days 

GCS 13-15 9-12 3-8 

Structural 

imaging 
Normal Normal/abnormal Normal/abnormal 

Table 1.1: Clinical classification of severity of TBI (Adapted from VA/DoD (2009) Clinical Practice 

Guidelines  

 

 

 

1.2 Mechanisms and Pathophysiology of TBI 

Based on the underlying mechanisms and timeframe involved, TBI has also been 

categorized as having primary and secondary injuries (Werner & Engelhard, 2007; Greve 

et al., 2009).  The primary injury refers to the initial mechanical force that lasts for about 

100 milliseconds involving deformation/fracture of the skull, separation of sutures, skull 

vibration, movement of brain structures with respect to the skull, etc., thereby resulting in 

physical damage to the underlying structures, such as twisting, stretching, and shearing of 
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the neurons. In a typical blunt (closed-head) form of injury, where the head strikes 

against a stationary object, these mechanical forces are predominantly of an acceleration-

deceleration nature, with a rotational component (Holbourn, 1943).  It is commonly 

referred to as coup-contrecoup phenomenon (Figure 1.1), in which regions both at the site 

of impact and opposite to the impact site are both affected primarily, along with the 

structures in between them. This is due to the brain structures coming into direct contact 

against the inner cranium, thus causing multiple contusions, and also by the secondary 

pressure waves that propagate across the 2.5lb jello-like brain mass.    

 

 

Figure 1.1: Coup-contrecoup mechanism of head injury (Cross-sectional head adapted from istock 

photo listed on google images) 

 

Biomechanical theories have proposed that two inertial forces cause damage to 

the underlying brain tissue (Greve et al., 2009). They are (i) linear acceleration and (ii) 
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rotational acceleration.  While linear acceleration is believed to produce superficial brain 

damage (e.g., gray matter) that results in contusions and hemorrhages, rotational 

acceleration  forces are believed to cause deeper cerebral white matter disruption (e.g., 

corpus callosum, midbrain areas). However, in a penetrating injury (open-head), the most 

important factors that determine the outcome include the actual location of the injury and 

the object’s trajectory.  

 

In contrast to the primary injuries, secondary injuries are of a non-mechanical 

nature, and furthermore occur with delayed clinical presentation (i.e., days, weeks, or 

months later). The recovery from TBI is mainly determined by the severity of these 

secondary injuries. They occur as a result of a cascade of biomolecular, biochemical, and 

physiological events (Figure 1.2) that are triggered by the primary injury at the cellular 

level, thus causing degeneration of neurons, axons, glial cells, etc. It primarily involves 

cellular excitotoxicity from glutamate release, altered calcium homeostasis, and oxygen 

depletion that cause inflammation, edema, and cell death. Following a primary injury, 

there is a release of excitatory amino acids (e.g., glutamate) causing increased calcium 

influx, thus resulting in massive depolarization of neurons, glial cells, and cerebral 

vascular endothelial cells. This excess of intracellular calcium facilitates oxygen radical 

reactions and increased nitric oxide production, and their subsequent release.  The nitric 

oxide participates in oxygen radical reactions and lipid peroxidation in adjacent cells, 

with concomitant excitatory amino acids release. Excitotoxicity occurs as a result of 

changes in the presynaptic and postsynaptic glutamate receptors (i.e., AMPA & NMDA). 
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This vicious cycle of increased glutamate, nitric oxide, and free radical concentration 

triggers a number of biochemical events that destroy cellular structure and function. For 

example, excess calcium affects mitochondrial function, and nitric oxide production 

could lead to DNA fragmentation. Thus, the prognosis of TBI is based on the extent and 

severity of the above cascade of biochemical events (Greve et al., 2009; Werner & 

Engelhard, 2007).  

 

 

 

 

Figure 1.2: Cascade of biochemical reactions in TBI 

 

The key pathologic feature of TBI (especially in mTBI and close-head injury) is 

diffuse axonal injury (DAI), also known as an axonal shear injury, caused by shear-strain 

Primary Injury 

(initiated by  

mechanical force) 

Secondary Injury 

(Biochemical reactions) 
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injury from rotational acceleration forces (Hammoud & Wasserman, 2002). Due to 

differential movement of parts of brain in relation to the one another, as well as variation 

in tissue consistencies, the exact mechanism and location of DAI varies across the 

different brain regions. However, it predominantly occurs at the subcortical white matter. 

Microscopically, DAI presents as stretching, twisting, degeneration of axons, loss of 

myelin sheath, loss of white matter tracts density, axonal swelling, etc., These shear-

related injuries commonly occur at the white-gray matter junction, corpus callosum, 

midbrain areas, superior colliculus, as well as other brain regions (Meythaler et al., 2001). 

DAI has been a challenge to image, especially in mTBI, since conventional CT and MRI 

scans are usually unremarkable despite the presence of more general neurologically-

based symptoms, such as poor concentration, vision and balance problems, cognitive 

deficits, etc (Cicerone & Kalmar, 1995; Suchoff et al., 2001b) However, recent advances 

in neuroimaging show promise.   

 

1.3 Neuroimaging in TBI  

  Neuroimaging plays a critical role in the diagnosis and treatment of TBI.  Since 

TBI results in a spectrum of structural and functional consequences, with these ranging 

from skull fractures to hemorrhage, axonal shear injury to ischemia, attentional 

dysfunction to cognitive disability, etc., no single brain imaging technique could detect 

all of the diverse abnormalities found in TBI. With advancing medical technology and 

instrumentation, a wide range of structural (e.g., CT, MRI, DTI) and functional (SPECT, 

PET, fMRI) brain imaging techniques have evolved that are sensitive to diagnose the 
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underlying pathology (Bigler, 2011; Anderson et al., 2011). While structural brain 

imaging is important for the diagnosis and management, both at the acute and chronic 

stages following injury, functional imaging serves to monitor behavioral changes and 

prognosis as a consequence of the injury. Furthermore, the time of imaging is very 

important, since neuropathological events constantly change from a few hours to several 

weeks after the primary injury, or even longer. While a visible pathology (as in moderate 

to severe TBI) is relatively easy to detect using conventional imaging techniques, i.e., CT 

and MRI, these techniques are quite insensitive to diagnose lesions in mTBI, in which 

changes happen predominantly at the microstructural level (McAllister et al., 2001; 

Provenzale, 2010; Gonzalez & Walker, 201) . In a typical mTBI event (e.g., MVA) 

involving rotational forces impacting on the brain, deeper white matter (WM) regions are 

sheared (Greve et al., 2009). It is well known that the normal functioning of the brain is 

based on its connectivity via WM tracts for integrating information across regions 

(Bazarian et al., 2007).  Being as small as 20-30 microns in size, these fiber tracts are 

vulnerable to mechanical forces from head trauma resulting in DAI. Since 70-80% of all 

TBI is classified as mTBI (Kraus et al., 1994; VA/DoD, 2009), a more sensitive 

technique with better resolution is required to detect such lesions that occur in the 

majority of such individuals. Newer techniques are being developed to optimize the 

diagnosis of DAI, especially in mTBI, and furthermore to correlate structural changes 

with functional abnormality. One such technique is diffuse tensor imaging (DTI), which 

is briefly discussed below, as it is highly relevant to the current study population (mTBI). 

The following chapters will consider only mTBI.  
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 DTI is a non-invasive, MRI-based technique, in which water molecules exposed 

to a strong magnetic pulse are evaluated based on the emitted radiofrequency waves 

(Bigler, 2011). The structural integrity of white matter tracts is assessed via water 

molecule diffusion along the fiber tracts. The technique uses the principle of “anisotropic 

diffusion”, in which the water molecules across nerve fibers move more rapidly along the 

parallel direction than in the perpendicular/radial directions. This diffusion is measured 

using a “fractional anisotropy” (FA) value. It ranges from 0 to 1, where 0 denotes 

isotropic diffusion (equal along all directions), and 1 denotes anisotropy (diffusion is 

maximum along one direction only). Based on the myelin sheath and surrounding cell 

membrane properties, this FA value of the white matter tracts varies across brain regions. 

Using this information, tissue integrity at a specific region can be measured and 

quantified. Abnormal diffusion characteristics would reflect disruption of cytoskeletal 

structure affecting the axonal transport.  In general, an intact white matter tract 

(depending on the region measured) is expected to have a high FA value (close to 1), 

since the normal axonal membrane, myelin sheath, neurofilaments, etc., are directionally 

restricting water molecule diffusion (e.g., corpus callosum). However, following damage 

to these structures, the FA value decreases due to increased diffusion (Maruta et al., 

2010; Niogi & Mukherjee, 2010).  This in turn causes the mean diffusivity (average rate 

of diffusion from all directions) to increase, thus demonstrating reduced structural 

integrity. Several studies have been conducted to document WM pathology following 

mTBI, and they have correlated this FA value with that of some barometer of functional 

performance (e.g., cognitive ability) (Maruta et al., 2010; Zhang et al., 2010). A majority 
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of the studies report a decrease in FA value and an increase in the mean diffusivity during 

the acute stages of injury due to the disruption of parenchymal structure. In contrast, a 

few other studies have demonstrated increased FA values at the acute stages, with this 

being attributed to the axonal swelling that restricts water diffusion (Bazarian et al., 2007; 

Mayer et al., 2010). However, axonal swelling is also thought to increase the FA value by 

reducing the interstitial space. Due to these controversial reports of increased/decreased 

FA values following mTBI, the typical biomarkers for mTBI diagnosis using the DTI 

technique are still elusive. Greater sensitivity and reliability, with improved analysis 

methods, are warranted in the diagnosis and prognosis prediction in mTBI.  
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Chapter 2 SEQUELAE OF TBI 

2.1 General sequelae of TBI 

Based on the severity and location of the injury, the TBI results in a spectrum of 

dysfunctions involving physical, behavioral, cognitive, and emotional aspects, to name a 

few (Arlinghaus et al., 2011). In such a global injury, occurrence of an isolated 

dysfunction is very rare, and furthermore these injuries interact to produce a myriad of 

symptoms affecting the overall quality of life of an individual with TBI. Recovery from 

TBI is determined by the magnitude of these dysfunctions. Hence, evaluation of all these 

functions is critical to the diagnosis and management to improve the prognosis and 

subsequent treatment. Figure 2.1 shows the constellation of deficits as a consequence of 

head trauma, with examples for each type of dysfunction. These specific system 

abnormalities present with more general symptoms, such as headache, fatigue, dizziness, 

altered sleep pattern, etc.,  

 

Amongst the myriad of deficits, cognitive impairment is one of the most 

commonly occurring dysfunctions following TBI, even at mild level. Along with the 

midbrain areas which are prone to shearing injuries from the coup-contrcoup mechanism 

of injury (Greve et al., 2009), frontal and temporal lobes are also vulnerable to rotational 

shearing (Bigler, 2007). Cognitive sequelae of diffuse injury involving these areas mainly 

include deficits of attention, memory, and executive function (Niogi et al., 2008; Miotto 

et al., 2010). Neuropsychological investigations in mTBI showed profound abnormalities 

in information processing, verbal and visuospatial memory, episodic memory, etc., 
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(Mathias et al., 2004; Hopkins et al., 2005; O’Jile et al., 2006).  These functions together 

reflect contribution of frontal and temporal areas in neural encoding, memory, and 

information retrieval and processing speed.  

 

Figure 2.1: Spectrum of general deficits in TBI 

 

However, the conventional CT and MRI techniques do not reflect the persistent 

cognitive dysfunction in mTBI. The DTI technique that images microstructural WM 

integrity could be more sensitive to identify the areas of axonal shearing causing these 

cognitive deficits. Recently, studies involving the DTI technique have demonstrated the 

association of attention with memory deficits and WM tract damages involving the left 

anterior corona radiate (ACR) and the bilateral uncinate fasciculus (UF) (Niogi et al., 

Constellation 

of 

TBI deficits 
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2008). In contrast, another study showed involvement of the sagittal stratum, cortico-

spinal tract, and superior longitudinal fasciculus (Kraus et al., 2007). Hence, the neural 

correlates of cognitive impairment in mTBI also remain elusive. However, optimization 

of diagnostic criteria based on DTI needs to be expanded to a larger mTBI population.   

 

2.2 Visual sequelae in TBI 

 Being the primary modality of sensation, vision and its deficits following TBI will 

have an adverse impact on one’s activities of daily living (ADL). TBI may cause a wide 

range of sensory, motor, perceptual, structural, and refractive abnormalities related to eye 

and visual function (Suchoff et al., 2001b). Visual dysfunctions as a consequence of TBI 

can be generally classified into “oculomotor-based” and “non-oculomotor-based” 

(Ciuffreda & Ludlam, 2011). Approximately 90% of individuals with mTBI examined in 

an optometric clinic setting, and having vision-related symptoms, were diagnosed with 

one or more oculomotor dysfunctions following their acute care phase and natural 

recovery period (Ciuffreda et al., 2007). The oculomotor-based deficits were classified as 

either non-strabismic or strabismic in nature. While 30% of the mTBI population 

exhibited strabismus and/or nerve palsy, 70% of the sample population manifested non-

strabismic types of oculomotor deficiencies involving version, vergence, and 

accommodation. Such deficits could adversely affect reading and other nearwork 

activities. The non-oculomotor-based deficits included a variety of sensory, perceptual, 

refractive, and ocular health dysfunctions (Suchoff et al., 2001a). One such primary 

deficit found in many of individuals with mTBI is photosensitivity (Capo-Aponte et al., 
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2012) in the absence of any ocular inflammation or obvious structural pathology. The 

neural substrate for this increased light sensitivity is unclear. However, magnocellular 

damage, cortical hyperexcitability, presence of binocular vision dysfunction have been 

attributed to cause photosensitivity (Stern, 2011). A recent pilot study from the SUNY 

brain injury group revealed significantly reduced peak velocity of pupillary constriction 

and dilation in individuals with mTBI when compared to age-matched normal subjects 

(Thiagarajan et al., 2012); other parameters were normal (e.g., latency). However, 

laboratory investigations are on-going to correlate subjective and objective findings. 

Another important abnormality involves defective visual and vestibular interaction 

resulting in dizziness, vertigo, motion sensitivity, loss of balance, nausea, etc., The 

symptoms occur as a result of asynchrony between head rotation and eye rotation as a 

consequence of abnormal vestibulo-ocular reflex (VOR) gain under dynamic conditions, 

especially at closer distances where the vergence and vestibular systems interact in a 

complex manner requiring rapid VOR gain changes (Hellerstein & Winkler, 2001). 

Vestibular rehabilitation primarily attempts to achieve gait/gaze stabilization, in which 

the VOR gain is rehabilitated to change rapidly and accurately under a range of 

conditions (Ciuffreda & Tannen, 1995). Other non-oculomotor deficiencies include 

change in refractive error, corneal abrasion, blepharitis, dry eye, visual field defects, 

motion sensitivity, perceptual dysfunctions, etc. (Rutner et al., 2006; Suchoff et al., 2008; 

Patel et al., 2011; Ciuffreda & Ludlam, 2011a; Groffman, 2011). See Figure 2.2 for a 

simplified classification.  
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Figure 2.2: Spectrum of oculomotor and non-oculomotor-based vision deficits following TBI  

  

While an apparent ocular health disorder (e.g., traumatic cataract, retinal 

detachment) is often diagnosed and managed, more subtle binocular vision dysfunctions 

(e.g., oculomotor disorder such as saccadic dysmetria) are frequently not. Oculomotor 

dysfunctions are common among the general population, with a range from 20 to 30% 

found in the young-adult clinic population with related symptom (Hokoda, 1985; Porcar 

et al., 1997; Lara et al., 2001; Scheiman & Wick, 2008). These dysfunctions are also 

found in individuals with TBI, but with an even greater frequency of occurrence. For 
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example, approximately 90% of individuals with a mild traumatic brain injury (mTBI) 

examined in a clinic setting and having vision-related symptoms were diagnosed with one 

or more oculomotor dysfunctions following their acute care phase and natural recovery 

period of approximately one year (Ciuffreda et al., 2007). Due to the pervasive nature of 

a brain injury (e.g., coup-contrecoup in TBI), this is not surprising, as numerous vision-

related areas can be adversely affected (Suchoff et al., 2001a). For example, 30-40 brain 

areas involve vision, and 7 cranial nerves directly or indirectly involve visually-related 

function (Helvie, 2011). Identifying these abnormalities and rehabilitating them are 

essential in improving one’s reading ability and overall quality of life, and that is the 

thrust of the remainder of this thesis. See Chapter 3 (Thesis preamble) for details on 

oculomotor problems in TBI and their rehabilitative aspects. 
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Chapter 3 THESIS PREAMBLE  

3.1 Introduction  

3.1.1 Reading: Basic Concepts 

Reading involves a complex task that requires precise coordination of one’s 

versional eye movements (e.g., fixation and saccades), synchrony between ocular 

accommodation and vergence, and maintained higher-level visual attentional aspects 

associated with text processing along with concurrently accurate comprehension 

(Ciuffreda & Tannen, 1995). It constitutes one of the most important activities of daily 

living (ADLs). If an individual cannot read efficiently with comfort for a sustained period 

of time, their ability to perform many routine ADLs (e.g., computer work), as well as 

one’s overall quality of life (QOL), will likely be compromised (Ciuffreda et al., 2006).  

 

Normal reading is comprised of precise, rhythmical, and automatically-executed 

sequences of saccadic eye movements interspersed with brief fixational pauses (Taylor, 

1966; Ciuffreda and Tannen, 1995; Ciuffreda et al., 1996; Reichle and Raynor, 2002; 

Ciuffreda et al., 2006). The reading-related saccadic eye movements, typically being 1-3 

degrees in amplitude and 30-60 msec in duration, progressively shift the eyes from left-

to-right across the line of print. These saccadic shifts are interspersed with oculomotor 

fixational pauses of approximately 250msec duration to allow text processing, as well as 

oculomotor positional programming of the subsequent saccade to the next word along 

with attentional allocation (Ciuffreda and Tannen, 1995).  However, at times, the 
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saccadic eye movements are regressive in nature, wherein the eyes either shift back 

briefly to a previously fixated word for informational confirmation or simply return to the 

beginning of the next line of text (i.e., return-sweep saccades).  In addition, during each 

saccadic eye movement itself, there is a very small (<0.10 deg) dynamic alteration in the 

binocular vergence angle (dynamic fixation disparity), which must be corrected 

immediately upon bifixation of the next word (Taylor, 1966; Thiagarajan et al., 2011; 

Szymanowicz et al., 2012). Hence, continuous small but highly accurate vergence 

adjustments are necessary to attain and maintain precise binocular alignment rapidly and 

fully, and thus prevent either diplopia or overlapping images from intermittently 

occurring (Ciuffreda et al., 1996; Ciuffreda et al., 2001a). Lastly, clarity of the text is 

critical for efficient visual information processing (Green et al., 2010, a, b), and hence the 

accommodative system must function in a time-optimal manner to obtain and maintain an 

accurate focusing response. Thus, versional, vergence, and accommodative functions are 

essential for efficient oculomotor control during reading under a variety of naturalistic 

conditions. Furthermore, they must function in an interactive and integrated manner with 

precise synchronization for optimal reading performance to occur. In addition, this must 

be accomplished for a sustained period of time with a high level of attention and 

comprehension.  

 

3.1.2 Investigations on reading in brain injury: Diagnosis  

Reading dysfunction is a major problem, and hence symptom, in individuals with 

mTBI (Ciuffreda et al., 2007; Goodrich et al., 2007; Lew et al., 2007; Brahm et al., 2009; 
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Stelmack et al., 2009). And, a major source of this reading problem is oculomotor-based 

(Ciuffreda et al, 2005).  Since reading involves versional shift of the eyes from one 

word/line to the next, vergence to maintain bifoveal fixation and fusion at all times, and 

accommodation to maintain text clarity continuously, all to optimize visual information 

processing and comprehension, this complex task must be highly synchronized within, 

and coordinated between, these three oculomotor subsystems. Any failure will likely 

result in problematic reading, especially as these three subsystems are interactive in 

nature (e.g., an accommodative problem will also impact on vergence via accommodative 

vergence). Considering the extensive neural network of the above oculomotor 

components (See Chapters 4, 5, and 6 for overviews on their respective neurology), a 

typical coup-contrecoup injury in TBI will result in extensive diffuse axonal injury (DAI) 

that could cause compromise oculomotor control. This is evidenced by their numerous 

oculomotor-based, reading-related symptoms including: skipping lines, re-reading lines, 

reading slowly, and reduced overall reading efficiency (Ciuffreda and Tannen, 1995; 

Scheiman & Galloway, 2001; Zost, 2001, Han et al., 2004; Ciuffreda et al., 2005; 

Ciuffreda et al., 2006). Based on earlier investigations, it was estimated that the majority 

(>60%) of individuals with mTBI manifest a range of oculomotor abnormalities (Baker 

and Epstein, 1991; Suchoff et al., 1999; Ciuffreda et al., 2007), such as increased 

fixational drift, saccadic intrusions, jerk nystagmus, saccadic dysmetria, accommodative 

insufficiency and dynamic infacility, and convergence insufficiency (Ciuffreda and 

Tannen, 1995; Ciuffreda, 1994; Ciuffreda et al., 2001a; Scheiman and Gallaway, 2001). 

Of particular interest is a recently completed retrospective study in a civilian clinic, in 
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which Ciuffreda et al (2007) found that 90% of the visually-symptomatic mTBI group 

sampled (n=160) exhibited some form of oculomotor dysfunction, when investigated 

comprehensively and in detail. This is consistent with four recent reports from VA 

hospitals, in which the majority of mTBI patients were warfighters (Goodrich et al., 

2007; Lew et al., 2007; Brahm et al., 2009; Stelmack et al., 2009). Most relevant was the 

very high frequency of saccadic inaccuracy (i.e., dysmetria), convergence insufficiency, 

and accommodative insufficiency uncovered in each study. These basic oculomotor 

anomalies transfer to one’s naturalistic setting to affect adversely both sensory and 

motor-based aspects of the reading process (Ciuffreda and Tannen, 1995; Ciuffreda, 

1994; Han et al., 2004; Ciuffreda et al., 2005; Ciuffreda et al., 2006), and in turn text 

processing and comprehension (Solan, 2003), as well as desynchronize the attentional 

aspect and its spatial allocation (Posner, 1980). In addition, presence of such residual 

oculomotor dysfunctions will negatively impact upon the overall rehabilitative process 

itself (e.g., cognitive therapy including saccadic scanning and fine visual discriminations) 

(Reding and Potes, 1988; Groswasser et al., 1990). Furthermore, since reading is integral 

to many basic and instrumental activities of daily living (ADLs), it is logical that these 

reading-related oculomotor deficits would also negatively impact upon many aspects of 

one’s quality of life (QOL) (Ciuffreda et al., 2005; Ciuffreda et al., 2006).  

 

In addition, general attentional and more specifically visual attentional deficits are 

almost always present in individuals with TBI (Mateer & Mapou, 1996; Nag & Rao, 

1999; Park & Ingles, 2001, Hibbard et al, 2001; Bonnelle et al., 2011; Kim et al., 2012). 
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Attention refers to "the voluntary control over more automatic brain systems, so as to be 

able to select and manipulate sensory and stored information either briefly or for sustained 

periods of time" (Park & Ingles, 2001; Posner & Petersen, 1990; Petersen & Posner, 2012).  

Traditionally, attention has been broadly categorized as follows (Pashler, 1998): selective 

attention, which involves the selection of relevant stimuli with disregard for irrelevant 

distracting or competing ones; and, divided attention, which involves the simultaneous 

monitoring of, and response to, more than one relevant sensory stimulus.  Both types are 

important to be normally functioning for successful completion of all ADLs, including 

reading. This is evidenced in a recent model of reading (E-Z Reader) (Reichle and Rayner, 

2002), which incorporates two primary components: the oculomotor loop, which is activated 

once the fixated word is recognized to subsequently saccade to the next word; and, the 

attentional loop, which is activated following lexical completion and attention (but not 

gaze), is shifted to the next word per Posner's attentional spotlight hypothesis (Posner, 

1980).  Some of the reported attentional problems include difficulty multi-tasking, 

distractibility, and inability to sustain attentional focus and concentration (Hibbard et al, 

2001; Bonnelle et al., 2011; Kim et al., 2012).  A significant component of our basic 

tracking and reading-related oculomotor training involves, by its very nature, aspects of both 

sustained selective and divided attention.  That is, visual attention per se is a significant 

underlying component in the overall oculomotor training process. This notion is consistent 

with the recent findings of Solan (Solan et al., 2003), in which both oculomotor and 

attention training impacted positively on the child’s reading ability.  
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3.1.3 Oculomotor rehabilitation in TBI 

Despite the importance of precise oculomotor control in reading, as well as the 

adverse consequences in the face of such dysfunction upon rehabilitation and QOL/ADL 

aspects, there have been relatively few formal published investigations over the past 4 

decades in the area of oculomotor rehabilitation incorporating objective eye movement 

recording techniques in the traumatically brain-injured (Ron et al., 1978; Ron, 1981; Ron, 

1982; Gur and Ron, 1992; Ciuffreda et al., 1996; Kapoor et al, 2004; Han et al., 2004; 

Ciuffreda et al., 2005; Ciuffreda et al., 2006). The area of reading in mTBI has been 

specifically addressed using objective recording techniques  in a series of studies, including 

remediation using relatively limited versional only (fixation, basic saccade, simulated 

reading, and pursuit) training protocols (Han et al, 2004; Kapoor et al, 2004; Ciuffreda et al, 

2005, 2006). Briefly, the results of these four investigations demonstrated large, 

consistent, and statistically significant improvements in all subjective aspects and many 

objective oculomotor aspects of reading in the mTBI group following a total of only 9.6 

hours of laboratory-based versional eye movement training (fixation, saccade, pursuit, 

and simulated reading) distributed over an 8-week period (Kapoor et al., 2004; Han et al., 

2004; Ciuffreda et al., 2005; Ciuffreda et al., 2006). First, all individuals reported 

significant increases in overall reading ease and ability, with subjectively-based increased 

attentional aspects transferring to their other vocational and avocational task domains. 

Second, there were marked objective improvements in saccadic tracking ability during 

simulated reading. Third, there were objectively-based improvements in many of the 

reading eye movement parameters for the grade 10, adult-level paragraphs, especially 
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with respect to reduction of the number of fixations executed, which is a major limiting 

factor in reading speed (Taylor, 1966; Ciuffreda and Tannen, 1995; Ciuffreda et al., 

1996). However, there were limitations: (1) relatively small sample sizes, (2) lack of a 

vergence eye movement testing and training component, (3) lack of an accommodative 

testing and training component, (4) lack of a validated method to assess critical aspects of 

visual attention, and (5) lack of a validated questionnaire to assess the oculomotor training 

effects on reading ability and quality of life.  

 

There has been a paucity of objective investigations into the area of oculomotor 

rehabilitation as related directly to oculomotor-based reading difficulties in individuals with 

mTBI. While versional training in TBI is relatively well established and successful (Han 

et al., 2004; Kapoor et al., 2004; Ciuffreda et al., 2006), objective assessment of 

accommodation following training has never been performed. In addition, there is only 

one pilot study (Alvarez et al., 2010) that evaluated vergence dynamics in 2 individuals 

with self-reported mTBI and concurrent convergence insufficiency (CI). Their study 

reported a significant increase and normalization in peak velocity of convergence, and 

overall response time, following a total of 18 hours of in-office and home-based vision 

training. Thus, there is no study that comprehensively evaluated objectively, clinically, 

and symptom-wise, the effect of training in all three essential components on reading 

ability, as well as subjective visual attention.  
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  This dissertation focused on vision rehabilitation involving all three of the major 

oculomotor subsystems (version, vergence, and accommodation). It incorporated testing 

and training of each system individually and interactively, as well as its impact on 

overall reading ability. In addition, subjective visual attention and nearwork symptoms 

were assessed.  

3.1.4 Theory under consideration 

The predicted true “OCULOMOTOR” training effects will be considerable and 

reflect the residual visual system neuro-plasticity. This appears to be considerable in 

magnitude based on earlier research findings (e.g., Ciuffreda et al., 2006) in this area, 

despite the relatively extensive and global damage to the brain (e.g., coup-contrecoup 

injury). The oculomotor training process appears to involve two primary components: 

oculomotor learning (directly) and enhancement of visual attention (indirectly). 

Improvement in oculomotor behavior and reading eye movements will reflect the former, 

while improvement in related attentional and comprehension tests will reflect the latter.   

General motor learning refers to “the process that improves motor performance through 

practice” (Lisberger, 1988).  This is believed to occur by increasing synaptic efficiency in a 

Hebbian manner (Lisberger, 1988), with direct application to human rehabilitation (Byl and 

Merzenick, 2001).  Motor learning involves the following three stages (Abernethy et al, 

2005; Ciuffreda, 2002):  

1) determining by a trial-and-error process the optimal motor program to accomplish a 

particular task,  
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2) repeated practicing of this optimal motor program/movement for more rapid and 

precise execution,  

3) attaining a level of automaticity such that the movement essentially becomes "pre-

programmed" or "automatic" in its execution, with such reflexiveness allowing 

attention to be allocated to other related critical tasks (e.g., comprehension).    

Error-related feedback specific for the motor task, and optimization of performance, is 

crucial to the learning process (Lisberger, 1988; Gottlieb et al, 1988). “Oculomotor” 

learning, as is predicted to occur in the proposed training, represents a specific case of 

“motor” learning.  

 

3.1.5 Hypothesis 

 The following hypothesis was tested: There remains considerable residual visual 

system neuro-plasticity in the human adult with mTBI, specifically involving oculomotor 

learning. Hence, oculomotor-based vision rehabilitation (“oculomotor or vision training”) 

will result in significant and sustained improvements in basic oculomotor control, and 

more importantly reading eye movements and reading performance, in adults with mTBI 

manifesting an oculomotor-based reading disability. In addition, related symptoms will 

reduce, and attention will improve. In contrast, the SHAM training will have no effect on 

any of the above.  
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3.2 AIMS OF THE STUDIES 

Global objective 

The aim of this comprehensive study was to perform laboratory, oculomotor-

based vision rehabilitation involving accommodation, vergence, and version components 

in young adults with documented mTBI and having a well-defined oculomotor-based 

reading disability at near. The treatment protocol incorporated both true 

“OCULOMOTOR” training and “SHAM” training using a cross-over experimental 

design. The following measures were recorded before and after vision rehabilitation: 

laboratory-based objective dynamic parameters, clinically-based subjective static and 

dynamic parameters, nearvision-related symptoms, and subjective attentional assessment. 

In addition, the relevant parameters were correlated within, and across, the objective and 

subjective findings.   

 

The following hypothesis was tested: there remains considerable residual visual 

system neuro-plasticity in adults with mTBI, specifically and directly involving 

oculomotor learning and indirectly enhancement of visual attention. Hence, the true 

“oculomotor training” is predicted to result in significant and sustained improvements in 

basic oculomotor control, and more importantly reading eye movements and reading-

related performance, whereas the SHAM would not.  

 

More specifically, the following post-interventional changes following the true 

“OCULOMOTOR” training were predicted: more accurate and time-optimal oculomotor 
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control, along with faster and more sustained reading ability concurrent with increased 

comfort and increased comprehension, as well as increased attentional ability. In 

addition, no statistically significant changes in the above parameters would be observed 

following the “SHAM training”.  

 

There are additional chapters that will describe each component of the vision 

rehabilitation in detail as described below.  

 

Chapter 4: Effect of oculomotor-based vision rehabilitation on symmetric vergence 

in mild traumatic brain injury 

The purpose of this study component was to evaluate the effect of vergence step 

amplitude and facility training on clinical parameters and dynamics of symmetric 

vergence response. Objective and subjective vergence findings were correlated with the 

nearvision-related symptom rating-scale questionnaire findings. The following results 

were expected: clinically, increased base-out/base-in horizontal prism vergence ranges 

along with improved amplitude of convergence/vergence facility, and objectively, 

improved responsivity of dynamic symmetric vergence (involving convergence and 

divergence) with improved accuracy. In addition, nearvision-related symptoms were 

expected to reduce with improved subjectively-based attention.  
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Chapter 5: Effect of oculomotor-based vision rehabilitation on accommodative 

function in mild traumatic brain injury 

 The purpose of this study component was to evaluate the effect of 

accommodative step amplitude and facility training on a range of clinical parameters and 

dynamics of monocular accommodation. Objective and subjective accommodative 

findings were correlated with the nearvision-related symptom rating-scale questionnaire 

findings. The following results were expected: clinically, an increase in accommodative 

amplitude with concomitant increase in the accommodative facility, and objectively, 

improved responsivity of dynamic accommodation associated with improved accuracy. In 

addition, nearvision-related symptoms were expected to reduce with improved 

subjectively-based attention.  

 

Chapter 6: Effect of oculomotor-based vision rehabilitation on fixation, saccades, 

and reading eye movements in mild traumatic brain injury 

 The purpose of this study component was to evaluate objectively the effect 

of versional training (involving fixation, saccades, and simulated reading eye 

movements) on overall reading ability. The following results were expected: reduced 

fixational (horizontal and vertical) errors, increased saccadic gain, reduced number of 

excessive progressive and regressive saccades, and faster reading rate with better 

comprehension. Such changes would result in improved rhythmicity, accuracy, and 

sequencing of saccades causing overall improvement in the reading pattern, with 

concurrent improvement in the reading speed and associated comprehension. In addition, 
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nearvision-related symptoms were expected to reduce with improved subjectively-based 

attention.  
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3.3 METHODS 

3.3.1 Subjects 

Twelve subjects between the ages of 23 and 33 years (mean age: 29 [± 3] years) 

with well-documented mTBI, and having a brain injury onset of greater than 1 year (1-10 

years post-insult), participated in the study. See Table 3.1 for inclusion and exclusion 

criteria, and Appendix I for the each subject’s demographics. Subjects were identified by 

their university-based health care provider and were recruited from the Raymond J. 

Greenwald Vision Rehabilitation Center at the State University of New York (SUNY), 

State College of Optometry, University Optometric Center New York City. Each subject 

received a comprehensive optometric vision examination in the Raymond J. Greenwald 

Vision Rehabilitation Center prior to participating in the experiment. The vision 

examination included detailed refractive, oculomotor, and ocular health assessment. The 

study was approved by the SUNY Institutional Review Board (IRB) and the US Army 

Department of Defense (DoD) IRB. Written informed consent was obtained from all 

subjects prior to their participation.  
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Inclusion criteria 

TBI onset at least one year post-incident to ensure that any subsequent 

changes during training are not secondary to their natural neurological 

recovery function period (~6-9 months) 

Exhibit at least one symptom (e.g., skipping lines while reading, blur, 

diplopia, etc) and one clinical sign (e.g., receded near point of convergence) 

of non-strabismic oculomotor dysfunction related to impaired sustained 

reading 

Intact cognitive ability to perform the required tasks for the study  

Stable systemic health 

 

 

Exclusion 

Criteria 

Persons over the age of 40 years, as they typically will not have sufficient 

accommodation to measure reliably 

Best corrected visual acuity poorer than 20/30 in either eye 

Constant strabismus or ocular disease in either eye 

Medications that alter oculomotor function and/or attentional state 

Table 3.1: Inclusion and exclusion criteria for study subjects  

 

3.3.2 Study design 

 A cross-over, interventional experimental design (Figure 3.1) of a single-blinded 

nature (for the subject) was used. In essence, in such a design, each subject acted as their 

own control, thus negating undesirable intersubject variability. In addition, each subject 

received what is believed to be actual/true training, i.e., the oculomotor training 

(Treatment A), as well as what is believed not to be actual/true training, i.e., the SHAM 

training (Treatment B). During phase 1, every odd-numbered subject first received 

Treatment A, and every even-numbered subject first received Treatment B, and vice-

versa during phase 2. This was an intervention study of 15 weeks duration. It consisted of 

12 weeks of the 2 treatment phases, 6 weeks each phase, separated by a week, for a total 

of 9 hours of true training and 9 hours of SHAM training. In addition, there was a 3 week 

measurement period: one week before phase 1 treatment, one week after phase 1 

treatment, and one week following phase 2 treatment. During these testing and training 

periods, subjects did not perform any other oculomotor-based vision rehabilitation to 
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avoid contamination of test results.  

 

 

Figure 3.1: Illustration of cross-over experimental design and treatment phases 

 

The study consisted of the following phases:  

1. Week 1 - Initial baseline measures - All “Evaluative Procedures” 

(described later) were recorded over two separate test sessions (each 

session lasting for up to 1.5 hours, including rest periods to prevent 

fatigue) separated by at least two days.   

2. Weeks 2-7 - Phase 1 treatment – 6 weeks of either the presumed true 

“OCULOMOTOR” training or the presumed “SHAM” training. Subjects 

received 2 training sessions per week. Each session was 60 minutes in 

duration, involving 45 minutes of actual training with the remainder of 

time consisting of short and interspersed rest periods for the subject.  Total 

training time of 9 hours.  
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3. Week 8 – Repeat baseline measures - All “Evaluative Procedures” were 

repeated over two separate test sessions (each session lasting for up to 1.5 

hours including rest periods to prevent fatigue) separated by at least two 

days.  

4. Weeks 9-14 – Phase 2 treatment - 6 weeks of either the true 

“Oculomotor” training or the “SHAM” training. The subjects received 2 

training sessions per week. Each session was 60 minutes in duration, 

involving 45 minutes of actual training with the remainder of time 

consisting of short and interspersed rest periods for the subject.  Total 

training time of 9 hours.  

5. Week 15 - Repeat baseline measures - All “Evaluative Procedures” were 

repeated over two separate test sessions (each session lasting for up to 1.5 

hours including rest periods to prevent fatigue) separated by at least two 

days.  

 

    3.3.3 Evaluative Procedures  

These include clinically-based subjective, laboratory-based objective, subjective 

visual attention testing, and a near vision symptom-related scale questionnaire. All 

clinical parameters were measured using conventional standardized clinical techniques 

(Borish, 2006). All laboratory-based objective measures were performed using 

commercially-available instrumentation with well-established test protocols (Han et al., 

2004; Green et al., 2010b; Szymanowicz et al., 2012, for version, accommodation, and 
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vergence, respectively). All measures were non-invasive and were recorded with their 

habitual distance correction in place. The order of testing was randomized over the 2 days 

of measurements.   

I. Clinical measures: Study-related, near vision-specific, selected binocular vision 

related parameters were tested under standard clinical room illumination (80 

Lux). See Appendix II for the list of clinical parameters tested and their 

normal values. Testing sequence was randomized. It included:  

a. Near point of convergence (NPC) break and its recovery were measured in 

free space. The target comprised a small pen-tip to provide fine detail for 

the disparity and blur components of vergence. Subjects were instructed 

to binocularly fixate and focus on the fine tip of a pen as it slowly 

approached them at a steady dioptric rate (~0.5D/sec). The pen was 

purposely moved progressively more slowly as it approached the subject 

to maintain a relatively constant change in stimulus prism diopter value 

per unit time. It also provided proximal vergence drive (Hung et al., 

1996). They were instructed to report if the pen-tip appeared double, 

which was the NPC break value, and then as the pen tip was slowly 

withdrawn away, to report when it was single again, which was the NPC 

recovery value. The experimenter also carefully observed the subject’s 

eyes for any large and consistent deviation during the test, which served 

as the NPC value in subjects who did not report diplopia, and the same 

was true for the NPC recovery. The measurements were obtained three 
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times for every subject, referenced to the center of rotation of the eye, 

and then the average was determined. 

b. Accommodative amplitude or near point of accommodation (NPA) was 

assessed under both monocular and binocular viewing conditions using 

the push-up technique in free-space. A reduced Snellen chart was 

displaced toward the subject at a constant speed of approximately 

0.5D/sec to provide constant ramp diopter stimulation.  The subject was 

instructed to sustain focus on the 20/30 line having a luminance of 31 

cd/m2, and furthermore to indicate when the letters exhibited the first, 

slight, sustained blur and were no longer able to be maintained in focus 

with considerable effort.  The distance from the Snellen chart to the 

spectacle plane (i.e., spectacle accommodation) was measured as the 

NPA value.  The measurements were obtained two times for each eye 

and binocularly, and the average was determined for each of the 3 

viewing conditions.  

c. Horizontal near phoria was measured in the phoropter using the von 

Graefe prism dissociation method. The subject maintained binocular 

fixation on the six-by-six matrix of 20/20 letters on a reduced near 

Snellen chart at 40cm. The chart was dissociated using horizontal and 

vertical prisms, and the subject viewed the 2 diplopic images of the letter 

matrix. The second image was in the near periphery and offset from 

vertical alignment. The target had a luminance of 31 cd/m2 with a 
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contrast of >90%. The horizontal prism was slowly reduced at a constant 

velocity of ~2 prism diopters per second (PD)/sec) to provide smooth and 

even stimulation, until the two targets appeared to be aligned vertically. 

An average of two measurements was recorded as the near horizontal 

phoria value.   

d. Horizontal near fusional vergence ranges (BO and BI) were determined 

using a vertical column of letters comprised of 20/40 letters at 40cm.  

This test involves a dioptrically-constant accommodative plane with 

varying vergence planes (i.e., change in vergence stimulus demand). For 

positive fusional vergence range (PFV), the base-out prisms were slowly 

introduced at a rate of approximately 2 prism diopters/second in front of 

each eye simultaneously, until the target appeared slightly blurry (PFV 

blur value), and then this was continued until the target could not be 

fused, and constant diplopia was reported (PFV break value). At this 

time, the prism amount was then reduced, until the subject regained 

fusion (PFV recovery value). Similarly, for the negative fusional 

vergence (NFV) range, the BI prisms were introduced in the above 

manner and the NFV blur, NFV break, and NFV recovery values were 

recorded.  

e. Both the positive relative accommodation (PRA) and negative relative 

accommodation (NRA) were determined in the phoropter.  This test 

involves a constant vergence plane and a dioptrically-varying 
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accommodative plane. These tests were performed while binocularly 

viewing and maintaining in focus, the 20/30 line of a high contrast 

reduced Snellen chart at 40cm.  Depending on the test, either minus  (for 

PRA) or plus (for NRA) lenses were slowly introduced, approximately 

every 2-3 seconds in 0.25D steps, until the first, slight, sustained blur was 

obtained that could no longer be cleared with considerable effort, and 

without diplopia or suppression.  This point was recorded as the PRA 

value and the NRA value, respectively. Binocular suppression checks 

were added by placing a pen between the patient and the Snellen chart, 

and ensuring that the pen appeared diplopic while viewing the Snellen 

chart. 

f. Accommodative lens facility was assessed using  2D flipper lenses. Prior 

to testing, the subjects were allowed adequate time to familiarize 

themselves with the accommodative flipper lenses and practice the test 

procedure. A line of 20/30 letters on a high contrast Snellen near chart 

having a luminance of 31 cd/m2 was positioned 40cm from the subject 

along the midline in downgaze (~30°).  The subject was instructed to 

alternate repeatedly between the lenses as rapidly as possible as the target 

letters came into focus, for the 1 minute test period.  This test was 

performed once monocularly for each eye and then binocularly, and 

recorded as the accommodative facility value in cycles per minute (cpm) 

for each of the 3 viewing conditions. 
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g. Similarly, vergence prism facility was assessed using 12ΔBO/3Δ BI 

flippers. The target was the same as above (f). It was positioned 40cm 

from the patient along the midline in downgaze (~30°).  The subject was 

instructed to alternate the prism flipper as rapidly as possible and to keep 

the target fused and in focus. Vergence facility value was recorded for 1 

minute test period in cycles per minute (cpm).  

h. Stereoacuity at 40cm was recorded using the Titmus stereo test with 

polaroid lenses. It is a non-random-dot test of stereoacuity, wherein the 

subject was presented with test plates consisting of ten groups of three 

circles having a wide range of retinal disparities (800 to 20 seconds of 

arc). The subject was asked if any of the circles in each group were 

perceived to be localized in front of the test plane. The smallest perceived 

cross-disparity target was recorded in units of seconds of arc and 

represented their stereoacuity value. 

 

II. Laboratory-based objective measures  

a. First-order accommodative dynamics to 2D increasing and decreasing step 

responses were obtained using the commercially-available WAM 5500 

objective, infrared, open-field autorefractor (Grand Seiko, Hiroshima, 

Japan) (Figure 3.2) with a reported resolution of 0.01D and 

approximately a 5Hz sampling rate (Green et al., 2010b). This sampling 

rate is sufficient for acquiring valid accommodative dynamic responses 
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based on the Nyquist criterion (Khan, 2005). Response range was from 

50cm to 25cm. Subjects monocularly viewed a line of high contrast 20/30 

Snellen letters having a luminance of 36 cd/m2 positioned at 2D that were 

on a white background, and a high contrast 20/60 word with a luminance 

of 36 cd/m2 at 4D on a transparent background.  The autorefractor was 

aligned with the right eye, as well as with both accommodative stimuli.  

The fellow eye was fully occluded with a black eye patch. When 

instructed, the subject changed focus between the stimuli.  There were 

approximately 15-20 changes in focus between the accommodative 

stimuli during the test period, depending on the quality of the responses 

and presence of unwanted blink artifacts. Mean response amplitude, peak 

velocity, time constant, steady-state response level, and steady-state 

response variability were calculated for both increasing and decreasing 

steps obtained from the right eye.  

 

Figure 3.2: The WAM 5500 open-field autorefractor setup.  
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b. In the manual mode, the WAM autorefractor was then used to assess the 

accommodative stimulus/response (AS/R) function (Ciuffreda, 2006).  

Accommodative steady-state responses to a high contrast reduced Snellen 

chart stimuli having a luminance of 36 cd/m2 positioned randomly at 2D, 

3D, 4D, and 5D were measured monocularly in the right eye; the fellow 

eye was fully occluded with a black eye patch.  Subjects were instructed 

to focus on the 20/30 line.  For each stimulus/viewing condition, five 

measurements were obtained, and the average spherical equivalent 

(sphere + ½ cylinder value) was determined. The slope of the linear 

regression fit using stimuli and responses at each dioptric level provides 

the closed-loop accommodative gain value. Although this parameter was 

measured in the laboratory in the present study, it is a clinical measure 

and hence listed under clinical parameters (Table 3.8).  

c. Vergence dynamics to symmetric step vergence stimuli was recorded 

using the Plusoptix Power Refractor II (PRII) (Plusoptix, Nuremberg, 

Germany) (Figure 3.3) based on the principle of infrared videography and 

dynamic retinoscopy, with a sampling rate of 12.5Hz (resolution of < 

0.9°) for binocular recording (Szymanowicz et al., 2012).   This sampling 

rate is sufficient for acquiring valid vergence dynamic response based on 

the Nyquist criterion (Khan, 2005). Response range was from 1m to 

30cm. Targets comprised the contiguous red and green fixation LEDs 

(angular size: 0.28 degrees) located on the measuring head of the PRII at 
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1m, and a white LED (angular size: 0.86 degrees) placed at 0.3m, both 

aligned along the midline for both symmetric convergence and 

divergence. Subjects were instructed to bifixate the red and green distant 

LEDs, which were illuminated at all times. They were then instructed to 

alter their bifixation to the near LED target as soon as it was illuminated. 

There was no verbal warning when the near LED would be illuminated. 

Timing of the target change was random to minimize prediction. When 

the near target was extinguished, subjects were instructed to change their 

bifixation back to the far target as quickly as possible. Subjects altered 

bifixation between the far and near targets approximately 10-15 times to 

obtain artifact-free convergence and divergence responses.  Mean 

response amplitude, peak velocity, time constant, and steady-state 

response variability were calculated for both convergence and 

divergence.  

 

Figure 3.3: Power Refractor II setup for symmetric vergence dynamics recording 
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d. Basic binocular horizontal and vertical versional eye movements were 

recorded using the Arrington eye movement recording system (Figure 

3.4), which is a mounted, infrared, binocular camera system with 220Hz 

sampling and 0.01° resolution (Chiu & Yantis, 2009). This sampling rate 

satisfies the Nyquist criterion (Khan, 2005).  

 

 

Figure 3.4: Arrington eye movement recording cameras setup for versional eye movement recording 

 

A 12-point calibration was performed at each test session to assure response 

linearity, as well as after any rest period. The computer-controlled test stimuli was 

comprised of a 1° bright square target was displayed on a high-resolution computer 

monitor at a 40 cm test distance. Subjects were instructed to fixate the center of the 

target. These test stimuli and paradigm were developed by Dr. Ciuffreda in his 

laboratory. Subjects binocularly fixated/executed saccades based on the parameter tested. 

The following parameters were measured in random order:  
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 Binocular central fixation – the target was projected at the center 

of the computer screen for 20 seconds, aligned along the subject’s 

midline. Horizontal and vertical eye positions for a 20-sec fixation 

duration were calculated.  

 Saccadic gain = amplitude of eye displacement (first saccade)/ 

amplitude of target displacement. This was calculated using 

predictable horizontal and vertical saccade paradigms (2.5° and 

5° at 0.33Hz). See Table 3.2 for stimulus parameters. 

Stimulus Amplitude 

(degrees) 

Frequency 

(steps/second) 

Test Period 

Duration (seconds) 

Predictable Horizontal Saccades ± 2.5 0.33 54 

 ± 5 0.33 54 

Predictable Vertical Saccades ± 2.5 0.33 54 

 ±  5 0.33 54 

Table 3.2: Stimulus parameters for predictable saccades paradigm 

 

 Saccadic latency (i.e., ocular reaction time) = time lapse between 

target onset and saccade initiation. This was calculated using 

random horizontal and vertical saccade paradigms (1°/2°/3° 

randomized steps, 0.33/0.5/1 randomized Hz). See Table 3.3 for 

stimulus parameters. 

Stimulus Amplitude 

(degrees) 

Frequency 

(steps/second) 

Test Period 

Duration (seconds) 

Random Horizontal Saccades 1/2/3 0.33/0.5/1 50 

Random Vertical Saccades 1/2/3 0.33/0.5/1 50 

Table 3.3: Stimulus parameters for random saccades paradigm 
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 Saccade ratio = number of saccades executed/number of target 

step displacements; a ratio of 1.0 would be optimal. This was 

calculated using simulated reading single line (SRSL) (5° range, 

2.5° steps, 0.5Hz) and simulated reading multiple lines (SRML)  

(10° range, 1°/2°/3° randomized steps, 0.5Hz) paradigms (Figure 

3.5). See Table 3.4 for stimulus parameters. 

 

.  .    .   . .     .       .   .              .       .         

.      .      .  .       .     .  .     .  .  .   .  .  

  

.      .      .   .      .     .   .     .   .    .       

    .           .    .       .   .   .   .        .     .      .    

.   .     .    .   .          .   .      .       .           .    

   .      .   .          .      .        .   .      .  .    .           .       .       .        .         . 

  .      .     . .     .        .     .    .      .      .            

. .   .    .       .     .       .       .        .           .    

. .     .  .   .         .    .    .       .        .   

.  .  .     .      .         .     .     .      .         .   

   . .    .   .       .      .     .   .        .    .    
Figure 3.5: Full-screen multiple lines stimulus pattern for simulated reading (left). Single-line 

stimulus pattern for simulated reading (right). In both cases, at a given time, only a single 1° square 

target appeared on the screen that the subject tracked.  

 

 

 

 

Stimulus 
Total Amplitude 

(degrees) 

Target 

Amplitude 

(degrees)  

Frequency 

(steps/second) 

Test Period 

Duration (seconds) 

Full-screen multiple-line 

Simulated Reading 
± 10 1/2/3  0.5 220 

Single-line Simulated 

Reading 
± 5 2.5  0.5 50 

Table 3.4: Stimulus parameters for objective evaluation of simulated reading. 
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e. Reading eye movements (horizontal position of both eyes) to 

standardized text paragraphs (grade-10 equivalent) were recorded using 

the Visagraph device (Taylor Associates, Huntington, NY) (Figure 3.6), 

which is an infrared, limbal-reflection eye movement recording system, 

which has become a standard test in optometry (Ciuffreda et al., 2003). 

The resolution of the system is ~ 1°, and has a sampling rate of 50Hz, and 

a linear range of 10°. This sampling rate is sufficient for saccadic 

detection during reading. Subjects wore the test goggles having infra-red 

sensors and emitters and read the text binocularly at their habitual reading 

distance in primary position.  
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Figure 3.6: Visagraph eye movement recording. Subject setup (top); Sample eye movement trace for 

right and left eyes (bottom).  

 

 

Following two practice paragraphs at level 10 to assure the attainment of 

a stable baseline (Ciuffreda et al., 2003; Griffin and Grisham, 2002), each 

subject read a new level 10-paragraph at each test session and answered 

10 yes/no questions related to details of the paragraph. The software 

automatically calculated the test scores for each parameter. Subjects were 
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instructed to read the paragraphs using their normal reading strategy, and 

furthermore to pay attention to text details, as they were tested for 

comprehension at the end of reading, but instructed not to reread. The 

following selected conventional reading eye movement parameters 

(Taylor, 1966) were compared both within and between subgroups with 

training: reading rate in words per minute (wpm), number of progressive 

saccades as fixations/100 words, number of regressive saccades as 

regressions/100 words, and comprehension in percentage calculated from 

the number of correct answers. See Appendix III for grade 10 paragraph 

sample.    

 

III. Subjective visual attention test: A subjective correlate of visual attention was 

assessed using the Visual Search and Attention Test (VSAT). It involves a 

search (for a letter or a symbol) and cancellation (cross-out) task that was 

developed by Trenerry et al (1989). It assesses global sustained visual 

attention while scanning to search for selected letters/symbols. It consists of 

two black-and-white, sixty-second practice tests, as well as two colored, sixty-

second “real” tests. Each test contains ten horizontal rows of forty letters or 

symbols (thirty distractors, ten targets) that are either black, green, red, or blue 

text on white paper. The task was to cross out as many targets as possible in 

60 seconds. The test was scored by dividing the test field in half (twenty 

letters per side) and counting the number of correct cross-outs per side (right 
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and left). The number of correct cross-outs was taken as the raw score. The 

normal values ranged from the 17th to 95th percentile, with the 3rd through 

16th percentiles suggestive of impairment and borderline performance, and 2nd 

percentile or less indicates clear abnormality. Test-retest reliability for the 

VSAT was found to be 0.95, using the Pearson product-moment correlation. 

Calculated sensitivity and specificity were 0.88 and 0.86, respectively 

(Trenerry et al., 1989). The test was performed binocularly at the subject’s 

habitual near work distance. Following the two stipulated practice trials, the 

actual test trial was performed, and percentile scores were calculated from the 

age-matched normative table for the 2 test sheets. This test is frequently used 

in clinical optometric testing. See Appendix IV for test sheet sample.  

 

IV. Symptom scale: Individual symptoms related to near-work were rated by the 

subjects using the Convergence Insufficiency Symptom Survey (CISS), whose 

validity and reliability have been tested (Rouse et al., 2004). It is comprised of 

a 15-item questionnaire probing into reading-related symptoms, such as 

intermittent blur, diplopia, headache, skipping lines, losing concentration, etc., 

The severity of symptoms is scaled from 0 to 4, i.e., from least symptomatic to 

most symptomatic. The total score was compared before and after the 2 

training phases. A reduction in overall score of 10 or more was considered to 

reflect a significant reduction of symptoms. A score of zero would indicate 
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being absolute symptom-free, and a score of 60 would represent maximal 

symptomatology. See Appendix V for the CISS questionnaire.  

 

3.3.4 Treatment protocol 

Phase 1 and Phase 2 treatment phases  

Treatment A – True Oculomotor Training Procedures 

This oculomotor rehabilitation was performed along the midline at 40cm, 2 sessions 

per week, for a total of 6 weeks. Training was performed with constant verbal and visual 

feedback, motivation, repetition, and involving active participation of the subject. At each 

session, each oculomotor component (version, vergence, and accommodation) was 

trained for 15 minutes, interspersed with 5 minute rest periods. Each session lasted for 1-

hour, with 45 minutes of training and 15 minutes of rest periods, with a total of 9 hours of 

training over the 6 week oculomotor treatment phase, 3 hours for each oculomotor 

subsystem.  

 

VERSION 

Version (fixation, predictable saccades, and simulated reading) was trained via the 

computerized oculomotor rehabilitation (COR) software developed in Dr. Ciuffreda’s 

laboratory using a rapid serial visual presentation (RSVP) paradigm (Xu et al., 2009) 

under binocular viewing. Figure 3.7 presents the sample COR interface screen for 

training simulated reading. Targets in the form of pictures, numbers, symbols, letters, 

color patches, etc., of varying sizes were presented rapidly for different presentation 
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times. Subjects either fixated a stationary target or made saccades to track the target. At 

the beginning of each training component, a sample target (e.g., picture) was shown to 

the subject. While maintaining either binocular fixation and/or tracking the target, the 

subject was asked to count the number of times the sample target appeared during the 

stipulated training duration. The subject’s response was compared with the actual number 

of presentations (given by the software). Subjects were constantly motivated to achieve 

maximum number of correct responses. A verbal feedback on subject’s performance was 

given by the software. See Table 3.5 for the versional training stimuli.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Sample interface screen of COR program for simulated reading training 
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Table 3.5: Stimuli for version training protocol 

 

VERGENCE 

 As mentioned above, at each training session, horizontal vergence was trained for 

15 minutes. While step vergence was trained for 12 minutes on average, ramp vergence 

was trained for 3 minutes. During step training, both the amplitude (7 minutes) and 

facility (5 minutes) were trained. See Table 3.6 for the vergence training protocol.  

 

For step vergence amplitude training, various magnitudes of base-out and base-in 

(BO/BI) prisms were used. The basic principle behind the training was to maintain the 

accommodative demand constant at 0.4m (2.5D) and increase the vergence demand 

(Scheiman & Wick, 2008). The fusional targets were pictures, symbols, numbers, letters, 

tumbling E, and colors projected on to a computer screen at 0.4m. As the treatment 

progressed and the subject demonstrated improvement, the level of task difficulty was 

Stimulus Stimulus Parameter Training Period 

Duration 

(seconds) 

Total Training 

Duration (seconds) 

Fixation Central (midline) 60 300 

 Left (10 degrees) 60  

 Right (10 degrees) 60  

 Up (10 degrees) 60  

 Down (10 degrees) 60  

Predictable 

Saccades 

Horizontal (± 5 degrees) 50 300 

 Horizontal (± 10 degrees) 50  

 Vertical (± 5 degrees) 50  

 Vertical (± 10 degrees) 50  

Simulated Reading Full-screen 75 300 

(repeated twice) Single-line 75  

 Full-screen 75  

 Single-line 75  
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altered using varying sizes (subtending 2 to 10 degrees). While the subjects bifixated the 

target, prisms were introduced manually at 2ΔD increments either in front of one eye or 

split between the two eyes. The total amount of prism was varied based on the subject’s 

task performance level. After introducing each BO prism, subjects were instructed to fuse 

the target as rapidly as possible and this trained the fast vergence mechanism. The fused 

percept was maintained for 15-20 seconds and this sustained viewing trained the slow 

vergence mechanism that maintained the vergence response (Schor, 1983). Hence, the 

goal of the training was not only to achieve rapid fusion, but also to maintain the 

vergence response with accuracy and comfort. Such response maintenance would reflect 

the vergence adaptation mechanism (Thiagarajan et al., 2010).  Base-out training was 

terminated at the point at which subjects could no longer could fuse (and/or focus) with 

their maximum effort. The above was repeated for BI prisms. The order of BO/BI 

training at each session was randomized.  

 

For step vergence facility training, combinations of BO/BI prism flippers 

(3ΔBO/1ΔBI, 6ΔBO/2ΔBI, 9ΔBO/3ΔBI, and 12ΔBO/3ΔBI) were used while maintaining 

accommodation constant at 0.4m (2.5D). The fusional targets were similar to those used 

in the amplitude training. Based on the subjects’ ability to fuse, prism flipper was chosen. 

Subjects bifixated targets on a computer screen and were instructed to fuse and focus as 

rapidly as possible and to achieve the maximum cycles possible. As the treatment 

progressed and the subject demonstrated improvement, the level of task difficulty was 
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increased by increasing the amount of prism flipper strength and by reducing the target 

size.  

 

For ramp vergence training, subjects binocularly tracked a 20/30 letter on a XY 

plotter over a range of 0.5m to 0.2m at the rate of 0.1 to 1Hz. The task difficulty was 

increased by tracking at closer distances with the combination of increased speed.   

 

ACCOMMODATION 

As mentioned above, at each training session, accommodation was trained for 15 

minutes. While step accommodative amplitude was trained for 10 minutes (5 minutes 

monocularly), step accommodative facility was trained for 5 minutes. See Table 3.6 for 

the accommodative training protocol.  

 

For step accommodative amplitude training, various magnitudes of positive and 

negative lenses were used. The basic principle behind the training was to maintain the 

vergence demand constant at 0.4m (2.5MA) and increase the accommodative demand 

(Scheiman & Wick, 2008). The accommodative targets were texts of various sizes 

ranging from 20/60 to 20/20 projected on to a computer screen at 0.4m. As the treatment 

progressed and the subject demonstrated improvement, the level of task difficulty was 

altered using varying sizes and increasing the lens power. While the subjects monocularly 

fixated the target, lenses were introduced manually at 0.5D increments in front of the 

trained eye. The lens magnitude was varied based on the subject’s task performance 
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level. After introducing each lens, subjects were instructed to focus the text as rapidly as 

possible. The focused text was maintained for 15-20 seconds to train sustaining ability. 

Hence, the goal of the training was not only to achieve rapid focus, but also to maintain 

the accommodative response with accuracy and comfort. Such response maintenance 

would reflect the accommodative adaptation mechanism (Rosenfield et al., 1994). 

Positive accommodation training was terminated at the point at which subjects could no 

longer focus with their maximum effort. The above was repeated for negative 

accommodation. The order of positive/negative training as well as the eye trained at each 

session was randomized.  

 

For step accommodative facility training, combinations of +/- lens flippers (0.5, 

0.75, 1.00, 1.50, and 2.00D ) were used while maintaining vergence constant at 

0.4m (2.5MA). The accommodative targets were similar to those used in the amplitude 

training. Based on the subjects’ ability to focus, lens flipper was chosen. Subjects 

bifixated targets on a computer screen and were instructed to fuse and focus as rapidly as 

possible and to achieve the maximum cycles possible. As the treatment progressed and 

the subject demonstrated improvement, the level of task difficulty was increased by 

increasing the strength of lens flipper and by reducing the target size.  
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Stimulus Stimulus Parameter Training Period 

Duration (minutes) 

Total Training 

Duration (minutes) 

Vergence Step amplitude (BO/BI)  7 15 

 Step facility (BO/BI) 5  

 Ramp 3  

    

Accommodation Step amplitude right eye  lenses 5 15 

 Step amplitude left eye  lenses 5  

 Step facility 5  

Table 3.6: Training protocol for vergence and accommodation 

 

Treatment B – Analogous SHAM Training Procedures 

Similar to the true oculomotor training, SHAM training was performed along the 

midline at 40cm, 2 sessions per week, for a total of 6 weeks. Again, training was 

performed with constant verbal feedback, motivation, repetition, and involving active 

participation of the subject. At each session (lasting for 1 hour), the SHAM analogue of 

true version, vergence, and accommodation training was performed for a total of 45 

minutes with interspersed rest periods for 15 minutes, with total of 9 hours of training 

over the 6 week treatment phase.  

 

SHAM Version 

SHAM treatment was developed to appear to be another type of “true” training.  

 

Fixation SHAM training (5 minutes) purposely involved no formal, programmed, and 

repetitive prolonged feedback-related central fixation task per se. Subjects bifixated the 

estimated center of a contourless blank computer screen at a 40cm distance for 2 seconds 
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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 

presumed/estimated fixation point. The subject attempted to identify the two peripheral 

targets presented.  With this training, no foveal visual feedback related position error was 

provided, as was the case for the true oculomotor training. Peripheral target presentation 

time (100 ms) was shorter than the mean population saccadic latency (~200 ms).  

 

Saccade SHAM involved completion of perceptual puzzle blocks (5 minutes) with no 

formal, programmed, and repetitive fixation or saccades per se. It rather involved 

intermittent and random saccades interspersed with random fixational pauses that would 

not be effective in training the saccadic system (Ciuffreda, 2002). Subjects completed the 

puzzle by arranging the individual puzzle blocks into an appropriate pattern both 

monocularly and binocularly.  

 

Visual concentration (5 minutes) was the SHAM analogue of the simulated reading 

training. This training involved no formal, programmed, and repetitive fixation or 

saccades per se. It rather involved intermittent and random saccades interspersed with 

fixational pauses that are not effective in training the reading eye movement system 

(Fayos & Ciuffreda, 1998). The subject viewed and randomly scanned with saccades an 

array (varying from 3X3 to 5X5) of pairs of pictures for a 10-second period. Then, the 

pictures disappeared, and the subject was requested to recall the location of a specific 

picture.  
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SHAM Vergence 

The SHAM training did not involve any disparity stimulation as this is the primary 

drive for disparity vergence. While SHAM-step was performed for 10 minutes, SHAM-

ramp was done for 5 minutes. For SHAM-step, binocular or monocular plano powered 

loose prims, prism flippers and/or monocular vertical prism (0.5 or 1ΔD) flippers were 

used. The targets were pictures, vertical column of letters/numbers of varying sizes, and a 

cartoon movie projected on a computer screen at 0.4m.  The training was comprised of 

repetitive and systematic alternation of the flippers/loose prisms every 15-20 seconds 

without any prismatic power changes while bifixating static targets or watching a cartoon 

movie. Training was done both monocularly (5 minutes) and binocularly (5 minutes). For 

SHAM-ramp, subjects tracked a difference of Gaussian (0.2cycles/degree) target through 

a 0.5mm pinhole monocularly for 5 minutes (2.5 minutes each eye) in an otherwise dark 

room.   

 

SHAM Accommodation 

Plano powered/colored accommodative flipper step training was the SHAM analogue 

of the oculomotor accommodative flipper step training. This SHAM training involved 

repetitive and systematic alternation of the flippers, monocularly and binocularly, without 

any spherical lens power changes (i.e., plano/colored lenses), while the subjects read a 

text paragraph or watched a cartoon movie at 40cm on a computer screen, similar to that 

performed for the true training.  
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3.4 ANALYSES 

3.4.1 Data acquisition and analyses for objective recordings 

Accommodative dynamics 

The recorded files were saved as .csv files by the WAM software. They were then 

transferred into Microsoft Excel for detailed analyses. Three artifact-free (e.g., blink free) 

increasing and 3 decreasing accommodative responses were selected for analysis from 

the right eye traces for each subject. There were approximately 7-10 increasing and 7-10 

decreasing responses in total for each subject. The middle three blink-free responses were 

used for analysis. An exponential decay function was fit to the dynamic trajectory, and 

the response amplitudes and time constants were obtained using the Graphpad Prism ® 

software. The goodness of fit was assessed from the r2 values of each fit. The mean r2 

value for both increasing and decreasing steps was greater than 0.8 for each subject. The 

peak velocities were derived from first-order differentiation of the exponential equation. 

The mean amplitude, time constant, peak velocity, mean steady-state (SS) response level, 

and SS response variability of the responses at baseline, post-OMT, and post-SHAM 

were compared statistically using Graphpad ® software. For each subject, the mean for 

each parameter was calculated, and then the overall group mean was computed.  

 

Vergence dynamics 

The recorded video files were saved to the PRII hard drive and converted into .txt 

files. They were then transferred into Microsoft Excel for detailed analysis. Three 

artifact-free (free of blinks and/or saccades) convergence and 3 divergence responses 
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were selected for analysis from the right eye position traces for each subject from a 

sample of 7-8 responses in each direction. An exponential decay function was fit to the 

traces, and the response amplitudes and time constants were obtained using Graphpad 

Prism ® software. The peak velocities were derived from first-order differentiation of the 

exponential equation. The steady-state response variability was calculated from the 

standard deviation of the 3-5 seconds window of response after steady-state was attained. 

The goodness of fit was assessed from the r2 values of each fit. The mean r2 value for 

both increasing and decreasing steps was greater than 0.8 for each subject. The mean 

amplitude, time constant, and peak velocity of the responses at baseline, post-OMT, and 

post-SHAM were compared statistically using Graphpad ® software. For each 

subject/parameter, the average of 3 responses was obtained, and this was used for the 

group data analysis.  

 

Version dynamics 

 The output of the Arrington eye movement system was a DAT file spreadsheet 

which was then converted into comma separated values (CSV) for detailed analyses. The 

horizontal (x) and vertical (y) positions of the eyes were given in the form of [0,0] and 

[1,1] coordinates by the software, where [0,0] represents the top left corner of the 

computer screen, [1,1] represents the bottom right corner of the computer screen, and 

[0.5, 0.5] represents center of the computer screen along the subject’s midline.  These 

coordinates were then converted into degrees using the computer screen height (27.5cm) 

and width (43.5cm), and the test distance (40cm). The output of the software was 
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analyzed from the right eye using C++ program. For the saccadic ratio, any saccade 

greater than or equal to 0.25 degrees in amplitude was counted as a saccade for both the 

SRML and SRSL paradigms. For binocular midline fixation, blink artifacts and positional 

errors greater than 2 standard deviations from the mean were removed, and horizontal 

and vertical standard deviations were calculated from the mean eye position. For each 

subject, saccadic gain and peak velocity were averaged from 10 artifact-free (blink, 

prediction) quality responses for each stimulus amplitude both horizontally and 

vertically. Saccadic latency for each subject was averaged from a minimum of 20 

responses.  
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3.5 RESULTS 

The results of the main analyses are presented here for all of the oculomotor 

subsystems. This includes comparison of baseline measures before and after true 

oculomotor training using two-tailed paired ‘t’ tests from all 12 subjects for all 

parameters. For detailed subgroup analyses, see Chapters 4, 5, and 6. See Appendix VI 

for abnormal laboratory and clinical parameters in each subject for all three oculomotor 

subsystems tested at baseline. Several of the laboratory-based and clinically-based 

measures were found to change in the predicted direction significantly (p< 0.05) 

following the true oculomotor training. See Table 3.7 for the mean (1SEM) values for 

all laboratory-based measures at baseline and following true oculomotor training. Of the 

17 laboratory parameters that were abnormal at baseline, 14 (82%) improved 

significantly following training. See Table 3.8 for the mean (1SEM) values for the 

clinically-based measures at baseline and following true oculomotor training. Of the 13 

clinical parameters that were abnormal at baseline, 12 parameters (92%) improved 

significantly following training. In addition, 3 clinical parameters (PFV break and 

recovery, and stereoacuity) that were already normal at baseline improved significantly 

following training (within the range of normality).   
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3.5.1 Laboratory and clinically-based measures of accommodation, vergence, and 

version 

With regard to response velocity, peak velocity for both accommodation 

(increasing and decreasing steps) (Figure 3.8) and vergence (convergence and 

divergence) (Figure 3.9) increased significantly following the training, although they did 

not normalize. The increase in peak velocity was associated with a concomitant and 

expected significant decrease in time constant for both systems. These increases in peak 

velocity for accommodation and vergence were correlated with increased clinically-based 

flipper rates for both accommodation and vergence, which would be expected, since these 

clinical tests assess overall dynamic responsivity (e.g., latency and time constant). In 

addition, the clinically-measured maximum amplitude of accommodation (NPA) and 

maximum amplitude of convergence (NPC) increased markedly following training, thus 

reflecting improved maximum response amplitudes for both systems. However, both 

accommodation and vergence demonstrated normal response amplitudes at baseline 

during laboratory-testing, thus reflecting normal gain of the systems, for responses that 

were within their intermediate response range (Figures 3.8 and 3.9).  
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Figure 3.8: Accommodation as a function of time. Exponential fit of 2D step accommodative dynamic 

trajectory before (left) and after (right) true oculomotor training for increasing (above) and 

decreasing (below) step accommodation in a typical mTBI subject.  
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Figure 3.9: Horizontal vergence eye position as a function of time. Exponential fit of step vergence 

dynamic trajectory from right eye before (left) and after (right) true oculomotor training for 

convergence (above) and divergence (below) in a typical mTBI subject.  

 

 

 

 

 

 

 

 

PRE POST 



 

  64 

 

 

 
 

 

 

Table 3.7: Mean (1SEM) laboratory-based parameters of accommodation, vergence, and version 

before (baseline) and after true oculomotor training (post-OMT). Inc- increasing step; Dec- 

decreasing step. C- convergence; D- divergence. Fix – binocular fixation; H – horizontal; V- vertical; 

SRML – simulated reading multiple lines; SRSL – simulated reading single line. BOLD, italicized = 

statistically significant. * = normal parameter at baseline.  

 
Dynamic parameter Baseline Post-OMT Significant P value 

 

ACCOMMODATION 

 

    

Inc- Peak velocity (D/sec) 4.5(0.6) 5.8(0.6) yes <0.01 

Dec- Peak velocity (D/sec) 4.2(0.7) 5.6(0.6) yes <0.01 

Inc- Time constant 

(millisec) 

499(47) 362(31) yes <0.01 

Dec- Time constant 

(millisec) 

589(99) 412(75) yes <0.01 

Inc- Steady-state response 

level (D) 

3.42(0.1)* 3.46(0.1) no 0.59 

Dec- Steady-state response 

level (D) 

1.74(0.08)* 1.79(0.07) no 0.54 

Inc- Steady-state variability 

(D) 

0.14(0.02)* 0.11(0.009) no 0.21 

Dec- Steady-state variability 

(D) 

0.11(0.01)* 0.10(0.009) no 0.74 

Inc- Response amplitude 

(D) 

1.94(0.13)* 1.91(0.08) no 0.67 

Dec- Response amplitude 

(D) 

1.88(0.10)* 1.83(0.08) no 0.46 

 

VERGENCE 

 

    

C- Peak velocity 

(degrees/second) 

13(1.9) 18(0.9) yes 0.01 

D- Peak velocity 

(degrees/second) 

11.6(1.1) 13.5(0.8) yes <0.01 

C- Time constant 

(milliseconds) 

399(68) 228(14) yes 0.01 

D- Time constant 

(milliseconds) 

378(35) 312(22) yes <0.01 

C- Steady-state variability 

(degrees) 

0.90(0.07) 0.75(0.04) yes 0.04 

D- Steady-state variability 0.81(0.05) 0.78(0.02) no 0.54 
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(degrees) 

C- Response amplitude 

(degrees) 

3.93(0.07)* 3.96(0.08) no 0.43 

D- Response amplitude 

(degrees) 
3.93(0.06)* 3.93(0.08) no 1.00 

 

Dynamic parameter 
 

Baseline 

 

Post-OMT 

 

Significant 

 

P value 

 

VERSION 

 

    

Fix – H –deviation (deg) 0.4(0.04) 0.26(0.03) yes 0.02 

Fix – V –deviation (deg) 0.41(0.1) 0.27(0.04) no 0.23 

SRML ratio 2.1(0.2) 1.7(0.2) yes <0.01 

SRSL ratio 2.7(0.3) 2.2(0.4) no 0.06 

Saccadic latency – H 

(milliseconds) 
192(5.5)* 188(6.5) no 0.12 

Saccadic latency – V 

(milliseconds) 
193(6.7)* 198(8.2) no 0.30 

Saccadic gain – 

 2.5° - H 
0.72(0.02) 0.83(0.05) yes 0.03 

Saccadic peak velocity – 

 2.5° - H (degrees/second) 
174(8)* 202(12) yes 0.03 

Saccadic gain – 

 2.5° - V 
0.84(0.02) 0.91(0.01) yes <0.01 

     

Saccadic peak velocity – 

 2.5° - V (degrees/second) 
199(8)* 217(7) no 0.06 

Saccadic gain – 

 5°- H 
0.80(0.04) 0.85(0.04) yes 0.05 

Saccadic peak velocity – 

 5° - H (degrees/second) 
273(17)* 299(14) no 0.15 

Saccadic gain – 

 5° - V 
0.88(0.02)* 0.91(0.01) no 0.18 

Saccadic peak velocity – 

 5° - V (degrees/second) 
306(13)* 322(11) no 0.15 

 

 

 

 

 

Table 3.7 continued 
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Table 3.8: Mean (1SEM) clinically-based subjective parameters of accommodation, vergence, and 

reading eye movements before (baseline) and after true oculomotor training (post-OMT). OD- right 

eye; OS- left eye; OU- both eyes; (D)- diopter; (cpm)- cycles per minute; PRA- positive relative 

accommodation; NRA- negative relative accommodation. NPC – near point of convergence; PFV – 

positive fusional vergence; NFV – negative fusional vergence; cpm – cycles per minute; exo – 

exophoria. wpm- words per minute; fixations/100 words – number of progressive saccades; 

regressions/100 words – number of regressive saccades. BOLD, italicized = statistically significant. * 

= normal parameter at baseline 

 
Clinical parameter Baseline Post-OMT Significant P value 

ACCOMMODATION      

Accommodative 

Amplitude (OD) (D) 
6.2(0.6) 8.0(0.5) yes <0.01 

Accommodative 

Amplitude (OS) (D) 
5.9(0.6) 7.9(0.5) yes <0.01 

Accommodative 

Amplitude (OU) (D) 
6.9(0.6) 8.8(0.5) yes <0.01 

Accommodative facility 

(OD) (cpm) 
5(1) 11(2) yes <0.01 

Accommodative facility 

(OS) (cpm) 
5(1) 11(2) yes <0.01 

Accommodative facility 

(OU) (cpm) 
5(1.5) 11(2) yes <0.01 

PRA (D) 2.5(0.4)* 3.1(0.3) no 0.2 

NRA (D) 2.1(0.2)* 2.3(0.1) no 0.19 

Accommodative gain 0.86(0.13)* 0.88(0.1) no 0.76 

VERGENCE     

NPC break (cm) 15.6(2.3) 9.2(1.0) yes <0.01 

NPC recovery (cm) 17.9(2.5) 11.9(1.3) yes <0.01 

PFV break (Δ) 22(1.8)* 27(1.6) yes 0.01 

PFV recovery (Δ) 13(1.3)* 21(1.7) yes <0.01 

NFV break (Δ) 16.5(1.6) 19.0(1.5) yes <0.01 

NFV recovery (Δ) 10.5(1.2)* 12.3(1.1) no 0.06 
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Vergence facility (cpm) 5.5(1.3) 10.2(1.5) yes <0.01 

Horizontal Near Phoria 

(Δ) 

5.8(1) exo* 6.1(0.9) exo no 0.62 

Stereoacuity (arc sec) 26.2(1.5)* 22.9(1.1) yes 0.03 

VISAGRAPH     

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 

 

 

In contrast, saccades exhibited reduced gain at baseline, which then increased 

significantly following training (Figure 3.10). However, saccades, both before and after 

training, maintained their normal main sequence peak velocity/amplitude relationship 

(Bahill et al., 1975, 1981). That is, all saccades had amplitude-matched peak velocity, 

both before and after the training. In addition, saccadic latency as measured from the 

random saccades paradigm was normal at baseline, and hence no change was anticipated 

following training. Furthermore, saccadic ratios measured from the SRML and SRSL 

paradigms were found to decrease following training. While it was statistically reduced 

for the SRML paradigm (Figure 3.11a and 3.11b), there was a strong trend (p = 0.06) for 

the SRSL paradigm. See Table 3.7.  

 

     For binocular central fixation, although the mean fixational error reduced both 

along the horizontal the vertical direction by approximately 35%, the horizontal reduction 
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alone was statistically significantly (Figure 3.12). However, the reduction in the vertical 

direction was not statistically significant. See Table 3.7.  

 

Visagraph parameters revealed a significant increase in the reading rate and a 

reduction in the number of fixations/100 words. However, comprehension and the 

number of regressions/100 words did not change significantly. See Table 3.8.  
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Figure 3.10: Eye position (degrees) and velocity (degrees/sec) as a function of time. A sample saccade 

trace for ±2.5° predictable horizontal stimulus (5° step) before (upper trace) and after (lower trace) 

“true” oculomotor training. Upward deflection = left-to-right saccade. Ax – right eye horizontal 

position; stim = stimulus onset; Ax velocity – right eye horizontal velocity. Green trace, Ax – 

horizontal eye position; small yellow open circles (stim) = stimulus onset. Increased saccadic gain 

with correlated peak velocity value is evident from the post-training trace.  

 

PRE 
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Figure 3.11(a): Horizontal eye position (degrees) as a function of time (seconds). Unedited sample eye 

movement trace from SRML paradigm BEFORE “true” oculomotor training. Upward = left-to-right 

saccade, and downward = right-to-left saccade. Large deflections represent blinks. Upper trace - a 

sample of 2 lines from the entire recording. Lower trace – Magnified view of a section of trace as 

marked with white-dotted line. Shows increased number of progressive and regressive saccades that 

are not correlated with the stimulus change. Green trace, Ax – horizontal eye position; small yellow 

open circles (stim) = stimulus onset.  

 

POST 
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Figure 3.11(b): Horizontal eye position in degrees as a function of time in seconds. Sample eye 

movement trace from SRML paradigm AFTER “true” oculomotor training. Upward = left-to-right 

saccade, and downward = right-to-left saccade. Large deflections represent blinks. Upper trace - a 

sample of 2 lines from the entire recording. Lower trace – Magnified view of piece of trace as marked 

with white-dotted line in the upper trace. It shows increased number of progressive and regressive 

saccades that are not correlated with stimulus change. It shows decreased number of progressive and 

regressive saccades almost in conjunction with stimulus change. Green trace, Ax – horizontal eye 

position; small yellow open circles (stim) = stimulus onset.  

 

 

 

 

 

 

 

Figure 3.12: Two-dimensional plot of binocular central fixation before (left) and after (right) true 

oculomotor training in a typical mTBI subject. Data presented from the right eye.  
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3.5.2 Additional subjective tests  

Convergence Insufficiency Symptom Survey (CISS) scale 

 The CISS total score was significantly reduced (p<0.01) from the mean value of 

37 (4) to 28 (3). This indicated quantitatively a reduction of nearvision-related 

symptoms following training. Figure 3.13 shows CISS scores before and after training in 

comparison to the expected asymptomatic score.  
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Figure 3.13: Mean CISS score before (Pre OMT) and after (Post OMT) true oculomotor training. 

Normal = score for being asymptomatic. Error bar indicates +1SEM; * - statistically significant.  

 

VSAT subjective visual attention test 

 At baseline, based on the age-matched norm, 4 of the 12 subjects were abnormal 

by scoring less than the 2nd percentile. In addition, 1 subject had borderline abnormality, 

and the remaining 7 subjects scored in the normal range. Following training, however, the 

   * 
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percentile scores for 10 out of the 12 subjects increased. While the percentile scores of 1 

subject who was abnormal at baseline was unaltered, the score of 1 subject with 

borderline abnormality reduced by 4 percentiles following training.  However, the group 

mean VSAT percentiles increased significantly (p<0.01) from the 32nd (9) to the 50th 

(10) percentile following training. This indicated quantitatively increased visual 

attentional aspects following training. However, the mean baseline value was already 

normal in the present study population.  

 

3.5.3 Correlations: Objective and subjective findings  

 Correlations were performed both within and between the relevant/related 

objective and subjective findings using Pearson correlation on the combined group data 

(n=12). Correlations were performed to evaluate whether or not a significant effect of the 

true oculomotor training on one specific parameter was reflected in another relevant 

specific parameter that also changed significantly following the true oculomotor training. 

See Table 3.9 for correlated parameters, r values, and significance levels (p value).  
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Table 3.9: Correlation of relevant laboratory, clinical, symptom-scale, and attention test measures 

Correlated 

parameters 
R value Significant  p value 

Accommodative 

increasing vs 

decreasing step peak 

velocity  

0.87 Yes <0.01 

Accommodative 

increasing vs 

decreasing step time 

constant 

0.79 Yes <0.01 

Accommodative 

increasing step peak 

velocity vs 

monocular 

accommodative 

facility (OD) 

0.56 Yes <0.01 

Accommodative 

decreasing step peak 

velocity vs 

monocular 

accommodative 

facility (OD) 

0.53 Yes <0.01 

Accommodative 

facility 

OD vs OS 

0.97 Yes 
 

<0.01 

Accommodative 

amplitude OD vs OS 
0.94 Yes <0.01 

Binocular 

accommodative 

facility vs vergence 

facility 

0.88 Yes <0.01 

Convergence vs 

divergence peak 

velocity 

0.51 Yes 0.01 
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Convergence vs 

divergence time 

constants 

0.46 Yes 0.02 

Convergence peak 

velocity vs vergence  

facility 

0.52 Yes <0.01 

    

Divergence peak 

velocity vs vergence 

facility 

0.52 Yes <0.01 

NPC break vs 

recovery 
0.95 Yes <0.01 

PFV break vs PFV 

recovery 
0.81 Yes <0.01 

NPC break vs PFV 

break 
-0.54 Yes <0.01 

NPC recovery vs 

PFV recovery 
-0.22 No 0.31 

NFV break vs NFV 

recovery 
0.74 Yes <0.01 

NPC break vs 

binocular 

accommodative 

amplitude 

-0.87 Yes <0.01 

NPC break vs 

convergence SS 

variability 

0.06 No 0.74 

NPC break vs 

stereoacuity 
0.54 Yes <0.01 

PFV break vs 

stereoacuity 
-0.45 Yes 0.03 

SRML vs SRSL 

saccade ratio 
0.78 Yes <0.01 

SRML ratio vs 

grade-10 reading rate 
0.13 No 0.52 

SRML ratio vs 

fixations/100 words 
-0.18 No 0.34 

SRML ratio vs 

regressions/100 

words 

-0.12 No 0.54 

fixations/100 words 

vs regressions/100 

words 

0.79 Yes <0.01 

Table 3.9 continued 
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Binocular 

accommodative 

amplitude vs reading 

rate 

0.43 Yes 0.03 

NPC break vs 

reading rate 
-0.51 Yes 0.01 

Horizontal fixation 

vs reading rate -0.03 No 0.86 

Horizontal fixation 

vs binocular 

accommodative 

amplitude 

0.15 No 0.45 

Horizontal fixation 

vs NPC break 
-0.06 No 0.77 

 

Binocular 

accommodative 

amplitude vs CISS 

score 

 

 

-0.56 

 

 

Yes 

 

 

<0.01 

NPC break vs CISS 

score 
0.57 Yes <0.01 

Binocular 

accommodative 

facility vs CISS score 

-0.21 No 0.31 

Vergence facility vs 

CISS score 
-0.31 No 0.13 

Reading rate vs CISS 

score 
-0.37 Yes 0.03 

Reading rate vs 

VSAT percentile 
0.35 Yes 0.04 

Binocular 

accommodative 

amplitude vs VSAT 

percentile 

0.44 Yes 0.03 

NPC break vs VSAT 

percentile 
-0.42 Yes 0.03 

Reading rate vs 

binocular 

accommodative 

facility 

0.23 No 0.26 

Reading rate vs 0.31 No 0.13 

Table 3.9 continued 



 

  78 

vergence facility 

 

 

 

3.6 DISCUSSION 

3.6.1 True oculomotor training effects  

3.6.1.1 Global overview 

 The key objective of the study was to test the hypothesis that “oculomotor 

rehabilitation is effective in individuals with mTBI having oculomotor-based signs who 

report nearwork-related symptoms following head injury”.  Accordingly, the true 

oculomotor training resulted in significant improvement in nearly all of the aspects of the 

assessed oculomotor behaviors that were initially abnormal.  

 

With only 9 hours total of laboratory-based training (3 hours for each oculomotor 

subsystem) over 6 weeks, which is quite minimal, marked changes were found in several 

key dynamic and static behaviors of accommodation, vergence, and version that were 

originally abnormal at baseline. Of the 32 laboratory parameters assessed 

(accommodation – 10, vergence – 8; version – 14), 17 parameters were found to be 

abnormal at baseline. Fourteen of these 17 parameters (82%) demonstrated marked 

improvements following true oculomotor training. Similarly, of the 22 clinic-based 

parameters assessed (accommodation – 9, vergence – 9, and version – 4), 13 parameters 
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were found to be abnormal at baseline. Following training, 11 of the 13 abnormal 

parameters (85%) improved significantly in the expected direction.  

 

With training, the following global changes occurred. Accommodation and 

vergence manifested faster responsivity, as well as a significant increase in their 

maximum response amplitudes (i.e., AA and NPC). With respect to version, in addition 

to reduced progressive and regressive movements during saccadic execution in both 

normal and simulated reading, horizontal fixational error decreased. Nearwork-related 

symptoms reduced, and subjective visual attention improved. Lastly, the above changes 

reflected in their overall improved reading ability; subjects could read faster and more 

comfortably.   

 

The positive effects of oculomotor training found here, and in past laboratory 

studies (Han et al., 2004; Ciuffreda et al., 2006; Alvarez et al., 2010), suggest intact 

neuroplasticity in the compromised brain following head injury in these individuals. 

Furthermore, the affected oculomotor subsystems responded positively to vision 

neurorehabilitation. Persistence of these training effects is a major concern in any type of 

rehabilitation when the therapy is ceased. Follow-up studies (3rd and 6th month) are still 

ongoing in our laboratory to evaluate short-term persistence following training. The 

results from these follow-up measures will help form and determine the basis for the most 

efficacious future therapies.  
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3.6.1.2 Effects on the individual oculomotor subsystems  

(a) Vergence component  

At baseline, both convergence and divergence exhibited reduced response peak 

velocity. Their values were abnormally low/slow and below the normal “main sequence” 

distribution (Bahill et al., 1975, 1981; Hung et al., 1997). The expected steady-state level 

was attained per their normal final response amplitudes, and this suggested the presence 

of normal visual feedback with respect to disparity detection and processing. However, 

the dynamic trajectory was markedly slow. This was evident from the group mean peak 

velocity and related time constant. Typically, the peak velocity is approximately 6 times 

the amplitude of convergence response and 4 times the amplitude of divergence response 

in the normal population (Hung et al., 1997). However, at baseline, these individuals with 

mTBI exhibited reduction in peak velocity by ~48% for convergence and by ~ 27% for 

divergence for a given response amplitude, and thus were below the normal main 

sequence expectation. These results are consistent with recent findings (Alvarez et al., 

2010; Szymanowicz et al., 2012). Following true oculomotor training, however, there 

was a significant increase in peak velocity by ~40% for convergence and ~20% for 

divergence. Concomitantly, the time constant for both convergence and divergence 

showed correlated and expected decreases. These increases in peak velocity and 

decreases in time constant were well correlated between convergence and divergence 

(Table 3.9). The present results are consistent in part with the findings of Alvarez et al 

(2010) in a pilot study, who found similar increases in peak velocity for convergence 

with training, but not for divergence as this was normal before the training, in 2 mTBI 
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subjects with convergence insufficiency (CI) following 18 hours of similar type of vision 

therapy. Furthermore, in the present study, the steady-state (SS) variability decreased 

significantly for convergence at 30cm, but it did not for divergence at 1m. This finding 

may not be surprising given the fact that the training was performed at the conventional 

reading distance at 40cm, and hence no change would be expected at the 1m “untrained” 

distance. This suggests lack of generalization of the vision therapy effects to the overall 

vergence system, thus suggesting that training should encompass several distances. 

Vergence peak velocity was found to correlate with vergence flipper facility rate, as 

expected. At baseline, vergence facility rate was ~ 50% less than the clinic norm. With 

training, subjects could fuse BO and BI prisms rapidly, with significant increase in the 

facility rate by twice the baseline amount. However, this value was still below the clinic 

norm (15±3 cpm).  

 

Neurophysiological interpretation of its increased response peak velocities 

following training can be understood as follows: Similar to saccades, the final 

motoneuronal controller signal for convergence consists of a small and broad pulse 

combined with a step (Yuan et al., 1999; Semmlow & Yuan, 2002). While the step 

component functions to maintain accurately binocular eye position (i.e., vergence angle) 

on the newly-acquired target, the small pulse component functions to displace the eyes 

dynamically in a time-optimal manner to this new target position. In the midbrain, 

vergence burst cells fire in relation to vergence velocity producing a small and transient 

pulse-like response, while vergence tonic cells fire in relation to the vergence angle 
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demand to produce the sustained response (Mays et al., 1986). The neural pulse is 

responsible for the actual eye movement trajectory and its related dynamics (e.g., peak 

velocity), and the neural step is responsible for maintenance of final eye position. Based 

on the findings from the present study, and earlier studies (Alvarez et al., 2010; 

Szymanowicz et al., 2012), the primary neural deficit in the mTBI patient is likely the 

pulse. This is reflected in the consistently slowed dynamics (e.g., reduced peak velocity) 

for both convergence and divergence in the present study. The reduced peak velocity and 

related increased time constant can be accounted for by a reduction in pulse height. Thus, 

the overall time course of the vergence dynamic trajectory will be slowed. Since the 

appropriate vergence amplitude was eventually attained accurately, this suggests that the 

step component had the appropriate mean height. However, vergence steady-state 

variability was increased at baseline, which suggests the presence of increased neural 

noise producing step component variability. Following training, it appears that the 

increased pulse height is reflected by the increased peak velocity, thus resulting in faster 

motor responsivity to the final target position. Also, the decreased steady-state variability 

found for convergence, as observed in the present study following therapy, could be 

attributed to training-related reduced step variability. This change in motor behavior as a 

result of oculomotor learning (discussed later) needs to be assessed and correlated 

neurologically using brain-imaging studies (e.g., fMRI) in the future. There has been only 

one pilot study that correlated functional brain imaging with the effects of vision therapy 

in 2 patients with CI and self-reported mTBI (Alvarez et al., 2010). They found increased 

neural activity following training in the regions of the brain stem, frontal lobe, and 
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cerebellum. They attributed the increase in peak velocity to increased “neuronal 

recruitment” and improved “neuronal synchronization” following training, as evident 

from the increased cortical activity observed. However, eye movement recording and 

brain imaging were not performed simultaneously. Future controlled studies are required 

in human subjects to ascertain the underlying neurological substrates and correlates of 

oculomotor rehabilitation and their subsystem interaction.  

 

Several static clinical parameters were also found to change markedly following 

training.  The maximum amplitude of convergence (NPC) increased significantly; that is 

the closest point for which the target could be maintained single moved closer to the 

subjects; this was evident measured from the NPC break and recovery values. Several 

clinical case studies and a few population studies that evaluated the effect of vision 

therapy in individuals with mTBI support this finding (Candler, 1944; Cohen, 1992; 

Hellerstein & Freed, 1994; Berne, 1990; Krohel et al., 1986). In addition, under the non-

congruent condition, where accommodation was maintained constant and vergence 

demand was systematically altered, vergence amplitude increased in both the convergent 

and divergent directions; this was evident from both the PFV and NFV values. This 

improvement in overall convergence ability reflected on improved near stereoacuity with 

training, presumably by increased response accuracy, and hence reduced steady-state 

fixation disparity vergence error.  However, the near horizontal phoria did not change 

with training, as expected. In the non-adapted state of vergence, this value, which reflects 

the horizontal position of eyes in the absence of fusional vergence, would change if and 
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only if the cross-link ratio (AC/A) changes. However, this ratio was found to be constant 

following vergence training (Brautaset and Jennings, 2006; Thiagarajan et al., 2010), and 

hence the result is quite expected.  

 

(b) Accommodation component 

The accommodative system shared many analogous dynamic characteristics and 

changes with the vergence system both before and after the true oculomotor training. At 

baseline, while the response amplitude was attained, the dynamic trajectory was 

markedly slow, as reflected by the reduced peak velocity and related increased time 

constant.  The group mean peak velocity was ~40% less than the mean velocity found in 

normal individuals (Green et al., 2010 a & b) for both increasing (2 to 4D) and decreasing 

(4 to 2D) steps of accommodation, and thus below the normal peak velocity/amplitude 

relation (i.e., main sequence). Concomitantly, the related time constants for increasing 

and decreasing accommodation were longer. This result of reduced response velocity and 

time course in individuals with mTBI is consistent with the earlier findings in this 

population (Green et al., 2010b). Following true oculomotor training, however, there was 

a significant increase in peak velocity by ~30% from the baseline value for both 

increasing and decreasing steps of accommodation, although did not normalize. That is, 

subjects now attained their baseline steady-state response level considerably more 

rapidly. Concomitantly, the time constant exhibited a correlated and expected decrease. 

These two dynamic parameter changes were also correlated for either increasing or 

decreasing steps of accommodation (See Table 3.9). While the dynamic trajectory pattern 



 

  85 

manifested a marked improvement, the total response amplitude did not change with 

training for either increasing or decreasing steps of accommodation, as they were already 

normal at baseline. This suggested the presence of normal visual feedback with respect to 

blur detection and visual processing, similar to that found for vergence. In addition, this 

was confirmed from the normal closed-loop accommodative gain values found in these 

individuals as measured from the accommodative stimulus-response (ASR) function. 

Moreover, the stimuli changes were well within the linear range of the subject’s 

accommodation. Similarly, the mean steady-state (SS) response level and the SS 

variability did not change with training for either increasing or decreasing steps of 

accommodation. These values were already within normal limits at baseline, so no 

change would be anticipated.   

  

The neural control mechanism of accommodation is quite similar to that of the 

saccadic and the vergence systems. The final neural signal for accommodation consists of 

a small pulse/phasic signal and a step/tonic signal (Schor & Bharadwaj, 2005; 2006). The 

pulse governs the velocity, and the step governs the final steady-state level position. 

Evidence from non-human primate studies suggests that many areas of the brain are 

involved, such as areas of midbrain (SOA), frontal eye fields (FOF), cerebellar posterior 

interposed nucleus, pons, etc., during accommodation (Gamlin & Clarke, 1995; Judge & 

Cumming, 1986). Cells in these areas contain both phasic and tonic cells that fire in 

relation to velocity and position, respectively. While the height of the pulse signal 

determines the peak velocity, the height of the step signal determines the final steady-
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state position. Neurophysiologically, decreased peak velocity of the accommodative 

response found at baseline can be attributed to reduced pulse height, which increased 

following the true oculomotor training. Since the response amplitudes were normal in 

these mTBI individuals, normality of the step height is suggested. Unlike vergence 

(Alvarez et al., 2010), there is no study in the literature that monitored brain activity 

related to accommodative training in humans. Although vergence training alone (Alvarez 

et al., 2010) can indirectly influence and possibly train accommodation indirectly via the 

vergence-accommodation cross-link (Balsam & Fry, 1959), a discrete neuroimaging 

study involving accommodation before and after vision therapy is necessary in humans in 

the future.  

  

In addition to the laboratory-based dynamic changes observed, critical clinical 

parameters also exhibited marked improvement following training. The above objective 

findings correlated well with the clinical findings, for example with accommodative 

flipper ( lenses) facility rates, as has been the case in the past (Liu et al., 1979).  At 

baseline, accommodative facility rate was ~ 50% less than the clinic norm, both 

monocularly and binocularly. Following training, however, facility rates normalized and 

increased two-fold when compared to the baseline values under all test conditions. In 

addition to the increased response speed, the maximum accommodative response (i.e., 

amplitude of accommodation) increased significantly under both monocular and 

binocular test conditions. This increase in accommodative amplitude correlated with 

reduction in symptoms per the CISS scale. While this increase in maximum amplitude 
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was true under naturalistic-viewing congruent conditions (vergence and accommodation 

demands change equally), it did not in the non-congruent condition where vergence was 

maintained constant and accommodative demand was systematically altered step-wise, 

that is the NRA and PRA tests. However, these values were normal at baseline, and hence 

training would not be expected to have any effect.  

 

(c) Version component  

 True oculomotor training had mixed effects on the parameters of version tested in 

the present study. This is described below for each versional subsystem.  

  

Accuracy of binocular central fixation improved with training.  Fixational errors 

reduced ~35% along both horizontal and vertical directions. However, due to increased 

variability from 2 of the subjects, error reduction along the vertical direction was not 

statistically significant for the group. These results are consistent with the findings from 

Kapoor et al (2004), and Ciuffreda et al (2006), who reported significant reduction, but 

not normalization, in fixational error along the horizontal, vertical, and oblique directions 

following 8 weeks of oculomotor training (9.6 hours total) in individuals with mTBI as 

assessed objectively.  

 

What might be the neurophysiological underpinning? Evidence from non-human 

primate studies reveals that fixation-related neurons are predominantly located in the 

rostral end of the superior colliculus (SC) (Munoz & Wurtz, 1993), and within the 
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nucleus raphe interpositus (RIP) near the midline in the caudal pontine reticular 

formation (Evinger et al., 1982; Keller, 1974; Luschei & Fuchs, 1972). These neurons 

fire tonically during fixation, with the discharge ceasing both before and during saccades, 

and followed by an increase again upon saccade completion (Munoz & Wurtz, 1993).   In 

addition, fixation neurons have also been identified in the regions of the frontal lobe 

(FEF, SEF, PFC) (Bon & Lucchetti, 1992; Suzuki & Azuma, 1977), posterior parietal 

cortex (Lynch et al., 1977), and thalamus (Hikosaka & Wurtz, 1983). Thus, many/all of 

these regions may have been adversely affected initially by the mTBI, and now 

remediated via training. From the present study results, one may speculate that the 

initially increased fixational error may be related to the ill-sustained tonic firing in these 

neurons as a consequence of head trauma involving regions of the midbrain. However, 

future neurological studies (e.g., fMRI) are necessary to evaluate this hypothesis in 

humans.  

 

Dynamics of the saccadic system in the current investigation was unaffected (i.e., 

peak velocity and latency). Although the saccadic gain was reduced, the saccades 

followed the main sequence relationship (Bahill et al., 1975, 1981) before and after the 

training. That is, for a given amplitude, the peak velocity was normal, thus suggesting 

normal neurological control. With training, the saccadic gain for both the horizontal and 

vertical 2.5° stimulus increased by approximately 10-15%, as reported in an earlier case 

(Kapoor et al., 2004). Concomitantly, peak velocities increased and were amplitude 

matched. However, for the 5° stimulus, while training had a positive effect horizontally 
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by increasing the gain by 6%, it did not change vertically, as the gain was already normal 

at baseline.   

The final neural signal for execution of saccades is a pulse-step involving burst 

and tonic neurons, respectively (Keller, 1991; Leigh & Zee, 2006). The output of the 

phasic controller (velocity command) is the input to the neural integrator. The neural 

integrator transforms the velocity command into the required position signal. Individual 

pulse and step signals combine at the oculomotor neuron (OMN) and are transmiited via 

the oculomotor nerve to innervate the respective extraocular muscle to execute a saccade.  

Since the neural integrator is responsible for an appropriate position signal, hypometric 

saccades could result from a neural integrator problem. Since the cerebellum acts as a 

calibrating organ, injuries involving the cerebellum could result in saccadic dysmetria. 

Further details on the neurology of saccades and potential sites involved following a TBI 

are discussed in relation to the present results in Chapter 6.  

 

With regard to the saccade ratio for simulated reading, it was found to reduce by 

~20% (reflecting improvement) for both the SRML and SRSL paradigms after the 

training, although did not normalize. This is depicted in Figure 3.11a and 3.11b, where a 

typical individual with mTBI executed fewer “progressions” and “regressions” for a 

given stimulus change following training. That is, on average, subjects executed a fewer 

number of erroneous (excessive) saccades following training, thus reflecting improved 

rhythmicity and accuracy of the saccadic system and related sequential tracking ability 

(Fayos & Ciuffreda, 1998).  It is interesting to note that the group mean saccadic ratio for 
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the SRML paradigm was larger than for the SRSL paradigm, both at baseline and 

following training. While the SRSL paradigm was both spatially and temporally 

predictable, the SRML paradigm was predictable temporally alone. This may be the 

reason for this difference, as the future target position could not be readily calculated and 

predicted in the SRML paradigm. In general, simple miscalculation of the position error 

could be one of the critical causes resulting in the increased number of saccades, although 

prediction could also be faculty.  

 

The ultimate goal of the nearvision-related oculomotor training was to improve 

overall reading ability in these individuals with mTBI. As recorded with the Visagraph, 

the reading rate (number of words per minute) increased markedly by ~25% for grade-10 

level reading material following training. This faster reading ability was reflected in the 

reduced number of fixations (progressive saccades) and regressions (regressive saccades) 

measured objectively with the Visagraph. While the reduction in number of fixations was 

statistically significant, the reduction in regressions was not, and the comprehension level 

did not change markedly, as the latter was already normal. During the reading eye 

movement training, within the COR program, the targets were displaced step-wise across 

the computer screen (from left-to-right) based on the target presentation duration opted. It 

was designed to force subjects not to make regressions. This likely resulted in training the 

oculomotor system to make fewer regressions post-training. In the absence of any 

oculomotor abnormality or underlying cognitive dysfunction, a normal reader usually 

modulates the reading speed based on material complexity to allow for a relatively high 
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and acceptable level of text comprehension.  In an individual with a versional 

dysfunction, especially in conjunction with an accommodative and/or vergence 

dysfunction, the constant effort of attempting to clear/locate/fuse the reading material 

allocates their attention to more basic, lower level oculomotor control aspects. This 

impinges on the higher-level text comprehension and its own attentional allocation.  

Thus, presence of any basic oculomotor abnormality in conjunction with a complex text 

would reduce reading speed. In the present study, while comprehension did not change, 

improved oculomotor function (i.e., improved fixation, accommodation, vergence) 

automatically increased the reading speed.  

 

3.6.1.3 CISS scale questionnaire 

Along with the numerous and marked improvements in both the laboratory and 

clinical measures, it is important to ameliorate the symptoms associated with nearwork 

due to the underlying oculomotor deficiency. Based on the validity and reliability 

evaluation of the CISS questionnaire (Rouse et al., 2004), a total score of 16 or less 

suggests being relatively asymptomatic, while a score of 21 or more is suggestive of 

being symptomatic at near. At baseline, the group mean total score was 37, and thus they 

were all highly symptomatic. Following training, the group mean total score reduced to 

28. Based on the CISS validity study (Rouse et al., 2004), a 10-point reduction in the total 

score following vision therapy is considered as having a significant treatment effect, 

which did occur. Based on this criterion, while the individuals with mTBI had a 

significant treatment effect, they were still moderately symptomatic. This is an indication 
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of the need for additional oculomotor training in the mTBI population, perhaps a total of 

20 hours or more to reduce symptoms to the CISS asymptomatic criterion level, as well 

as to maintain the treatment effect once it ceases.  

 

3.6.1.4 Subjective Visual Attention  

Visual cancellation tasks such as the VSAT have been widely used clinically to 

assess sustained attention (Trenerry et al., 1989). Embedded in this type of task is 

saccadic visual scanning ability.  In the current study, subjects cancelled the targeted 

symbol, while scanning with saccades across the test sheet from left-to-right within the 

stipulated time. The task involves simultaneous engagement of visual attention to cross 

out the target and omit the distractors, along with precise oculomotor control. Any basic 

oculomotor abnormality (e.g., saccadic dysmetria, or intermittent blur and diplopia) 

would reduce performance. Oculomotor training in the current study involved actively 

engaging the subject’s attention constantly throughout the training period, although 

attention per se was not directly trained (Solan et al., 2003). The constant effort to reduce 

any blur, fuse diplopic images, refixate a word, disengage attention from one target to the 

other while executing saccades, engage working memory during reading eye movements 

training in a typical RSVP paradigm, etc., are believed to indirectly train visual attention 

(Ciuffreda, 2002; Solan et al., 2003). This training effect should be reflected in the 

subjective attention test score, which it did. The increase in percentile score can be 

attributed to the overall improved oculomotor control, and indirectly the training of visual 

attention. Future studies on objective assessment of visual attention following oculomotor 
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rehabilitation are necessary for better understanding of the underlying mechanisms.  

Assessment of the objective correlate of visual attention is still on-going in our 

laboratory, where especially the 10Hz component of the alpha band (8-13 Hz) power 

spectrum is monitored using the visually-evoked potential (VEP) before and after 

oculomotor training, with this 10Hz component being significantly correlated with the 

VSAT score in normal subjects (Willeford et al., in press).  

 

3.6.1.5 Correlation of improved laboratory, clinical, symptom scale, and subjective 

visual attention measures 

 Relevant correlations performed between the parameters that were found to 

change markedly following training revealed interesting results (See Table 3.9). Several 

correlations were found to be statistically significant, as was expected, thus 

demonstrating simultaneous improvement both within and between the three subsystems. 

Increased response peak velocity and response time measured objectively along one 

direction in depth were correlated with increased velocity along the opposite depth 

direction within a system, i.e., both convergence and divergence, and both increasing and 

decreasing steps of accommodation. This faster post-training responsivity of the 

accommodative and vergence systems measured objectively (i.e., peak velocity) was well 

correlated with their respective clinical flipper (lenses and prisms) facility rates, both 

within and between the components, as might be predicted. Similarly, the clinically-based 

increase in the maximum amplitude of convergence (NPC) correlated with the clinically-

based increase in the amplitude of accommodation, thus further suggesting neural 
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interaction between the two systems. And, increased amplitude of convergence correlated 

well between congruent (NPC break) and non-congruent (PFV break) testing conditions. 

Furthermore, improved amplitude of convergence was associated with improved near 

stereoacuity.  While the improved clinically-based vergence and accommodative 

amplitudes correlated with increased reading rate (Visagraph), their respective clinically-

based facilities did not. This suggests that sustaining accommodation and vergence via 

training is more critical to improved reading ability than the dynamic counterparts as 

assessed with the flipper lens/prism. Increase in reading rate was also associated with 

improved subjective visual attention, as evident from the increased VSAT percentile, as 

predicted. Furthermore, reduction in symptoms (CISS score) correlated with increased 

reading rate and improved vergence and accommodative amplitudes. Thus, an overall 

improvement both within, and between, the oculomotor subsystems has been 

demonstrated to be associated with reduction in nearwork-related symptoms. Increase in 

reading rate was expected to correlate with the saccade ratio. However, it did not 

correlate with the SRML saccade ratio. Similarly, reduction in the horizontal fixational 

error was expected to correlate with the reading rate, but it did not. This could have 

resulted from the increased variability between the subjects, as well as the complexity of 

the reading problems involving a multitude of other factors. It could also have been 

adversely affected by the still abnormal vertical fixation error.  
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3.6.1.6 Neuroplasticity and its relation to oculomotor learning  

The normal human brain is considered to be quite plastic throughout one’s life 

(Johnston, 2004) (e.g., motor adaptation). Its ability to modify its cytoarchitectural 

structure, form new synapses, increase synaptic strength, and function based on changes 

in environmental stimulation and visual experience is well known from several 

neurophysiological, behavioral, and brain imaging studies (Murphy & Corbett, 2001; 

Carey & Seitz, 2001; Chen et al., 2010). This experience-dependent neuroplasticity 

involves a spectrum of changes at the biochemical, cellular, physiological, and structural 

levels (Duffau, 2001; Chen et al., 2002).  Repeated stimulation at the synaptic level is 

believed to be the key factor in new learning and synapses that are coincidently activated 

are strengthened (Hebbian plasticity), thus resulting in reorganization of the neural 

circuitry (Hebb, 1949; Warriach & Kleim, 2010; Feldman, 2009). Based on the frequency 

and strength of this stimulation across synapses, long-term increases in the synaptic 

strength occur, which is referred to as long-term potentiation (LTP) (Citri & Malenka, 

2008; Johnston, 2009). This kind of activity-dependent change occurs in excitatory 

synapses involving glutamate-mediated receptors, where a combination of changes in the 

presynaptic neurotransmitter release (NMDA), as well as the number of post-synaptic 

excitatory receptors (AMPA), takes place (Citri & Malenka, 2008; Feldman, 2009). 

Along with the biochemical and cellular changes, structural changes such as increased 

synapse number and increased axonal/dendritic arborization, etc., have been 

demonstrated to be markers of neuroplasticity resulting in functional and behavioral 

changes (Warraich & Kleim, 2010).  
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Following a TBI, and based on its severity, studies have demonstrated disrupted 

neural dynamics as a consequence of decreased number and strength of neural 

connectivity (Nakamura et al., 2001). While the above described mechanism of adaptive 

plasticity is not surprising in an intact and normal brain, evidence supporting its presence 

in a highly compromised brain (e.g., brain injury) is also present and evolving constantly 

(Murphy & Corbett, 2001; Carey & Seitz, 2001; Chen et al., 2010). The ability to remap 

and configure new circuits forms the basis of interconnectivity of the brain both within 

and across regions with overlapping functional abilities. This plays a significant role in 

the recovery process involving neural reorganization.  

 

Recovery following an insult to the brain can be basically classified into two 

categories: spontaneous reorganization or natural recovery, and training-induced 

recovery.  The former occurs immediately following injury; it involves restoration of 

neurotransmission in the regions adjacent and distant from the injury location. It has been 

shown that the natural recovery period following TBI is ~ 6-9 months (Nakamura, 2001). 

However, and most importantly, the second phase of training-induced recovery is 

independent of time lapse after the injury, and it involves functional recovery via a 

“relearning” process. In addition, training during this natural recovery period hastens 

functional improvement by activating learning networks (e.g., primary motor cortex) 

(Chen et al., 2010; Munoz-Cespedes et al., 2001). Three types of neural strategies have 

been identified that are attributed to the functional improvement during the process of 
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neurorehabilitation (Warraich & Kleim, 2010): 1) Restoration, involves reengaging 

activity in spared areas within the affected region that were inactive due to learned 

nonuse; 2) Recruitment, wherein new regions remote from the injury site, that have 

similar functional abilities but did not contribute predominantly before the injury, are 

activated; and 3) Retraining, which involves training regions to perform new tasks to 

recover the initial loss of function, integrating both (1 and 2) strategies. Hence, activity-

dependent synaptic plasticity in conjunction with sensory and motor map reorganization 

forms the basis for neural plasticity following brain injury. In addition to the conventional 

rehabilitation processes, studies are being conducted on transcranial magnetic 

stimulation, injection of drugs to arrest axonal sprouting, etc., to facilitate the recovery 

process speed (Hummel & Cohen, 2005). This may be an exciting future direction.  

 

Following head trauma, the decreased oculomotor response speed could be 

attributed to the DAI, in which the compromised WM integrity causes slower conduction 

of nerve impulses (Bazarian et al., 2007; Bigler, 2007) resulting in an overall slowed 

motor response (e.g., slowed vergence). See the schematic representation in Figure 3.14 

for the proposed mechanisms involved. Vision therapy acts as a critical part of the 

relearning process, in which the trained system gains its automaticity through repetition. 

With regard to the results of the present study, an overall improvement in the oculomotor 

behavior was observed in all individuals with mTBI to some degree, and it is a 

consequence of “oculomotor learning” involving the relearning processes described 

earlier (Figure 3.15). A combination of repeated stimulation with various amounts and 
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types of blur (negative and positive), horizontal disparity (crossed and uncrossed), target 

step displacements (horizontal and vertical), etc., increasing task level difficulty (e.g., 

progressively reducing target size), active participation of the subjects, heightened 

attentional state, presence of visual and verbal feedback, and high motivation of the 

subjects to perform the task over the 6 week training period resulted in a significant 

oculomotor training effects. This marked functional improvement shows great promise 

for future rehabilitation in these individuals. Based on the existing knowledge of 

oculomotor control neurology, it is difficult to definitely state what specific areas of the 

brain have regained activity, since the brain utilizes different strategies 

(restoration/recruitment/retraining) to recover from the functional loss. Functional 

neuroimaging studies are thus necessary to correlate these relearned oculomotor 

behavioral changes. To date, there is only one pilot study (Alvarez et al., 2010) that 

evaluated the neurological changes in 2 individuals with mTBI associated with vision 

therapy involving solely the vergence component using the fMRI technique. Their results 

showed increased amount of voxels and correlation within the regions of interest (ROI) 

(brain stem, cerebellum, FEF, and SEF) following a total of 18 hours of clinically and 

laboratory-based vision therapy. Furthermore, and of particular interest, their results 

correlated with increased vergence peak velocity, as found in the present study. While 

increased cortical activity was attributed to neural recruitment, increased correlation was 

attributed to improved synchronization of the involved subsystems population of neurons. 

Similar studies are required to evaluate the neural correlates of oculomotor rehabilitation 

and improved function in individuals with mTBI. 
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Figure 3.14: Proposed mechanisms contributing to the slow responsivity and symptoms. WM – white 

matter.  
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Figure 3.15: Proposed underlying basis for vision therapy 

 

 

3.6.2 SHAM training effects 

 SHAM training did not have a positive effect on any of the objective or subjective 

parameters assessed in the present study. In those who received SHAM training first 

(even group), no significant changes from baseline were observed in any of the three 
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subsystems trained. In subjects who received true oculomotor training first (odd group), 

SHAM training did not have any consistent effect on the prior true training. Although 

SHAM training did not involve active and stimulus-correlated visual feedback related to 

the systems being trained (e.g., blur/disparity), it did involve active engagement of 

attention from the subjects with a range of visually-guided tasks. Although subjective 

attention test (VSAT) did not reveal any evidence for the presumed effect, future testing 

using objective methods (e.g., VEP-related alpha; Willeford et al., in press) may be 

necessary to evaluate the effects of SHAM training on visual attention objectively as 

well. Interestingly, there was a correlated improvement in visual attention with the true 

training, thus providing further evidence that the observed changes were related solely to 

the true oculomotor training per se. See Appendix VII for Tables showing SHAM results.  

 

3.6.3 Future directions 

 The present study evaluated the global aspects of oculomotor training on several 

critical parameters of the oculomotor subsystems involving version, vergence, and 

accommodation. Other oculomotor subsytems, such as the vestibular system and pursuit 

system, should be included in future studies to understand the oculomotor behavior in 

individuals with mTBI even more comprehensively. While the present study included 

evaluation of step changes in the target, objective measures of ramp stimulation are 

necessary to test real-time smooth tracking ability in these individuals. There is also a 

paucity of data on the neurological correlates of oculomotor training that result in the 

aforementioned functional changes. Hence, functional and structural brain imaging 
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studies will be necessary to assess for correlation with the behavioral changes, and use 

this information to plan for future treatment accordingly. Despite marked improvement 

found in these individuals following true training, they remain symptomatic to some 

extent, and furthermore most of the improvements did not reach the level of 

normalization. Although subjects show improvement in the predicted direction, as 

expected, they were not yet normalized. This suggests that future similar therapeutic 

interventions should include additional hours of training for each oculomotor subsystem, 

perhaps a 2 to 3 fold increase (e.g., 20 or 30 hours rather than only 9 hours). However, it 

may also be that these individuals may never be totally asymptomatic despite the amount 

of training undertaken due to their compromised brain. Evaluation of persistence of the 

training is still an on-going study in our laboratory. All measures are being reevaluated at 

3 months and 6 months after the completion of training.  Based on the results from these 

follow-up studies, future therapies will be planned to improve their oculomotor function 

and reduce symptoms even further, as well as develop more efficacious therapeutic 

programs.  While it might be challenging to restore complete normalcy in these 

individuals, long-term training distributed over 6-12 month intervals may be necessary to 

maintain the initial improvements (“booster therapies). Lastly, investigations should to be 

extended in a larger sample size to generalize the treatment effects, and longer follow-up 

(1-5 years) is necessary.   
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3.7 CONCLUSIONS 

 Oculomotor rehabilitation was effective in adult individuals with mTBI who 

reported symptoms of an oculomotor basis following more than one year post-injury. All 

three oculomotor subsystems (version, vergence, and accommodation) were amenable to 

the training. An overall improvement in reading ability correlated well with many of the 

objective and subjective measures related to reading and nearwork. Intact neuroplasticity 

mechanisms in the compromised brain form the basis of oculomotor learning resulting in 

an improved oculomotor behavior.  
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Chapter 4 Oculomotor rehabilitation in mild traumatic brain injury (mTBI): 

Vergence  

4.1 ABSTRACT 

 

Aim: To evaluate a range of dynamic and static measures of vergence before and after 

true oculomotor training in individuals with mTBI and near-vision related symptoms. The 

results were also compared with SHAM training.  

 

Methods: Twelve non-strabismic individuals with mTBI (mean age: 29 [± 3] years) with 

near vision symptoms participated in the study. All clinical vergence parameters were 

measured using conventional, standardized clinical techniques. Laboratory-based 

vergence dynamics was recorded objectively using the Power Refractor II. All measures 

were performed before and after true oculomotor (step and ramp vergence training) and 

SHAM training (6 weeks each, 2 sessions/week, 45 minutes/session). The vergence 

training was part of a comprehensive oculomotor rehabilitation mini-clinical trial 

(interventional cross-over design) also concurrently involving training of accommodation 

and versional eye movements.  

 

Results: Following the true oculomotor training, peak velocity of both convergence and 

divergence increased significantly (p<0.05), and it was associated with a concomitant and 

predicted decrease in time constant. The increase in peak velocity was correlated with 

increased clinically-based vergence prism flipper rate. The steady-state (SS) response 
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variability for convergence reduced significantly (p<0.05) following training, but it did 

not for divergence. Response amplitudes were normal before and after training. 

Clinically, the amplitude of convergence (NPC), fusional amplitudes (PFV and NFV), 

and near stereoacuity improved significantly (p<0.05). In addition, symptoms reduced 

and subjective attention improved markedly (p<0.05). None of the measures were found 

to change significantly following SHAM training.  

 

Conclusions: The marked improvement in vergence eye movements, both clinically and 

in the laboratory, following oculomotor training demonstrates considerable residual brain 

visual system plasticity via oculomotor learning. The improved vergence impacted 

positively on nearwork-related symptoms and subjective attention.  

 

Key words: vergence, vergence dysfunction, traumatic brain injury, nearwork-related 

symptoms, oculomotor rehabilitation, vergence therapy, vision therapy.  
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4.2 INTRODUCTION 

4.2.1 Basic definition and components 

 Vergence refers to the disjunctive movement of the eyes used to track objects 

varying in depth over the range of one’s binocular visual field (Ciuffreda & Tannen, 

1995).  The goal is to rapidly obtain and maintain fusion, or singleness, of the object of 

interest by placing the bifixated object on corresponding retinal points within Panum’s 

fusional area (Ciuffreda, 1992).* 

 

Maddox (Maddox, 1886) was the first to classify the four components of 

vergence: disparity (fusional), accommodative, proximal, and tonic vergence. See Figure 

4.1 illustrating simplified vergence and accommodation interaction model. 1) Disparity 

(or “fusional”) vergence is stimulated by retinal disparity, which acts as the primary 

sensory stimulus to the vergence system (Stark et al., 1980). Crossed-retinal disparity 

(i.e., bitemporal) stimulates convergence, and uncrossed-retinal disparity (i.e., binasal) 

stimulates divergence. 2) A vergence response can also be evoked by blur-driven 

accommodation, thus resulting in accommodative vergence that arises from the 

synkinesis and neurological crosslink between the accommodative and vergence systems. 

3) The third is proximal vergence. It is the perceptually-driven component of vergence 

that is induced by the sense of relative nearness, or proximity, of an object. This is an 

effective drive from approximately 3m inward under certain conditions (Rosenfield et al., 

1991).  

  Vergence is usually expressed in terms of prism diopters (ΔD) or meter angles (MA). A MA is the 

reciprocal of viewing distance in meters and is equivalent to the diopter (D). The product of MA and 

inter-pupillary distance (IPD) in centimeters gives amount of vergence in prism diopters (ΔD). 
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The contribution of proximal vergence to the overall vergence response is 

relatively high in the absence of visual-feedback-related disparity and blur cues, but its 

impact motorically is much less (<1%) under natural binocular-viewing conditions, 

where the visual feedback related to disparity and blur are present and predominate 

(Hung et al., 1996). 4) Lastly, tonic vergence refers to the default vergence response (~1 

meter away) that occurs in the absence of disparity, blur, and proximal stimuli 

(Rosenfield, 1997).  The eyes are converged from some unknown divergent anatomical 

position of rest (a divergent position of 15 to 25°) (Stutterheim, 1934) to the 

physiological position of rest (convergent position of about 3°) by means of tonic 

vergence innervation (Owens & Leibowitz., 1980), which presumably reflects the 

baseline tonic neural innervation of the midbrain to the extraocular muscles (Cogan, 

1948).  Thus, the vergence system comprises a complex and finely-tuned interactive 

oculomotor subcomponent response to a range of sensory and perceptual stimuli 

(Ciuffreda & Kenyon, 1983; Ciuffreda, 1992). Furthermore, the vergence system acts in 

synchrony and precision with the accommodative and versional systems to track objects 

in one’s visual space accurately, singly, and clearly.  
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Figure 4.1: Dual interaction model of vergence and accommodation. AV – accommodative vergence; 

VA – vergence accommodation; + indicates feedforward loop; - indicates feedback loop. Model 

adapted from Hung & Semmlow, 1980.  

 

 

 

4.2.2 Neurology of vergence 

Based on studies from non-human primates and cats, there are several separate 

subsystems that are involved in the neural control of eye movements, and whose effects 

are channeled through a final common path, namely the extraocular motoneurons (Keller 

& Robinson, 1972; Mays & Porter, 1984). These findings suggest that both conjugate 

versional signals and disjunctive vergence signals are generated separately, and then 

combined at the extraocular motoneurons (Mays, 1984). Although the exact vergence 
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pathway is not fully understood, several neurophysiological experiments have been 

conducted to evaluate the role of specific areas of the brain used in vergence control. 

While the midbrain comprises the majority of neurons that govern vergence, evidence for 

existence of neurons that also discharge during vergence have been located in the pons 

(Rambold et al, 2004; Rambold et al, 2005), cerebellum (Westheimer and Blair, 1973), 

and in a few areas of the cerebral cortex such as the frontal eye field (Gamlin and Yoon, 

2000), parietal lobe (Gnadt & Mays, 1995; Genovesio & Ferraina, 2004), middle 

temporal (MT) (DeAngelis et al., 1998) and medial superior temporal (MST) visual areas 

(Takemura et al, 2001), and in the primary visual cortex (V1) (Prince et al., 2000). See 

Figure 4.2 for possible brain areas identified to contain vergence-related neurons based 

on neurophysiological experiments.  

 

The two sensory afferent signals under feedback control for vergence are retinal 

disparity and blur (Hung & Semmlow, 1980; Schor, 1992). Initially, the blur and 

disparity-related information is transmitted via the retinal ganglion cells, which comprise 

the optic nerve to higher neural centers. This information travels through the optic chiasm 

and optic radiations to the primary visual cortex (area V1), where it is initially encoded. 

Then, there are several projections from the striate cortex, including the secondary visual 

cortex and extrastriate visual areas. The secondary visual cortex functions to integrate 

information from the striate cortex, and other cortical areas, as well as the thalamus, thus 

combining information from the two halves of the visual field via the corpus callosum. 

This information is then relayed to other brain areas involving higher levels of visual 
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information processing and visual perception. For example, cells in the V3A in humans 

(Backus et al., 2001), medial temporal (MT) (DeAngelis et al., 1998) and medial superior 

temporal (MST) cortex (Takemura et al., 2001) respond to both retinal disparity and 

changing image size along with stereoscopic depth.  

 

Figure 4.2: Vergence-related brain areas. Red arrows indicate possible projections. Different colors 

indicate specific areas. Purple – occipital cortex; blue – parietal cortex; red – frontal cortex; magenta 

– cerebellum; green -  midbrain; yellow – pons. MT – middle temporal; MST – medial superior 

temporal; LIP – lateral intraparietal area; FEF – frontal eye fields; SEF – supplementary eye field; 

DLPFC – dorsolateral prefrontal cortex; SC – superior colliculus; SOA – supraoculomotor area; 

NRTP – nucleus reticularis tegmenti pontis; F – fastigial nucleus; IP – posterior interposed nucleus; 

EOM – extraocular muscles. 
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Cells in the parietal cortex, namely the lateral intraparietal  area (LIP), which is a 

secondary visual cortex, respond to retinal disparity that alters with fixation distance 

(Genovesio & Ferraina, 2004). The parietal cortex is linked to the frontal eye fields 

(FEF), which sends projections to the precerebellar nuclei. In addition, the supplementary 

eye field (SEF) and dorsolateral prefrontal cortex (DLPFC) have been identified with 

neurons that fire during target tracking in depth. The FEF projects to the nucleus 

reticularis tegmenti pontis (NRTP) in the pons, to the thalamus, and then on to the 

supraoculomotor area (SOA) (Leigh & Zee, 2006). Single-unit recording of the NRTP 

identified cells that increased their firing rate during the near response relative to their 

tonic level, and similarly the same amount of neurons increased their firing rate during 

the far response (Gamlin, 2002). The NRTP projects to the oculomotor cerebellar vermis, 

fastigial nucleus (F), posterior interposed nucleus (IP), and the cerebellar flocculus 

(Leigh & Zee, 2006; Gamlin et al., 1996; Nitta et al., 2008). The two deep cerebellar 

nuclei, also known to be involved in the control of vergence eye movements (Zhang et 

al., 1998), are the posterior interposed nucleus (IP) and the fastigial nucleus (F). The IP 

projects to the SOA, but not to the Edinger-Westphal nucleus (EW). The F neurons 

project to both the SOA and EW. While neurons in the F nucleus are related to 

convergence, neurons in the IP are related to divergence (Leigh & Zee, 2006).   

 

The midbrain neurologic control of the vergence system has been well studied 

over the past three decades. Neurons that control the vergence mechanism (both 

convergence and divergence) have been found in the midbrain (Mays & Gamlin, 1995; 
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Mays, 1984) in the mesencephalic reticular formation, 1 to 2 mm dorsal and dorsolateral 

to the oculomotor nucleus (Judge & Cumming, 1986; Mays, 1984; Mays et al, 1986). 

Similar to saccades, the final motoneuronal controller signal for convergence consists of 

a very small and relatively broad pulse combined with a step, where the pulse is 

responsible for the actual eye movement, and the step is responsible for maintenance of 

final eye position (Semmlow & Yuan, 2002). Three types of vergence midbrain neural 

cells have been found (Mays et al., 1986): 1) vergence burst cells, 2) vergence tonic cells, 

and 3) vergence burst-tonic cells. When retinal disparity is present, this signal undergoes 

a sensorimotor transformation, and a phasic vergence signal drives the vergence burst 

cells, which fire both before and during the vergence response. The output of these burst 

cells is comprised of a vergence velocity signal producing the pulse component of the 

response. Part of this vergence velocity signal serves as the input to the vergence 

integrator, whose output is a step vergence position signal that drives the vergence tonic 

cells that fire in relation to vergence angle before the actual vergence movement. The 

vergence velocity signal combines with a vergence position signal to drive the 

motoneurons innervating the extraocular muscles responsible for that particular 

movement (Mays et al, 1986). Vergence burst-tonic cells carry both vergence velocity 

and vergence position signals that input directly to the oculomotor neurons, and they are 

referred to as “near response cells” (Mays et al, 1986). These vergence burst-tonic cells 

are found in the supraoculomotor area (SOA) dorso-lateral to the OMN near the pretectal 

nuclei and rostral to the SC. Vergence position and vergence velocity signals were also 

found on medial rectus motor neurons (MRMN’s), thus indicating that the MRF transmits 
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the command for the vergence response to the MRMN (Mays et al., 1986). The MRMNs 

have an eye position threshold, at which they begin to fire, and the contractile force is 

increased by increasing the frequency of neural spikes. As the increase in firing rate 

occurs in the MRMNs, the abducens motor neurons decrease their firing rate immediately 

before and during convergence (i.e., reciprocal innervation). It is also known that the 

vergence signal reaches the MRMNs not from the abducens internuclear neurons, but 

rather from the midbrain region, as explained above. Thus, since the vergence neural 

pathway is extensive, any injury to the multitude of brain and contiguous structures may 

adversely impact the vergence system.  

 

4.2.3 Review of vergence dysfunctions in TBI 

4.2.3.1 Clinical studies 

(a) Retrospective studies 

Oculomotor dysfunctions are common among the general population, with a 

range from 20 to 30% found in the young-adult, non-TBI clinic population (Schieman & 

Wick, 2008; Hokoda, 1985; Porcar & Martinez-Palomera, 1997; Lara et al., 2001). These 

dysfunctions are also found in individuals with TBI, but with an even greater frequency 

of occurrence (Ciuffreda et al., 2007; Suchoff et al., 2001b).  Due to the pervasive nature 

of a typical brain injury (e.g., coup-contrecoup in TBI), this is not surprising, as 

numerous vision-related areas can be adversely affected (Suchoff et al., 2001b). For 

example, 7 of the 12 cranial nerves directly bear on the visual process, and at least 30 
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brain centers have a visual component (Helvie, 2011). Hence, a range of oculomotor-

based visual deficits and related symptoms would be expected in many cases.  

 

There have been 5 recent retrospective studies that have determined the 

prevalence of oculomotor abnormalities in mTBI patients both in a clinic population and 

in Veteran’s Administration (VA/military) populations (Ciuffreda et al., 2007; Goodrich 

et al., 2007; Lew et al., 2007; Brahm et al., 2009; Stelmack et al., 2009). See Table 4.1.  

 

Ciuffreda et al (2007) determined the frequency of occurrence of oculomotor 

dysfunctions encompassing vergence, accommodation, version, strabismus, and cranial 

nerve palsy in 160 individuals [between 8-91 years of age, mean (±1SEM) age of 44.9 

(1.25) years] in a clinic setting with mTBI and reporting vision-based symptoms. Ninety 

percent were found to have an oculomotor dysfunction based on the above categorization 

and after careful clinical testing. A non-strabismic, vergence system abnormality was the 

most common dysfunction: 56.3% of the population had one or more vergence-related 

abnormalities. While convergence insufficiency (CI) was the main vergence dysfunction 

(42.5%), other vergence deficits which were also found with a high frequency included 

binocular instability, convergence excess, basic exo, and divergence insufficiency. In 

addition, 51.3% of the population manifested one or more versional dysfunctions, with 

saccadic deficits (e.g., saccadic dysmetria) being the most common anomaly. Among 

those who were below 40 years of age (51 out of the 160 subjects), 41.1% exhibited an 

accommodative dysfunction, with accommodative insufficiency (AI) being the most 
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common problem. And, given the multiple interactive nature of these three 

aforementioned oculomotor subsystems, as described earlier, dysfunction in one or more 

of them would create compounded and serious dynamic oculomotor problems. 

Strabismus in the form of constant/intermittent deviations was present in 25.6% of the 

population, with strabismus at near being the most common dysfunction. Lastly, 3rd and 

4th cranial nerve palsies were found in 6.9% of the population. The frequency of 

occurrence of these 5 categories of oculomotor dysfunctions, and their subgroups, are 

typically 5-10 times greater than found in the general adult, visually-normal population.  

 

 

Table 4.1: Summary of data from the retrospective studies showing frequency of occurrence (%) of 

the different types of oculomotor dysfunctions. Nystagmus – includes unidentified fixation instability. 

(est – estimate), (- data not available). (Actual percentages are rounded off for simplicity). 

 

 

 

Ciuffreda 

et al    

(2007) 

Goodrich 

et al (2007) 

Lew 

et al (2007) 

Stelmack 

et al (2009) 

 

Brahm et al (2009) 

 sample size (n) 160 

Non-blast 

25 

Blast 

21 62 88 

Non-blast 

12 Blast 112 

% of war fighters 0 100 100 94 88 100 100 

Reading problem 75 (est) 60 62 70 50 83.3 87.5 

Vergence 56 36 24 46 28 63.6 46.8 

Version 51 32 5 25 6 16.7 24.1 

Accommodation 41 20 24 21 47 71.4 45.7 

Strabismus 26 50 (est) 30 (est) 11 8 8.3 7.1 

CN palsy 7 50 (est) 30 (est) not listed 0 - - 

Nystagmus 0.6 4 0 5 not listed 0 7.1  

General 

oculomotor 

dysfunction 90 

at least 50 

(est) 

at least 

50 (est) 70 50 (est) 40 (est)  40 (est) 
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In addition, there have been 4 subsequent retrospective studies in mTBI, with all 

being in the VA/military populations (Goodrich et al., 2007; Lew et al., 2007; Brahm et 

al., 2009; Stelmack et al., 2009). The results are remarkably similar across the civilian 

and VA/military populations, most notably in the Goodrich et al (2007) and Brahm et al 

(2009) studies, in which the etiology of the TBI included both blast and non-blast 

injuries. Of particular significance is the very high frequency of those having an 

oculomotor problem across studies (~50-90%), with the most common symptom related 

to reading (~50-90%) of a presumed oculomotor nature. Vergence dysfunctions ranged 

from 24-48%. These similarities in frequency of occurrence across studies suggest that 

the resultant visual dysfunction is relatively transparent to the etiology of the brain injury, 

at least in mTBI. Furthermore, it suggests that similar vision-based, therapeutic 

interventions can be implemented and likely prove successful in these two populations. 

The high frequency of oculomotor problems and reading dysfunctions is not very 

surprising, as 3 of the 12 cranial nerves deal directly with fine oculomotor control as 

required for comfortable reading and sequencing of eye movements, and a 4th one deals 

with vision- vestibular function.    

 

(b) Prospective clinical studies 

Although the earlier section on “retrospective studies” considered general 

oculomotor anomalies, such as vergence and accommodative disorders, strabismus, CN 

palsies, etc., the main purpose of the present paper is to focus solely upon non-strabismic, 

vergence dysfunctions in the mTBI population and their remediation. 
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One of the earliest formal studies on the presence of binocular vision 

abnormalities following head injury was by Cross in 1945. Observations were made from 

several hundred cases examined at a military hospital with either closed-head injury or 

open-head gunshot wounds. Convergence dysfunction, with or without accommodative 

abnormality and any other type of eye movement problem, was found to be one of the 

most common oculomotor anomalies. While closed-head injury was typically associated 

with convergence abnormalities, the open-head ones were not, especially when there was 

either no loss of consciousness (LOC) or only short post-traumatic amnesia (PTA). 

General body fatigue following head injury was attributed to be the cause of their 

reported “ocular muscle fatigue”, thus resulting in “defective convergence” in these 

individuals (Cross, 1945, 1948).   

 

There have been a number of more recent studies conducted in clinic populations 

that have evaluated vergence function following head trauma. One of the earlier studies 

was by Krohel et al (1986). It was conducted in 23 patients who reported reading 

difficulty (26%) and/or diplopia at near (52%) as their main symptoms. CI manifested as 

a receded near point of convergence (NPC) (74%) and reduced fusional vergence 

reserves (PFV/NFV) (52%) in these patients. This result is consistent with the later study 

of Cohen et al (1989), who found CI in two different populations tested based on time 

elapsed after their head trauma. That is, while 42% of the patients tested 3 years after 

brain their injury suffered from long-standing CI, it was similarly found in 38% of the 

patients tested only 3 months after their injury. Thus, time after the insult appeared to 
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have no influence on the frequency of this specific vergence dysfunction. It also 

suggested absence of any natural recovery for their vergence dysfunction. Presence of CI 

was also associated with longer periods of coma (>30 days), cognitive disturbance, and 

dysphasia, but not with behavioral problems. Similarly, 42% of the ABI population 

(including TBI and CVA) in nursing care centers were found to have abnormal 

exophoric/exotropic deviations including CI, and either constant or intermittent exotropia 

(Suchoff et al., 1999). Vergence dysfunctions such as abnormal NPC break and recovery, 

and an abnormal near cover test, were also commonly found in a group of symptomatic 

patients (N=16), along with reduced stereoacuity (Hellerstein et al., 1995). Receded NPC 

(63%) and reduced fusional range (100%), along with associated accommodative 

problems (36%), were reported in a group of TBI patients (N=11) that suffered frontal 

and mid-facial trauma (Al-Qurainy, 1995). In addition to the receded NPC and reduced 

fusional vergence reserve, the near phoria was found to be abnormal (i.e., large 

exophoria) in this population. Lastly, in a hospital-based study of 51 patients with 

unspecified TBI, Schlageter et al (1993) found three vergence abnormalities present as 

related to the phoria: 38% exhibited an abnormal horizontal phoria at near, 18% exhibited 

an abnormal vertical phoria at near, and 26% manifested an abnormal horizontal phoria at 

far. To confirm and extend the above findings, visual dysfunctions following blast-

induced mTBI were evaluated more recently in 20 active duty warfighters with reading-

related symptoms (e.g., intermittent blur) (Capo-Aponte et al., 2012). A range of 

oculomotor deficits (e.g., abnormal saccades, pursuit) were found in these individuals. Of 

particular interest to the current study was the following: 55% of their subjects exhibited 
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a receded NPC, 35% had reduced positive fusional vergence (PFV) range, and 45% 

manifested increased near exophoria, the hallmark signs of CI; and, these percentages 

were significantly higher from their age-matched individuals without mTBI, as expected.    

  

Other than the aforementioned clinic population studies, numerous clinical case 

series have been presented reporting vergence system abnormalities following mTBI.  

Again, the most common finding was convergence insufficiency, typically causing 

symptoms related to reading (Berne, 1990; Scheiman & Gallaway, 2001). Complete or 

partial motor-based “loss of fusion” was also a common finding in a series of 

ophthalmologically-based studies (Harrison, 1987; Hart, 1969; Pratt-Johnson, 1973; 

Stanworth, 1974). In addition, sensory-based fusion disruption syndrome (i.e., perfect 

superposition of each eye’s retinal image but without fusion in the absence of any motor 

abnormality) has been reported (London & Scott, 1987; Tassinari, 2010).   

 

4.2.3.2 Laboratory investigations 

An early study by Ron (1978) objectively recorded vergence eye movements to a 

ramp stimulus in which 28 patients with unspecified category of brain injury binocularly 

tracked a spot light from 30cm to 5cm along their midline. Seventy one percent of the 

patients had abnormal vergence. They exhibited highly variable responses, possibly due 

to the nearest target distance being closer than their nearest point of bifixation (i.e., NPC), 

as many with mTBI have abnormal NPC.   
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More recently, a wide range of static and dynamic vergence parameters were 

tested in a group of visually-symptomatic mTBI patients [mean ( 1SEM) age of 45.7  

3.1 years; n = 21] as related to nearwork by the SUNY acquired brain injury research 

group (Szymanowicz et al., 2012). Five static parameters revealed a significant difference 

between the mTBI and the normal groups: NPC break and recovery values were receded, 

PFV break and recovery values were reduced, and the stereoacuity threshold was 

increased in the mTBI group (presumably related to inaccurate vergence).  For vergence 

dynamics, while the transient response amplitudes for convergence and divergence did 

not differ significantly between the normal and the mTBI groups as they were normal, all 

of the dynamic parameters (i.e., peak velocity, time constant, and latency) were 

significantly different (p<0.05) between the 2 groups for both convergence and 

divergence. Responses were all slowed, delayed, and more variable in the mTBI group as 

compared with the normal group. See Table 4.2.  

 

In a recent pilot study (Alvarez et al., 2010), objective recordings of vergence 

were obtained in 2 young adults with self-reported mTBI. Vergence dynamics were 

markedly slowed (i.e., reduced peak velocity) for convergence, but not for divergence, as 

had been found earlier in larger populations (Szymanowicz et al., 2012). 
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Dynamic parameters mTBI Normal 

Prism facility (cpm) 12.02±1.10 16.35±0.90 

PV conv (deg/sec) 14.35±0.78 28.69±1.12 

PV div (deg/sec) 14.60±0.77 24.81±1.24 

Latency conv (msec) 323.00±26.83 216.00±17.08 

Latency div (msec) 343.70±22.30 258.70±20.30 

TC conv (msec) 458.70±25.67 220.90±9.66 

TC div (msec) 489.30±27.06 273.40±19.08 

SS variability conv (deg) 0.78±0.04 0.52±0.02 

SS variability div (deg) 0.83±0.04 0.50±0.02 

 

Table 4.2: Dynamic parameters (mean1SEM) in the mTBI and normal groups.  All dynamic 

parameters were abnormal (p<0.05).  Symbols: PV=peak velocity, TC=time constant, 

conv=convergence, div=divergence, cpm=cycles per minute, SS=steady-state response (Table adapted 

from Szymanowicz et al., 2012).  

 

4.2.4 Overview of oculomotor rehabilitation in TBI 

  The primary purpose of optometric vision therapy (i.e., vision rehabilitation) for 

binocular vision disorders, more specifically non-strabismic binocular dysfunctions, is to 

achieve overall improvement in the response speed and accuracy of the various integrated 

oculomotor functions to attain clear, single, sustained, and symptom-free binocular vision 

at all times (Ciuffreda et al., 2007). The efficacy of vision therapy for remediation of 

binocular vision anomalies, such as AI, CI, etc., is well established in the general clinical 

population (i.e., non-mTBI) (Scheiman & Wick, 2008; Ciuffreda et al., 2007; Brautaset & 

Jennings, 2006). Numerous studies have demonstrated considerable normalization in the 

patient’s clinical oculomotor parameters in association with amelioration of the related 

symptoms (Cooper et al., 1983; North & Henson, 1992; Scheiman et al., 2005; Brautaset 

& Jennings, 2006; Daum, 1982; Scheiman et al., 2010). Treating these oculomotor 

anomalies using conventional vision therapy procedures in the mTBI population can be 
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challenging due to complicating general factors, such as the patient’s excessive and rapid 

fatigue, depression, memory problems, and difficulty performing the vision therapy 

procedures regularly due to other physical ailments, to name a few, as well as other non-

oculomotor-based vision problems, such as visual field defects and photosensitivity 

(Suchoff et al., 2008; Capo-Aponte et al., 2012). However, and very importantly, 

improved oculomotor coordination and visual-perceptual skills can hasten progress in the 

patient’s other rehabilitative programs (Reding & Potes, 1988; Grosswasser et al., 1990). 

This would include cognitive therapy, for example, which requires complex visual 

saccadic scanning and fine detail discrimination.   

 

Several clinical case studies, and a few population studies, have evaluated the 

effect of vision therapy in individuals with mTBI. One of the earliest studies involved 

with the treatment of accommodative and vergence disorders was conducted by Candler 

(1944) in a hospital-based setting in a series of World War II-related head injury cases. 

Vision therapy (unspecified, but presumably orthoptic fusional training) commenced 

anywhere from 3 weeks to 5 years post-injury. While 73% (24/33) of the patients treated 

were either fully remediated or markedly improved, 12% (4/33) failed to improve, and 

only 6% (2/33) exhibited spontaneous recovery (from 3 days to 2 weeks after injury). Of 

those having convergence and accommodative deficits (with monocular and binocular 

abnormalities), 78% showed a complete cure/improvement; of those having convergence 

and binocular accommodative problems (without a monocular accommodative 

abnormality), 100% exhibited considerable improvement. Cohen (1992) also 
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demonstrated significant improvement of oculomotor function in 2 head trauma cases 

following optometric vision therapy administered in the form of lenses, prisms, fusional 

vergence procedures, and versional eye movement training (i.e., saccades and pursuit). 

Cohen’s (1992) results are consistent with the findings of Hellerstein and Freed (1994), 

as well as Ludlam (1996). The impact of optometric vision therapy in improving 

oculomotor function was also reported by Berne (1990) in 3 cases with mTBI and 

presumed CI. Each patient demonstrated improved near point of convergence (NPC) and 

positive fusional vergence (PFV) reserves, along with reduced exophoria, following 6 

months of vision therapy (one hour office session per week). Although the above case 

studies consistently reported marked improvement in vergence function following vision 

therapy, long-term follow-up data were not typically available. Such information is 

important to evaluate. However, one such case study with follow-up of 2 to 6 months 

reported no regression in the post-therapy improved visual performance of 3 patients with 

mTBI after having received 6 weeks of vision therapy (2 sessions/week; 50 minutes each 

session), which emphasized fusional abilities (Kerkhoff  & Stögerer, 1994). Furthermore, 

each patient also exhibited an overall improvement in reading ability, and 2 demonstrated 

an improvement in stereoacuity. More recently, Scheiman and Gallaway (2001) reported 

results following optometric vision therapy in 9 cases (8 with mTBI, 1 with cerebral 

aneurysm) who suffered mainly from convergence and accommodative insufficiencies 

(6/9), as well as other vision problems such as visual field defects (2/9), sensory fusion 

disruption (1/9), and IV nerve palsy (1/9). While isolated convergence/accommodative 

problems responded very well to vision therapy, treatment success was not as effective if 
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the patient concurrently manifested visual field defects, cognitive and perceptual 

problems, sensory fusion disruption, and/or cyclophoria.  

 

Evidence to support the fact that carefully programmed vision therapy remediates 

binocular vision anomalies in mTBI patients also comes from several clinical population 

studies (Schieman & Gallaway, 2001; Ciuffreda et al., 2008; Krohel et al., 1986). In each 

study, reading difficulty was one of the most common symptoms. Krohel et al (1986) 

employed primarily vergence training procedures. They reported improvement in 65% of 

the patients (n=23) with CI following closed-head trauma. As per the Scheiman and 

Gallaway (2001) findings, patients without any concomitant serious neurologic 

consequences exhibited more benefit from the vision therapy than those that did.  In a 

recent retrospective analysis which assessed the effect of conventional broad-based 

optometric vision therapy in 33 mTBI patients (Ciuffreda et al., 2008) the majority 

demonstrated significant improvement: 90% (30/33) exhibited reduction in at least one of 

their primary symptoms (e.g., difficulty when reading). Furthermore, in those 30 patients, 

27/30 (90%) showed significant improvement in their initial primary clinical sign (e.g., 

receded NPC).  More recently, a laboratory pilot study was performed in 2 individuals 

with self-reported mTBI, CI, and related nearwork symptoms. Convergence, but not 

divergence, was slowed before vision therapy, and it normalized following 6 weeks (a 

total of 18 hours) of combined laboratory- and conventional optometric home-based 

vision therapy. In addition, near-vision symptoms reduced markedly.  
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From the above studies, there is abundant evidence in both the optometric and 

ophthalmological literatures supporting the notion that targeted, specific, programmed, 

oculomotor-based vision therapy procedures (i.e., motor learning) (Ciuffreda, 2002) can 

remediate patients with a range of binocular vision disorders as a consequence of mTBI. 

Symptoms were ameliorated concurrent with normalization of clinical signs.  

 

4.2.5 Rationale for the study 

While there is abundant evidence from clinical studies on vergence training in 

TBI population, there is only data on objective recordings of vergence in these 

individuals following vision therapy in one pilot study, as briefly described earlier 

(Alvarez et al., 2010). And, moreover, there is no study that evaluated the effect of 

comprehensive oculomotor rehabilitation (involving vergence, version, and 

accommodation) on objective (dynamic/laboratory) and subjective 

(clinical/static/symptom-rating scale/subjective attention) measures of oculomotor 

parameters.  

 

Thus, the purpose of the current investigation was to evaluate clinical (static) and 

laboratory (dynamic) parameters in individuals with mTBI reporting nearwork-related 

symptoms before and after true computer-based, oculomotor training performed in the 

clinic without a home-based component. The training involved all three main oculomotor 

subsystems: vergence, accommodation, and version. The measures were also compared 

after the SHAM training. For the purpose for the present paper, only the oculomotor 
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subsystem of vergence is considered.  See chapters 5 and 6 for accommodation and 

version, respectively, in the same test population.  

 

4.3 METHODS 

 See dissertation PREAMBLE section for detailed methodology, instrumentation, 

data acquisition, and statistical analyses. The vergence training (true oculomotor training 

and SHAM training) was a part of comprehensive training protocol involving other 

oculomotor subsystems related to reading, i.e., accommodation and version.  
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4.4 RESULTS 

4.4.1 Combined group analysis (N = 12) 

 

a. Laboratory-based objective measures 

The dynamic trajectories of symmetric vergence responses from the right eye 

were fit using an exponential, one-phase decay function. Dynamic parameters derived 

from the fit were compared before (baseline) and after true oculomotor training (post-

OMT). There was a significant increase in peak velocity for both convergence 

(t[11]=3.08; p=0.01) and divergence (t[11]=3.96; p=0.002) following training, but it did 

not normalize. Similarly, there was a significant decrease in time constant for both 

convergence (t[11]=2.77; p=0.01) and divergence (t[11]=3.65; p=0.003) after training as 

predicted, but it did not normalize. Figure 4.3 illustrates unedited vergence traces in a 

typical mTBI subject before and after true oculomotor training. Increased response speed 

and reduced variability during convergence are evident after training. Figure 4.4 shows 

the exponential fit in the same subject. Faster convergence and divergence responses are 

again evident following training. Convergence steady-state response variability reduced 

significantly (t[11]=2.28; p=0.04) after training, but not for divergence (t[11]=0.62; 

p=0.54). Similarly, there was no significant difference in the response amplitudes for 

either convergence (t[11]=0.80; p=0.43) or divergence (t[11]=0.41; p=0.99). See Table 

4.3 for group mean (1SEM) dynamic values at baseline and post-OMT. Six of the 8 

parameters that were abnormal at baseline changed significantly following training. The 

other 2 parameters were normal at baseline, and hence no changes were expected.  
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Figure 4.3: Horizontal eye position as a function of time. Unedited vergence traces from right eye in a 

typical mTBI subject before (top) and after (bottom) true oculomotor training. Arrows denote 

slowed dynamic trajectory (A,C) and increased variability (B) for convergence.  
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Figure 4.4: Horizontal eye position as a function of time. Exponential fit of step vergence dynamic 

trajectory from right eye before (left) and after (right) true oculomotor training for convergence 

(above) and divergence (below) in a typical mTBI subject.  
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Dynamic 

parameter 

Baseline Post-OMT Significant P value 

C- Peak velocity 

(degrees/second) 
13(1.9) 18(0.9) yes 0.01 

D- Peak velocity 

(degrees/second) 
11.6(1.1) 13.5(0.8) yes <0.01 

C- Time constant 

(milliseconds) 
399(68) 228(14) yes 0.01 

D- Time constant 

(milliseconds) 
378(35) 312(22) yes <0.01 

C- Steady-state 

variability 

(degrees) 

0.90(0.07) 0.75(0.04) yes 0.04 

D- Steady-state 

variability 

(degrees) 

0.81(0.05) 0.78(0.02) no 0.54 

C- Response 

amplitude 

(degrees) 

3.93(0.07)* 3.96(0.08) no 0.43 

D- Response 

amplitude 

(degrees) 

3.93(0.06)* 3.93(0.08) no 1.00 

Table 4.3: Mean (±1SEM) laboratory-based objective parameters of symmetric vergence before 

(baseline) and after true oculomotor training (post-OMT). C- convergence; D- divergence. BOLD, 

italicized = statistically significant. * = already normal at baseline 

 

 

b. Clinically-based subjective measures 

All clinic parameters related to vergence were compared before (baseline) and 

after true oculomotor training (post-OMT). Of the 9 clinical parameters assessed, 

while 4 of them were found to be abnormal, 5 of them were normal at baseline. All 

four abnormal parameters improved significantly following training. In addition, 3 of 

the normal parameters also improved with training. There was a significant decrease 

(i.e., improvement) in both the NPC break (t[11]=4.07; p=0.001) and NPC recovery 

(t[11]=3.64; p=0.003) after training, but they did not normalize. Similarly, both the 



 

  131 

PFV break (t[11]=2.80; p=0.01) and PFV recovery (t[11]=4.71; p=0.0008) values 

significantly increased with training. However, this parameter was already normal at 

baseline, and further improved with training. In addition, vergence facility 

(t[11]=4.22; p=0.001) and stereoacuity (t[11]=2.34; p=0.03) improved significantly 

following true oculomotor training. While the NFV break increased significantly 

(t[11]=3.40; p=0.005) and normalized, the NFV recovery did not change (t[11]=2.04; 

p=0.06), but exhibited a predicted trend. There was also no significant change in the 

horizontal near phoria value (t[11]=0.49; p=0.62), as this value was not expected to 

change with training.  See Table 4.4 for the group mean (1SEM) values at baseline 

and post-OMT.  

 

Clinical parameter Baseline Post-OMT Significant P value 

NPC break (cm) 15.6(2.3) 9.2(1.0) yes <0.01 

NPC recovery 

(cm) 
17.9(2.5) 11.9(1.3) yes <0.01 

PFV break (Δ) 22(1.8)* 27(1.6) yes 0.01 

PFV recovery (Δ) 13(1.3)* 21(1.7) yes <0.01 

NFV break (Δ) 16.5(1.6) 19(1.5) yes <0.01 

NFV recovery (Δ) 10.5(1.2)* 12.3(1.1) no 0.06 

Vergence facility 

(cpm) 
5.5(1.3) 10.2(1.5) yes <0.01 

Horizontal Near 

Phoria (Δ) 
5.8(1) exo* 6.1(0.9) exo no 0.62 

Stereoacuity 

(arc sec) 
26.2(1.5)* 22.9(1.1) yes 0.03 

Table 4.4: Mean (±1SEM) clinically-based parameters of vergence before (baseline) and after true 

oculomotor training (post-OMT). NPC – near point of convergence; PFV – positive fusional 

vergence; NFV – negative fusional vergence; cpm – cycles per minute; exo – exophoria. BOLD, 

italicized = statistically significant; * - already normal at baseline.  
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4.4.2 Sub-group analysis 

 

a. Laboratory-based objective measures 

Odd group (N=4) – Order of treatment: A----B (A = true oculomotor and B = 

SHAM) 

 Dynamic parameters measured at baseline, then following the true oculomotor 

training (post-OMT), and later following the SHAM training (post-SHAM) were 

compared using one-way, repeated-measures ANOVA; post-hoc analyses were 

performed using Tukey’s multiple comparison tests. None of the parameters were 

significantly different (p>0.05) between baseline, post-OMT, and post-SHAM for either 

convergence or divergence.  This could be due to mixed results from individual subjects, 

and/or the relatively small sample size of the subgroup as compared with the combined 

group sample size (n=12).  

 

Even group (N=5) – Order of treatment: B----A (B = SHAM and A = true 

oculomotor)  

 Dynamic parameters measured at baseline, then following the SHAM training 

(post-SHAM), and later following the true oculomotor training (post-OMT) were 

compared using one-way, repeated-measures ANOVA; post-hoc analyses were 

performed using Tukey’s multiple comparison tests. Peak velocity for both convergence 

(F[2,14]=9.71, p=0.007) and divergence (F[2,14]=17.43, p=0.001) were found to be 

increased significantly. Similarly, the response time constant decreased significantly for 

both convergence (F[2,14]=7.61, p=0.01) and divergence (F[2,14]=10.29, p=0.006). For 

both parameters, post-hoc analyses revealed significant differences between baseline and 
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post-OMT, and also between post-SHAM and post-OMT, thus showing a real effect of 

the true oculomotor training (p<0.05). However, no significant difference was observed 

between baseline and post-SHAM, thus suggesting a lack of effect of the SHAM training 

(p>0.05). None of the other dynamic parameters were significantly different (p>0.05) 

between baseline, post-SHAM, and post-OMT for both convergence and divergence. 

This is due to the response amplitudes already being normal at baseline.  

 

b. Clinically-based subjective measures 

Odd group (N=4) – Order of treatment: A----B (A = true oculomotor and B = 

SHAM) 

 All clinic parameters measured at baseline, then following true oculomotor 

training (post-OMT), and later following SHAM training (post-SHAM) were compared 

using one-way, repeated-measures ANOVA; post-hoc analyses were performed using 

Tukey’s multiple comparison tests. Only a significant increase in the NPC recovery 

(F[2,11]=6.36, p=0.03) was observed. The post-hoc analysis revealed a significant 

difference between baseline and post-SHAM values (p<0.05), but not between baseline 

and post-OMT and between post-OMT and post-SHAM (p>0.05). This could be due to 

possible delayed effect (i.e., “consolidation period”) from the initial true oculomotor 

training. None of the other parameters were significantly different (p>0.05) between 

baseline, post-OMT, and post-SHAM. This could be due to mixed results from individual 

subjects, as well as small sample size of the subgroup as compared with the combined 

group sample size.  



 

  134 

Even group (N=5) – Order of treatment: B----A (B = SHAM and A = true 

oculomotor)  

 Clinic parameters measured at baseline, then following SHAM training (post-

SHAM), and later following true oculomotor training (post-OMT) were compared using 

one-way, repeated-measures ANOVA; post-hoc analyses were performed using Tukey’s 

multiple comparison tests. A significant decrease in the NPC break (F[2,14]=7.34, 

p=0.01) and NPC recovery (F[2,14]=7.42, p=0.04), PFV recovery (F[2,14]=4.90, 

p=0.04), and prism flipper vergence facility (F[2,14]=6.95, p=0.01), were found after 

training. While the post-hoc analyses for NPC break and vergence facility revealed 

significant difference between baseline and post-OMT, and also between post-SHAM 

and post-OMT (p<0.05), the NPC recovery and PFV recovery showed significant 

differences between baseline and post-OMT alone (p<0.05), thus showing a real effect of 

true oculomotor training. None of the other parameters were significant (p>0.05) between 

baseline, post-SHAM, and post-OMT. This could be due to mixed results from individual 

subjects, as well as small sample size of the subgroup as compared with the combined 

group sample size.  
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4.5 DISCUSSION 

 

The objective of the present study was to evaluate a range of static and dynamic 

parameters of vergence before and after vergence-based true oculomotor training in 

individuals with mTBI, who report nearwork-related symptoms of an oculomotor nature 

following mTBI. With only 3 hours of total vergence training distributed over 6 weeks, 

marked improvements were found in several key dynamic and static behaviors of 

vergence that were abnormal at baseline. Of the 8 laboratory parameters assessed, 6 of 

them were found to be abnormal at baseline. Following true training, 5 of the 6 abnormal 

parameters improved significantly. Similarly, of the 9 clinical parameters assessed, 4 of 

them were abnormal at baseline, and all 4 significantly improved with true training. In 

addition, 3 of the normal clinical parameters also improved demonstrating enhanced 

vergence function. The results were also compared with an equal dosage and distribution 

of SHAM training. However, none of the vergence parameters were found to have a 

significant group effect from the SHAM training (p>0.05). See Appendix VII for SHAM 

results.  

 

4.5.1 Training effect on vergence dynamics 

At baseline, both convergence and divergence eye movements consistently 

demonstrated slowed dynamic trajectories. This was evident from the reduced peak 

velocity along with correlated increased time constant values. Typically, the peak 

velocity magnitude is approximately 6 times larger numerically than the amplitude of a 
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convergence response and 4 times the amplitude of a divergence response, based on the 

normal “main sequence” distribution (Rashbass & Westheimer, 1961; Hung et al., 1997); 

that is, a 4 degree response would be expected to have a peak velocity of ~ 24°/second for 

convergence and ~16°/second for divergence. However, the group mean peak velocity in 

this population was found to be less than the expected value by ~ 46% for convergence 

and ~27% for divergence. However, both before and after the training, for both 

convergence and divergence, the subjects eventually attained the final steady-state of 

response, as evident from the normal response amplitudes. Thus, it suggests the presence 

of normal visual feedback with respect to disparity detection and processing. This is 

consistent with both laboratory and modeling findings suggesting dual-mode control of 

vergence: the initial response (first 200 msec) is pre-programmed (i.e., open-loop 

response) for the estimated step disparity input, followed by completion of the movement 

over the next several hundred milliseconds via visual feedback control (i.e., closed-loop 

response), with the response completed in approximately 800-1000 milliseconds 

(Semmlow et al., 1993).  Furthermore, it demonstrates that the result was due to 

improvement in the pulse subcomponent of the neural signal (discussed later) and not due 

to the response amplitude change.  

 

Following true oculomotor training, however, there was a significant increase in 

peak velocity by ~38% for convergence and ~16% for divergence from their baseline 

value (Figure 4.5). However, in general, the divergence peak velocity is somewhat lower 

than that of convergence, for the same amplitude response (Hung et al., 1997). 
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Concomitantly, the time constant for both convergence and for divergence showed 

correlated and proportional decreases, as expected due to their inter-relation (Figure 4.6). 

These increases in peak velocity and decreases in time constant were well correlated 

between convergence and divergence (See Table 3.9 in Preamble).  
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Figure 4.5: Peak velocity for convergence and divergence before (Pre OMT) and after (Post OMT) 

true oculomotor training in comparison to normal value derived from Hung et al (1997). Error bar 

indicates +1SEM; * - significantly different.  
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Figure 4.6: Time constant for convergence and divergence before (Pre OMT) and after (Post OMT) 

true oculomotor training in comparison to normal value derived from Szymanowicz et al (2012). 

Error bar indicates +1SEM; * - significantly different.  
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The prism flipper facility rate is the clinical analog for the overall laboratory-

based response incorporating all dynamic parameters (i.e., peak velocity, time constant, 

and latency), into a global, validated metric. Thus, peak velocity and prism flipper rate 

were found to correlate well with each other both before and after the training (See Table 

3.9 in Preamble), as expected. At baseline, the mean vergence facility rate (5.51.3 cpm) 

was ~ 63% less than the mean clinic norm (153 cpm) (Scheiman & Wick., 2008). With 

training, subjects could now fuse both the BO and BI prisms rapidly, with a large and 

significant two-fold increase in facility rate (5.5 to 10.2 cpm), but it did not normalize. 

This is shown in Figure 4.7.  
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Figure 4.7: Mean vergence facility before (Pre OMT) and after (Post OMT) in mTBI compared to 

the normal expected value. Error bar indicates +1SEM; * - significantly different.  

 

During vergence training, both rapid fusion (fast vergence) and sustainability 

(slow vergence) components were stimulated and trained. When a disparity stimulus 

(e.g., BO prism) is introduced before the eyes, targets are rapidly fused immediately by 

  * 
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the fast fusional vergence component. However, when the response is maintained over 

time, say for greater than 15 seconds, the slow vergence mechanism takes over to 

maintain the response, and the fast vergence response is reduced concomitantly to 

maintain the net vergence response. However, when the stimulus is removed, while the 

fast fusional vergence response decays rapidly, the slow fusional vergence decays 

exponentially and slowly (after 10-15 seconds) (Ciuffreda, 1992), and this response is 

reflected in the post-task heterophoria steady-state level.  This is referred to as “vergence 

adaptation” (Schor 1979), and it is critical for symptom-free (i.e., diplopia), sustained 

binocular viewing. In the present study, after introducing each disparity stimulus and the 

subsequent rapid fusional response,  slow fusion was stimulated and trained by 

maintaining fusion for increased time durations (~20seconds) (Schor, 1983). Hence, the 

goal of the training was not only to achieve rapid fusion, but also to maintain the 

vergence response with accuracy and comfort. Such response maintenance reflects the 

vergence adaptation mechanism. In the present study, the steady-state (SS) response was 

assessed only for 4 to 6 seconds. However, to evaluate this slow vergence adaptive 

mechanism, longer measurement duration (more than 20 seconds) would be required, 

along with vergence adaptation testing.  Within the measured window of time (4-6 

seconds), the SS variability during convergence (assessed at 30cm) decreased 

significantly following the true oculomotor training. This suggests improved convergence 

sustainability within the measured steady-state window of time (4-6 seconds). Our 

previous study (Szymanowicz et al., 2012) in this area found abnormal, reduced vergence 

adaptation in those with mTBI, which is typically found in those without mTBI but with 
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vergence-related symptoms (North & Henson, 1981). Since vergence adaptation ability 

reflects vergence response sustainability, it should be tested separately both before and 

after training to evaluate the effect of vergence therapy. In contrast, the SS variability did 

not change markedly during divergence at the 1m test distance. This finding may not be 

surprising given the fact that the training was performed at the conventional reading 

distance at 40cm, and hence no change would necessarily be expected at the 1m 

“untrained” distance. This suggests lack of generalization of vision therapy effects (i.e., 

oculomotor learning) to the overall vergence system. Although the objective of the 

present study was to evaluate near-work related parameters, in the future, vergence 

training should be conducted at far, intermediate, and near distances, as well as in 

different gaze directions, to attain a more general and overall improvement in vergence 

responsivity.  

 

4.5.2 Training effect on static measures of vergence 

 The near point of convergence (NPC) is the main static diagnostic parameter used 

in the clinic for assessment of vergence dysfunctions (Scheiman & Wick, 2008). It is 

measured under congruent viewing conditions, in which both the vergence and 

accommodative demands change concomitantly by similar magnitudes (Kran & 

Ciuffreda, 1988). The NPC break, or diplopia point, denotes the maximum convergence 

response amplitude, while the NPC recovery denotes the nearest point of regaining 

fusion. Normal NPC break and recovery values are 5 (3cm) and 7 (2.5cm), 

respectively (Scheiman and Wick, 2008). At baseline, the mTBI population demonstrated 
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markedly receded NPC components (break and recovery), thus suggesting poor 

convergence amplitude fusional ability. However, following training, the maximum 

amplitude of convergence increased significantly; that is, the closest point for which the 

target could be maintained single shifted closer to the subjects, as well as its recovery 

level. This was evident as measured from the post-training NPC break and recovery 

values. Figure 4.8 shows mean NPC break and recovery values before and after training 

in mTBI in comparison to the clinic norm; both parameters significantly improved but 

did not normalize.  
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Figure 4.8: Mean NPC break and recovery values before and after true oculomotor training 

compared to normal expected value. Error bar indicates +1SEM; * - significantly different.  

 

 

In addition, under the non-congruent test condition, where accommodation was 

maintained constant, and the vergence demand was systematically altered using BO and 

BI prisms, the relative vergence amplitude increased in both the convergent and divergent 
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directions; this was evident from the increased PFV and NFV break values. These break 

values denote the maximum vergence an individual could exert, while maintaining the 

accommodative response relatively constant and within the depth-of-focus of the eye, as 

the vergence-accommodative component varied with prism demand and direction.  

However, while the PFV recovery value (a measure of regaining fusional ability) 

significantly improved following training, it did not for the NFV recovery value. The 

relative vergence system has several response non-linearities (e.g., amplitude, dynamics) 

between PFV and NFV (Schieman & Wick, 2008), and this may reflect one such 

difference (Hung et al., 1997). Three of the 12 subjects had divergence dysfunction in the 

present study based on normative NFV criterion (Scheiman & Wick, 2008), along with 

convergence abnormality. While training convergence was relatively easy in these 

subjects, divergence training was not. This is a common clinic finding (Scheiman & 

Wick., 2008; Vaegan, 1979). Although the fusional magnitude with divergent BI prisms 

(rapid fusion) could be improved marginally, sustainability could not. This inter-subject 

variability could have contributed to the lack of statistical significance found with 

training for this parameter, although its value did change in the predicted direction, thus 

suggesting some degree of improvement.  Also, it is consistent with the fact that training 

convergence (PFV) is easier than divergence (NFV) training (Vaegan, 1979), which 

represents another vergence system directional non-linearity. This is also in agreement 

with neurophysiological evidence demonstrating more convergence-related cells present 

than divergence-related cells (Mays, 1984).  
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The overall improvement in convergence ability was also reflected in the 

improved near stereoacuity with training. Presumably this is due to the increased 

vergence response accuracy, which would reduce the fixation disparity vergence error at 

near. Also, it has recently been demonstrated that the increased fixation disparity was 

significantly correlated with reduced stereoacuity at near in mTBI subjects 

(Szymanowicz et al., 2012). 

 

However, the training did not seem to have an effect on the near horizontal 

phoria. In the non-adapted state of vergence, this value reflects the horizontal position of 

eyes in the absence of fusional vergence. This value would be expected to change if and 

only if the cross-link ratio (response AC/A) changes (Manas, 1958). However, past 

studies have reported constancy of this cross-link following vergence training in both 

normal (Fisher & Ciuffreda, 1990; Thiagarajan et al., 2010) and symptomatic (Brautaset 

and Jennings, 2006) individuals, and hence the result is quite expected.  

 

4.5.3 Comparison to the other trained oculomotor subsystems 

 The training performed in the present study was part of a comprehensive 

oculomotor rehabilitation program/small clinical trial also involving accommodation and 

versional eye movements, 3 hours of each, for a total of 9 hours of training over the 6 

week period. It is well known that vergence and accommodation are tightly coupled by 

means of their neural cross-links to enhance the accuracy of the response through mutual 

contribution, and furthermore they interact non-linearly to contribute to the net response. 
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These cross-link ratios do not alter with training, as previously mentioned (Brautaset and 

Jennings, 2006; Thiagarajan et al., 2010), but an overall improvement in vergence would 

result in improved accommodation via vergence-accommodation, and vice-versa. In the 

present study, the response characteristics of accommodation were very similar to 

vergence both before and after training. Detailed results are discussed in Chapter 5 which 

follows. At baseline, the dynamic trajectory was markedly slow for both increasing (2 to 

4D) and decreasing (4 to 2D) steps of accommodation. This was reflected by the reduced 

peak velocity of ~40% compared to normal values (Green et al., 2010b). Following true 

oculomotor training, however, there was ~30% increase in peak velocity for both 

increasing and decreasing steps of accommodation, which correlated well with each other 

(See Table 3.9 in Preamble). Furthermore, this faster post-training responsivity of the 

accommodation system measured objectively (i.e., peak velocity) was well correlated 

with the respective and analogous clinical lens flipper facility rate assessed monocularly. 

Furthermore, and similar to vergence facility, binocular accommodative flipper facility 

also increased and normalized following training. In addition, and again similar to 

vergence, the accommodative response amplitude measured dynamically was normal, 

thus reflecting the presence of normal visual feedback with respect to blur detection, 

subsequent blur processing, and related motor-based neurological control  in these 

individuals with mTBI. Lastly, the clinically-based amplitude of accommodation 

significantly increased both monocularly and binocularly following training, similar to 

vergence amplitude (i.e., NPC break), but it did not normalize. Thus, the response 

characteristics and an overall improvement in the accommodative system suggest that 
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mTBI affects the accommodative system in a similar way to vergence, with similar 

marked improvement following training, being suggestive of an oculomotor learning 

effect (Ciuffreda, 2002).    

 

Reading is usually performed at a relatively constant distance in most adults (~30-

40cm). In addition to the saccades with interspersed fixational pauses, however, there are 

very small (<0.10 deg) dynamic alterations in the binocular vergence angle, which must 

be corrected immediately upon bifixation of the next word (Taylor, 1966; Ciuffreda & 

Tannen, 1995). Therefore, small but accurate vergence adjustments are necessary to 

attain and maintain precise binocular alignment rapidly at all time to prevent diplopia 

from intermittently occurring (Ciuffreda et al., 1996). Hence, an overall improvement in 

vergence could be expected to enhance the reading-based fixational pattern and overall 

global reading. While the improved clinically-based, maximum vergence amplitude 

(NPC break) correlated with increased reading rate as assessed with the Visagraph 

(Figure 4.9), increased vergence facility rate did not. Similarly, while the increased 

maximum convergence amplitude (NPC break) correlated with the reduction of 

symptoms in the CISS scale (Figure 4.10), vergence facility did not. Considering the 

relatively constant distance during reading, this finding suggests that the vergence 

response amplitude (NPC) is more closely related to reading and its related symptoms, 

and not its dynamic facility. Similar to the notion of having twice the near 

accommodative demand for accommodative amplitude, it appears that a single 

physiological “reserve” (Rabbetts, 2007) is also true for vergence. One more possible 
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explanation is the relative insensitivity of the CISS questionnaire in probing into the 

vergence facility-related symptoms. This needs to be explored in detail in the future.  

 

 

Figure 4.9: Correlation of vergence amplitude (NPC break) and Visagraph reading rate showing 

increase in reading rate with improved vergence amplitude.   

 

 

 

 

Figure 4.10: Correlation of vergence amplitude (NPC break) and CISS score showing reduction in 

symptoms with improved vergence amplitude.   
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4.5.4 In relation to previous literature 

 Objective recording of vergence step responses in individuals with mTBI has only 

been performed in 2 prior studies (Szymanowicz et al., 2012; Alvarez et al., 2010), with 

the latter study pilot study also evaluating the effect of vision therapy on vergence 

dynamics. Reduced peak velocity found at baseline for both convergence and divergence 

was a consistent finding of the Szymanowicz et al investigation (2012), who reported 

slowed vergence dynamics in individuals with mTBI when compared to the normal 

individuals they tested. While the reduced convergence peak velocity was consistent with 

the report of Alvarez et al (2010), they did not find reduced peak velocity for divergence 

in their 2 subjects with self-reported mTBI and convergence insufficiency (CI). Although 

different neurons signal convergence and divergence, considering the extensive neural 

network of vergence (as discussed in the Introduction), a diffuse head injury (e.g., coup-

contrecoup) would be expected to cause a global impact affecting both convergence and 

divergence. While this was observed in the current study, and in our past study 

(Szymanowicz et al., 2012), it was not by Alvarez et al (2010). This directional 

asymmetry (abnormal convergence with normal divergence dynamics) could be due to 

the small sample size in the Alvarez et al study (N=2) when compared to the 12 subjects 

in the present study and the 18 subjects in our past study (Szymanowicz et al., 2012). 

However, the improved peak velocity following 3 hours of vergence training in the 

present study was consistent with the findings of Alvarez et al (2010). They found similar 

increases in peak velocity for convergence, but not for divergence (as it was already 

normal), in their two individuals with mTBI and convergence insufficiency (CI) 
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following 18 hours (12 hours of office-based and 6 hours of home-based) of vision 

therapy involving step and ramp training of vergence. Although ramp vergence was 

trained in the current and in the one past study (Alvarez et al., 2010), ramp vergence 

dynamics was not recorded in either study. In the present study, there were some 

technical difficulties. Information on ramp tracking will be useful to monitor real-time 

tracking in such individuals, and the effect of vision training on its behavior. In addition 

to the laboratory-based objective dynamics, clinically-measured vergence facility was 

found to be abnormal in the present sample. This finding is consistent with the recent 

study from the SUNY group (Szymanowicz et al., 2012).  

 

Several of the static findings from the present study are consistent with the reports 

from   past studies both before and after training. A majority of the population studies 

have reported convergence insufficiency following head trauma. The finding of a receded 

NPC (break and recovery) in the present study is consistent with this previous multitude 

of reports (Candler, 1944; Cross, 1948; Kowal, 1992; Kerkhoff and Stogerer, 1994; 

Hellerstein et al., 1995; Al-Qurainy, 1995; Szymanowicz et al., 2012; Alvarez et al., 

2010; Capo-Aponte et al., 2012). While the present study did not find abnormally large 

near exophoria in all subjects, a few previous studies found either high exophoria 

(Schlageter et al., 1993; Al-Qurainy, 1995; Capo-Aponte et al., 2012) or frank exotropia 

(Suchoff et al., 1999) at near following head trauma.  
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Hence, from the present findings, as well as from the previous studies that 

assessed dynamic and static parameters of vergence, it appears that the laboratory-based 

“peak velocity” and clinically-based “prism flipper facility”, and “NPC” are the key 

diagnostic parameters in this mTBI population. This is consistent with recent suggestions 

in the literature based on the SUNY group findings (Szymanowicz et al., 2012; Ciuffreda 

et al., 2011). While such a finding is also possible in other non-mTBI vergence-related 

dysfunctions (i.e., convergence insufficiency) (Alvarez et al., 2010), detailed case-history 

in conjunction with careful objective and clinical recordings aid in an accurate 

differential diagnosis.  

 

In addition to the diagnostic studies that support the present study, several clinical 

research and case series are also supportive. Although treating the mTBI population for 

binocular vision disorders using conventional vision therapy procedures might be 

challenging given the complexity of more general factors, such as fatigue, headache, 

memory deficits, physical ailments, to name a few, as well as other non-oculomotor-

based vision problems, such as visual field defects and photosensitivity, a considerable 

positive treatment effect has been reported in this population. Improvement in the critical 

parameters of vergence, such as NPC, PFV, etc., along with related significant reduction 

in nearvision-related symptoms, have been the major outcome of these studies (Candler, 

1944; Cohen, 1992; Hellerstein & Freed, 1994; Schieman & Gallaway, 2001; Krohel, 

1986; Ciuffreda et al., 2008), thus suggesting effective oculomotor learning (discussed 

later) in these individuals.  
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The results of the present study, along with the aforementioned studies, also 

support the notion that targeted, specific, programmed vision therapy procedures can 

remediate via “oculomotor learning” (discussed later) a range of binocular vision 

disorders as a consequence of the mTBI. Symptoms were ameliorated along with 

concurrent normalization of clinical signs. The reduction of symptoms associated with 

increased duration of comfortable near viewing could be attributed, at least in part, to 

improved vergence adaptation mechanism (North & Henson, 1992; Thiagarajan et al., 

2010), and this needs further future investigation.   

 

4.5.5 Neurophysiological implications  

 Although several areas of the brain have been identified to control vergence, as 

discussed in the Introduction, the midbrain houses the majority of vergence-related 

neurons. The motoneuronal controller of vergence has been found to be somewhat similar 

to saccades, and the final neural signal consists of a small and broad pulse combined with 

a step (Yuan et al., 1999; Semmlow & Yuan, 2002). While the pulse signal, produced by 

the midbrain vergence burst cells that fire in relation to vergence velocity, is responsible 

for rapidly displacing the eyes dynamically in a time-optimal manner to a new 

binocularly-fixated target position, the step signal produced by the vergence tonic cells 

that fire in relation to vergence angle maintains the eye position (i.e., vergence angle) on 

the binocularly fixated target accurately (Mays et al., 1986). Similar to the saccadic 

system (Keller, 1974), a neural integrator (i.e., nucleus reticularis tegmenti pontis) 

(Gamlin, 2002) has been proposed to process the velocity signal to a step signal, and then 
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the combined signal is sent via the oculomotor neurons to innervate the extraocular 

muscle to make an appropriate vergence eye movement (Leigh & Zee, 2006).  

 

Based on the results of the present study at baseline, and earlier studies (Alvarez 

et al., 2010; Szymanowicz et al., 2012), the primary neural deficit in the mTBI patient is 

speculated to be the pulse. This is reflected in the consistently slowed dynamics (e.g., 

reduced peak velocity) for both convergence and divergence in the present study. The 

reduced peak velocity, and related increased time constant, can be accounted for by a 

reduction in pulse height. Thus, the overall time course of the vergence dynamic 

trajectory was slowed. Since the appropriate vergence amplitude was eventually attained 

accurately, this suggests that the step component had the appropriate mean height. 

However, the vergence steady-state (SS) level was quite variable, which suggests that the 

presence of increased neural noise could produce a variable step signal. Tonic cells 

constantly fire to maintain the SS level. Hence, the increased SS variability could reflect 

a higher degree of variability in firing of these cells. Following training, the increased 

peak velocity can be attributed to an increase in pulse height (presumably because of the 

increased firing rate), thus resulting in a faster motor responsivity to reach the final 

steady-state position. The decreased steady-state variability during convergence observed 

following therapy could be attributed to the reduced step gain variability as a result of 

sustainment and normalization of tonic cells firing. This is illustrated in Figure 4.11 in a 

schematic diagram. However, this change in the motor behavior as a result of increased 

and sustained firing rate of burst and tonic cells, respectively, needs to be assessed using 
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neurophysiological experiments in monkeys and brain imaging studies in humans.  

Computer-based vergence simulations are warranted perhaps using a MATLAB neural 

network configuration of the vergence pulse and step components.  

 

Figure 4.11: Neural pulse-step controller signal in normal and mTBI before and after vision 

rehabilitation. Red arrow – decreased pulse height; black arrow – variable step signal; blue arrow – 

slowed response.   
 

4.5.6 Mechanisms of neuroplasticity and oculomotor learning 

Under normal circumstances, repeated synaptic stimulation, along with its 

coincidental activation, results in an increased synaptic strength (referred to as long-term 

potentiation) and memory storage (Citri & Malenka, 2008; Johnston, 2009). This 

experience-dependent neuroplasticity is comprised of biochemical, cellular, 
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physiological, and structural level changes (Warraich & Kleim, 2010).  Recovery 

following an insult to the brain has been categorized as spontaneous reorganization (or 

natural recovery) and training-induced recovery (Chen et al., 2010).  The former occurs 

immediately following injury. It involves restoration of neurotransmission in the adjacent 

spared area and regions distant from the injury location. This natural recovery period 

following a TBI occurs over the first 6-9 months (Nakamura, 2001). However, training-

induced recovery is relatively independent of time elapsed after the injury; oculomotor 

improvements can occur even 5-10 years after the first injury. It involves functional 

recovery via a “relearning” process. Remapping and reconfiguration of neural circuits 

both within and across relevant regions plays a significant role in the recovery process. 

Three types of neural strategies have been identified to contribute to the functional 

improvement during the process of neurorehabilitation: 1) restoration, which involves 

reengaging activity in spared areas within the affected region that were inactive due to 

learned nonuse; 2) recruitment, wherein new regions remote from the injury site, that 

have similar functional abilities but did not contribute predominantly before the injury, 

are activated; and 3) retraining, which involves rehabilitating regions to perform new 

tasks to recover the initial loss of function, thus integrating both 1st and 2nd strategies 

(Warraich & Kleim, 2010).  

 

Following head trauma, the decreased vergence response peak velocity could be 

attributed to the DAI, in which the compromised white matter (WM) integrity causes 

slower conduction of nerve impulses (Bazarian et al., 2007; Bigler, 2007), thus resulting 
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in a slowed response (e.g., slowed vergence). In addition, the decreased number of 

synapses, reduced firing rate, reduced synchrony, and lack of correlation within and 

across the specific brain regions causes loss of automaticity and an overall reduction in 

the system’s maximum amplitude (e.g., NPC). See schematic representation below of the 

possible mechanisms involved (Figure 4.12). 

 

 

 

Figure 4.12: Proposed neural mechanisms of TBI causing vergence dysfunction. WM – white matter; 

NPC – near point of convergence 
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Vision therapy acts as a relearning process, in which the system being trained 

regains its automaticity through repetition, and this becomes preprogrammed with such 

practice. With regard to the results of the present study, an overall improvement in the 

oculomotor behavior was observed in all individuals with mTBI to some degree, and it is 

a consequence of “oculomotor learning” involving the relearning processes described 

earlier. See the schematic representation of the possible mechanisms of rehabilitation 

(Figure 4.13). A combination of repeated stimulation with various amounts and types of 

disparity (crossed and uncrossed), increasing task level difficulty (e.g., progressively 

reducing target size), active participation of the subjects, increased attention, presence of 

visual and verbal feedback, and high motivation of the subjects to perform the task over 

the 6 week training period resulted in a significant oculomotor training effect. Based on 

the existing knowledge of oculomotor control neurology, it is difficult to speculate on 

precisely which specific areas of the brain have regained activity, since the brain uses 

different strategies (restoration/recruitment/retraining) to recover from the functional 

loss. Functional neuroimaging studies are necessary to correlate these relearned 

oculomotor behavioral changes. Only one recent pilot study (Alvarez et al., 2010) has 

evaluated the neurological changes in 2 individuals with mTBI before and after vergence-

based vision therapy using the fMRI technique. Their results showed increased amount of 

voxels and correlation within the specific regions of interest (ROI) (brain stem, 

cerebellum, FEF, and SEF) following a total of 18 hours of clinically-based and 

laboratory-based, oculomotor-based vision therapy, similar in nature to that done in the 

present study. Furthermore, and of particular interest, their results correlated with 
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increased vergence peak velocity, as found in the present study. This increased 

convergence peak velocity was found to correlate with an increase in the amount of 

active voxels and the correlation within the brain stem, cerebellum, and frontal lobe 

regions. Similarly, while the NPC was correlated with the brain stem activity, the PFV 

amplitude was correlated with frontal, parietal, and cerebellar regions. Thus, increased 

cortical activity was suggested to be due to neural recruitment in the above specified 

regions, and the correlation was attributed to improved synchronization of the involved 

subsystems neurons. However, eye movement recording and brain imaging were not 

performed simultaneously. Future studies are required in humans to study the underlying 

neurological correlates of oculomotor rehabilitation and their subsystem interaction. 
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Figure 4.13: Basic underlying mechanisms of vergence-based vision therapy 

 

 

4.5.7 Study limitations 

 This study was the first comprehensive, mini-clinical trial that evaluated all three 

important oculomotor subsystems both objectively and subjectively, that are directly 

related to reading. Although a range of laboratory-based objective, clinically-based 

subjective/objective, as well symptoms scale parameters and subjective visual attention 

were assessed, the study had some limitations. Firstly, it primarily involved evaluating 

step vergence dynamics. Ramp vergence was trained, but not objectively assessed due to 
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technical limitations. This should be performed in the future to assess both of these key 

control aspects of vergence, per the dual-mode control model of the vergence system 

(Schor, 1992). Secondly, although the sampling rate of the Power Refractor (12.5Hz 

binocularly) was sufficient to measure vergence responses based on the Nyquist limit, the 

resolution of the instrument (0.9 degrees) is relatively low. A higher resolution (i.e., 

0.1degrees) would be necessary for better sensitivity. For example, higher resolution 

would be sensitive enough to detect the frequency of double vergence responses, if any, 

as sometimes found in visually-normal fatigued subjects (Yuan & Semmlow, 2000). 

Given the fact that individuals with TBI appear to exhibit both general and oculomotor 

fatigue, this information would be valuable by monitoring vision therapy effects on these 

double responses of a presumed fatigue-basis.  Third, our previous study (Szymanowicz 

et al., 2012) revealed increased latency in mTBI subjects as compared to normal 

individuals, with it being delayed by ~100msec in the former case. However, vergence 

latency was not assessed in the present study due to technical constraint. Such 

information provides insight regarding sensory information processing.  Lastly, vertical 

vergence was neither evaluated nor trained, although it frequently found in this 

population (Suter & Harvey, 2011). However, in the present study, only 2 out of 12 

subjects had marked vertical vergence dysfunction (~2∆ hyperphoria), and these 

individuals were trained with their corrective (fusional) prism in place. In contrast, all 12 

subjects had horizontal vergence dysfunction.  While horizontal vergence dysfunctions 

are prevalent in this population (Ciuffreda et al., 2007), presence of high amounts of 

vertical vergence dysfunctions, although less frequent, would hinder with horizontal 
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vergence remediation. Thus, evaluation and rehabilitation of both horizontal and 

vergence dysfunctions are important.  

 

4.5.8 Future directions 

 The present study evaluated the global aspects of oculomotor training on several 

critical parameters of vergence, along with accommodation and version. Other 

oculomotor subsytems, such as the vestibular system and pursuit system, should be 

included in future studies to understand the oculomotor behavior in individuals with 

mTBI even more comprehensively, including any necessary remediation. There is a 

paucity of data on the neurological correlates of oculomotor training that results in 

functional changes. Hence, functional and structural brain imaging studies will be 

necessary to assess for correlation with the response changes, and then use this 

information to plan for future targeted treatment accordingly. Evaluation of training 

persistence is still on-going in the present study. All subjects are being reevaluated at 3 

months and 6-months after the completion of training.  Based on the results from these 

follow-up studies, future therapies will be planned to improve their oculomotor function 

and reduce symptoms even further.  While it might be challenging to restore complete 

normalcy in these individuals, long-term training distributed over 6-12 month intervals 

may be necessary to maintain the initial improvements (“booster” therapies). Lastly, 

investigations should to be extended in a larger sample size to generalize the treatment 

effects, and longer follow-up (1-5 years) are necessary.   
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4.5 CONCLUSIONS 

 Oculomotor rehabilitation was positively effective in individuals with mTBI who 

reported nearwork-related symptoms of an oculomotor basis. An overall improvement in 

nearly all of the critical, abnormal parameters of vergence was observed both objectively 

and subjectively. Improved oculomotor behavior was attributed to oculomotor learning 

effects in these individuals. Concurrently, reading and subjective visual attention 

improved.   
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Chapter 5 Oculomotor rehabilitation in mild traumatic brain injury: 

Accommodation  

 

5.1 ABSTRACT 

 

Aim: To evaluate a range of dynamic and static measures of accommodation before and 

after true oculomotor training in individuals with mTBI and near-vision related 

symptoms. The results were also compared with SHAM training.  

 

Methods: Twelve non-strabismic individuals with mTBI (mean age: 29 [± 3] years) with 

near vision symptoms participated in the study. All clinical accommodative parameters 

were measured using conventional, standardized clinical techniques. Laboratory-based 

accommodative dynamics was recorded objectively using the WAM 5500 autorefractor. 

All measures were performed before and after true oculomotor (step accommodative 

training) and SHAM training (6 weeks each, 2 sessions/week, 45 minutes/session). The 

accommodative training was part of a comprehensive oculomotor rehabilitation mini-

clinical trial (interventional cross-over design) also involving vergence and versional eye 

movements.  

 

Results: Following the true oculomotor training, peak velocity for both increasing and 

decreasing steps of accommodation increased significantly (p<0.05). It was associated 

with a concomitant and predicted decrease in time constant. The increase in peak velocity 
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was correlated with increased clinically-based prism flipper rate. Response amplitudes 

and steady-state (SS) response variability were normal before and after training. 

Clinically, the amplitude of accommodation (AA) (monocularly and binocularly) 

increased significantly (p<0.05) following training. In addition, there was a significant 

(p<0.05) reduction in the symptoms as assessed with the CISS scale, as well as increase 

in subjective visual attention (VSAT). None of the measures were found to change 

significantly following SHAM training.  

 

Conclusions: The accommodative-based vision training had a significant positive effect 

on accommodative behavior, for both the clinical and laboratory measures. Such 

improvement is suggestive of oculomotor learning demonstrating considerable residual 

brain visual system plasticity. The improved accommodation impacted positively on 

nearwork-related symptoms and subjective visual attention.  

 

 

Key words: accommodation, accommodative dysfunction, traumatic brain injury, 

oculomotor rehabilitation, accommodative training, symptoms 
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5.2 INTRODUCTION 

 

5.2.1 Basic definition and components 

Accommodation is the process whereby the crystalline lens changes its dioptric 

power to focus precisely and maintain high resolution of the foveal retinal image of the 

object of interest. This process occurs under a wide range of viewing conditions. It is a 

complex neurological control process involving optical, sensory, motor, perceptual, 

cognitive, pharmacological, and biomechanical aspects. The accommodative system has 

four components (Heath, 1956): 1) Blur-driven, or reflex, accommodation; this likely 

provides the largest contribution to the overall accommodative response.  This typically 

involves reflexive, non-voluntary focusing ability when changing fixation from one 

object to another in depth in response to the correlated blurred retinal image, 2) Vergence 

accommodation, is driven by the crosslink between fusional (i.e., disparity) vergence and 

accommodation per the convergence accommodation-to-convergence (CA/C) ratio, and 

also provides a major drive to the overall accommodative response, 3) Proximal 

accommodation, is provided by knowledge of the apparent/perceived nearness of an 

object in one’s immediate surround (<3m) (Rosenfield et al., 1991), and 4) Tonic 

accommodation, which reflects the default accommodative response in the absence of 

blur, disparity, and proximal stimuli.  It is commonly thought to reflect the baseline 

neural input from the parasympathetic innervation of the ciliary muscle (Gilmartin, 

1986).  These four components interact non-linearly to produce the overall dynamic and 

static accommodative response profile, with disparity and blur being the two primary 
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drives under normal binocular-viewing conditions in visually-normal individuals 

(Ciuffreda, 1992; 2006).  

 

5.2.2 Neurological control of accommodation 

Based on neurophysiological and anatomical experiments, the neural network of 

accommodation is quite extensive, and the possible pathway (Ciuffreda, 2006; Snell & 

Lemp, 1998; Ohtsuka et al., 2002; Ohtsuka & Sawa, 1997) is presented as follows:  

 

► The blur signal via the retinal ganglion cells exits the eye through the optic nerve, 

which decussates partially at the optic chiasm, and ascends via the optic tract to 

synapse at the lateral geniculate nucleus (LGN).  Fibers then leave the LGN as the 

optic radiations.   

► Two distinct optic radiation pathways have been identified: one traveling laterally 

and inferiorly through the temporal area and forming the Meyer’s loop, and the 

other traveling more superiorly through the parietal area.   

► The dual pathways of the optic radiations converge and synapse at the calcarine 

fissure of the occipital lobe, which comprises the primary visual cortex 

(V1/Brodmann area 17/ striate cortex).  Several projections arise from the striate 

cortex, including the secondary visual cortex, superior colliculus, and LGN.   

► The secondary visual cortices integrate blur information from the striate cortex, 

other cortical areas, and the thalamus, thus combining information from the two 
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halves of the visual field through the corpus collosum, and then relaying it to 

other areas involving higher levels of visual perception.  

► The posterior parietal cortex (PPC), which is a secondary visual cortex, is 

connected to the frontal eye field (FEF), and the FEF sends projections via the 

internal capsule to the main oculomotor nucleus, as well as the parasympathetic 

accessory oculomotor nucleus (i.e., Edinger-Westphal nucleus).  Additionally, the 

PPC has descending projections to the rostral superior colliculus (SC).   

► The rostral SC projects to the Edinger-Westphal nucleus via the primary shorter 

route through the pretectum, and also a secondary longer side route through the 

nucleus reticularis tegmenti pontis (pons), cerebellar cortex, and cerebellar nuclei.  

In addition, the cerebellum has been demonstrated to act as a gain “calibrator” to 

optimize response accuracy and also to facilitate predictive tracking.   

► In response to this blur input, the parasympathetic pathway commences with a 

motor signal generated at the Edinger-Westphal nucleus.  This is located slightly 

posterior to the main oculomotor nucleus in the midbrain at the level of the SC.  

This system provides the primary rapid (1 sec) drive to the accommodative 

system for all distances and directions.  

► Preganglionic parasympathetic fibers pass through the red nucleus and travel 

along with the oculomotor nerve towards the orbit.  These fibers branch with the 

inferior division of the oculomotor nerve going toward the inferior oblique 

muscle.  Prior to reaching the inferior oblique muscle, the parasympathetic fibers 

follow a short, thick branch to synapse in the ciliary ganglion.  From there, 
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postganglionic fibers follow the short ciliary nerves to innervate the ciliary 

muscle, and hence to cause alteration of lens shape and increase in the dioptric 

power in a time-optimal manner.  

► In contrast, the slower-acting (10-40 sec) sympathetic system involves a more 

circuitous route originating from the hypothalamus and travelling down the spinal 

cord to the lower cervical and upper thoracic segments, where it synapses in the 

lateral horn.  The second-order (i.e., preganglionic) neurons leave the spinal cord 

via the ventral roots of C8, T1, and T2 to enter the sympathetic chain and synapse 

within the superior cervical ganglion.  The third-order (i.e., postganglionic) 

neurons follow the carotid plexus, and then enter the orbit either independently or 

with the first division of the trigeminal nerve.  Some fibers also lead directly to 

the ciliary muscle via the long ciliary nerves, while other pass through the ciliary 

ganglion, without synapsing, before entering the eye via either the short or long 

ciliary nerves, thus decreasing lens power at distance.  This system is activated at 

all distances during sustained accommodation.  

Since the accommodative neural pathway is quite extensive, any injury to the 

multitude of brain and contiguous structures may adversely impact upon the 

accommodative system. As commonly associated with the rotational acceleration of the 

head, injuries involving the midbrain area which house accommodation-related neurons 

could result in an accommodative dysfunction (Ciuffreda et al., 2007).   
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5.2.3 Accommodative dysfunction in TBI 

It is well established that due to the coup-contrecoup nature and overall 

complexity and pervasiveness of the brain insult, TBI results in a myriad of visual 

disturbances, including accommodative abnormalities (Leslie, 2001; Zost, 2001; Green et 

al., 2010a, 2010b). Unfortunately, there is a relative paucity of research that has 

investigated and confirmed the impact of TBI on accommodative function, especially in a 

comprehensive manner.  Furthermore, there were study limitations, such as lack of 

categorization of TBI. Furthermore, studies measured limited aspects of accommodation 

in an attempt to categorize the accommodative dysfunction. Several studies used 

accommodative amplitude as the primary diagnostic criterion. However, abnormalities of 

dynamic accommodative facility, positive and negative relative accommodation 

(PRA/NRA), lead or lag of accommodation, or other parameters may have indicated 

accommodative dysfunction as well (Leslie, 2001; Green et al., 2010b).  

 

(a) Clinically-based case-series and research studies 

Past studies have reported on three main categories of accommodative abnormality in 

the TBI population. They are: 1) accommodative insufficiency, the most common finding, 

2) accommodative excess or pseudomyopia, and 3) dynamic accommodative infacility.  

 

Accommodative function is usually defined and determined by the clinically-

assessed maximum amplitude of accommodation. When this measure is significantly 

lower than the age-matched normal value (Duane, 1922), it is referred to as 
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“accommodative insufficiency”.  Based on this criterion, 10-33% of the mTBI population 

was diagnosed with accommodative insufficiency (Al-Qurainy, 1995; Gianutsos et al., 

1988; Suchoff et al., 1999; Ciuffreda et al., 2007). Furthermore, a study that used both 

reduced accommodative amplitude and/or reduced positive relative accommodation 

(PRA) as the criteria reported accommodative dysfunction in 16% of the tested mTBI 

patients (N=161) (Kowal, 1992). In addition to head trauma, considering the sympathetic 

neural network of accommodation especially involving the cervical region, whiplash 

injuries could affect accommodation markedly (Ciuffreda, 2006). Accordingly, various 

studies have reported approximately 18-33% of whiplash patients exhibiting reduced 

accommodative amplitude (Roca, 1972; Burke et al., 1992), which agrees with the 

previously-stated incidence in the more traditionally categorized mTBI patients. Lastly, 

one study revealed a statistically significant reduction in accommodative amplitude of 

four age groups of whiplash patients when compared to age-matched visually-normal 

control groups (Brown, 2003). In general, whiplash groups exhibited approximately a 

35% decrease in accommodative amplitude when compared to control groups. In 

addition, a case study (Harrison, 1987) reported a twenty-year-old male TBI patient who 

exhibited a persistent inability to accommodate in one eye three years after the injury, 

thus suggesting a more peripheral defect (e.g., ciliary ganglion and/or ciliary nerve).  

Additionally, the patient manifested a reduced accommodative convergence-to-

accommodation (AC/A) ratio (1.33:1) that returned to normal (3:1) without treatment 

eighteen months after the injury (Harrison, 1987). A recent retrospective study confirmed 
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the above findings. Ciuffreda et al (2007) reviewed 160 individuals with mTBI and found 

41% of them under the age of 40 years to have accommodative insufficiency.  

 

In contrast to accommodative insufficiency, accommodative excess has also been 

reported in mTBI patients, but less frequently (Leslie, 2001). In a sample of 161 mTBI 

patients, 19% of them exhibited “pseudomyopia” (Kowal, 1992). It was diagnosed based 

on the reporting of blur at distance that could be corrected with minus lenses, when the 

patient had no previous history of such a prescription, and furthermore following a 

cycloplegic refraction which elicited either emmetropia, low hyperopia, or significantly 

less myopia. In a recent retrospective study of 160 mTBI patients, approximately 4% 

were clinically diagnosed with accommodative excess (Ciuffreda et al., 2007).  There 

have also been several case studies reporting the rare but significant development of 

persistent bilateral accommodative spasm in individuals with TBI (Bohlmann & France, 

1987; Monteira et al., 2003; Chan & Trobe, 2002).  This condition often persisted 7-10 

years or even more, despite long term use of cycloplegic eye drops, such as atropine, to 

combat the accommodative spasm. Since these studies showed accommodative spasm 

bilaterally, it is suggestive of central defect. For example, MRI findings of one patient 

showed lesions involving subcortical white matter consisting of left temporal lobe areas, 

periventricular region, cerebellar vermis, and dorsal pons. However, no lesions were 

detected in the mid-brain (Monteiro et al., 2003).  
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The least studied accommodative effect in TBI has been dynamic accommodative 

infacility.  This is diagnosed when a patient exhibits a slowed accommodative response 

(i.e., reduced peak velocity) to a change in either dioptric lens power or target distance, 

which can occur either alone or in conjunction with either accommodative insufficiency 

or excess (Leslie, 2001).  The aforementioned retrospective study also found that 

approximately 4% of 160 mTBI patients were diagnosed with accommodative infacility 

(Ciuffreda et al., 2007).  This has also been reported in a recent case series of mTBI 

patients (Scheiman & Gallaway, 2001). 

 

(b) Laboratory-based studies 

While there are many clinically-based studies that evaluated accommodative function 

following TBI, there is paucity of laboratory investigations. A recent prospective study 

(Green et al., 2010b) comprehensively investigated a range of static and dynamic 

parameters of accommodation in 12 mTBI subjects (mean age: 31 years; 6 months – 13 

years following TBI) with nearvision symptoms. All parameters were compared with 10 

visually-normal age-matched individuals (mean age: 27 years). See Table 5.1 for mean 

values of objective measures in mTBI and normal subjects. Figure 5.1 shows a typical 

dynamic accommodative response trace in a normal and in a typical mTBI subject. 

Accommodative dynamics to a 2D step accommodative stimulus measured using WAM 

5500 autorefractor revealed significantly decreased peak velocity for both increasing and 

decreasing steps of accommodation in the mTBI group when compared to the normal 

group. This was associated with significantly prolonged time constant for increasing and 
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decreasing steps of accommodation in the mTBI group when compared to the normal 

group.  However, no difference was observed for accommodative response amplitude and 

steady-state response variability between the two groups. The clinical analogue of 

accommodative dynamics assessed using accommodative flipper facility rate in their 

study did not demonstrate reduced accommodative facility despite laboratory-based 

measures which revealed slowed dynamics in the mTBI group. It could be due to the fact 

that they did not use 2.00D flipper lens, which is the clinic norm for testing the 

accommodative facility, and instead used 1.00D flipper lens, since their subjects had 

relatively wide age range. However, with repeated flipper testing, the mTBI group 

showed significantly reduced flipper rate demonstrating fatigue. Several of the static 

aspects measured in their study were significantly reduced in the mTBI group compared 

to the normal group. Amplitude of accommodation was significantly reduced by ~1.5D 

both under monocular (6.5D) and binocular (7.1D) viewing conditions in comparison to 

Duane’s mean age-matched value. Furthermore, 50% of the subjects exhibited reduced 

values for relative accommodation (PRA and NRA), and 50% of them had an abnormal 

AC/A ratio. Hence, mTBI subjects in general exhibited slowed dynamics and reduced 

accommodation.  
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Dynamic parameters mTBI Normal 

PV - Inc.step (D/sec) 5.10.6* 8.00.4 

PV - Dec.step (D/sec) 6.10.5* 8.00.4 

TC - Inc.step (msec) 43039* 27111 

TC - Dec.step (msec) 33717* 2459 

SS variability - Inc.step (D) 0.160.02 0.150.01 

SS variability - Dec.step (D) 0.120.01 0.130.01 

Response amplitude - Inc.step (D) 1.620.12 1.830.08 

Response amplitude - Dec.step (D) 1.560.08 1.590.06 

Table 5.1: Dynamic parameters in the mTBI and normal groups. Symbols: PV=peak velocity, 

TC=time constant, Inc=increasing, dec=decreasing,  SS=steady-state response, * = significantly 

different from normal. Data from Green et al (2010).  

 

 

 

Figure 5.1: Dynamic accommodative trace in a normal subject (a) and a typical mTBI subject (b) 

showing slowed dynamic trajectory (arrow) in the latter subject. Figure adapted from Green et al 

(2010b).  
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5.2.4 Literature on vision therapy in mTBI  

There is paucity of data on accommodatively-based vision training in mTBI. 

While many clinical studies and case reports evaluated accommodative dysfunction 

diagnostically, therapeutic efficacy was rarely assessed. Scheiman and Gallaway (2001) 

presented 3 TBI cases (1 child, 2 young-adults) with accommodative insufficiency before 

and after office-based combined with home-based vision therapy. Therapy duration 

ranged from 11-45 sessions. There was a significant improvement (30-100%) in 

accommodative amplitude following training in the 3 subjects, and it was found to 

normalize. While one subject had normal accommodative facility, 2 of the 3 had 

reduced/absent facility. Following training, the facility rates improved markedly and 

reached normalcy. In an extension of the retrospective study previously mentioned 

(Ciuffreda et al., 2008), 3 of the mTBI patients under 40 years of age received optometric 

vision rehabilitation for accommodative-based dysfunction. Accommodative therapy 

included monocular predictable step training to improve accommodative facility, 

monocular predictable ramp training to improve accommodative tracking ability, and 

monocular stationary target training to improve accommodative stability. All training was 

performed in free space using loose lenses for 2 to 8 months for a total of 10-30 sessions. 

All three subjects showed marked improvement in their primary symptom (blur) and 

primary sign (reduced accommodative amplitude). These two studies suggest that the 

accommodative dysfunctions can be treated in this population, with a positive treatment 

effect improving the system’s accommodative ability both in terms of static and dynamic 
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aspects. However, there has been no study that assessed accommodation objectively 

before and after training.   

 

5.2.5 Rationale for the study 

Based on the above mentioned studies and also from additional studies that 

evaluated other oculomotor subsytems (e.g., vergence) (Ciuffreda et al., 2007), it is clear 

that individuals with mTBI suffer from a spectrum of accommodative and general 

binocular vision deficiencies that impinge and adversely affect on their near-work 

abilities and produce disturbing symptoms that reduce their overall quality of life (QOL). 

There is also abundant evidence in both the optometric and ophthalmological literatures 

supporting the notion that targeted, specific, programmed vision therapy procedures (i.e., 

motor learning) (Ciuffreda et al., 2008) can remediate patients with binocular vision 

disorders as a consequence of mTBI. While there is evidence from clinical studies on 

accommodative training in the TBI population (Scheiman & Gallaway, 2001; Ciuffreda 

et al., 2008), there is lack of data on laboratory-based objective recordings of 

accommodation in these individuals following vision therapy. Moreover, there is no 

study that evaluated the effect of comprehensive oculomotor rehabilitation (involving 

vergence, version, and accommodation) on objective (dynamic/laboratory) and subjective 

(clinical/static/symptom-rating scale/visual attention) measures of oculomotor and related 

parameters.  
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Thus, the purpose of the current investigation was to evaluate clinical and 

laboratory parameters in individuals with mTBI reporting symptoms before and after true 

computer-based, oculomotor training performed in the clinic, purposely without a home-

based component to assure consistency of training. The training involved all three main 

oculomotor subsystems: vergence, accommodation, and version. All measures were 

compared after the SHAM training. For the purpose for the present paper, only the 

oculomotor subsystem of accommodation is considered.   

 

 

5.3 METHODS 

 See thesis PREAMBLE section for detailed methodology, instrumentation, data 

acquisition, and statistical analyses. The vergence training (true oculomotor training and 

SHAM training) was a part of comprehensive training involving other oculomotor 

subsystems related to reading, i.e., accommodation and version.  
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5.4 RESULTS 

 

5.4.1 Combined group analysis (N = 12) 

 

a. Laboratory-based objective measures 
 

 The dynamic trajectories of the monocular step accommodative responses were fit 

using an exponential, one-phase decay function. The dynamic parameters derived from 

the fit were compared before (baseline) and after completion of true oculomotor training 

(post-OMT). There was a significant increase in peak velocity for both increasing 

(t[11]=3.61; p=0.004) and decreasing (t[11]=3.65; p=0.003) steps of accommodation 

following true oculomotor training. Concomitantly, there was a significant decrease in 

the related time constant for both increasing (t[11]=4.17; p=0.001) and decreasing 

(t[11]=4.7; p=0.0006) steps of accommodation. Figure 5.2 presents unedited 

accommodative 2D step response traces in a typical mTBI subject before and after true 

oculomotor training, as recorded objectively with the WAM autorefractor. Slowed 

dynamic trajectories are evident before training (see arrows) at baseline, which 

significantly increased (peak velocity) following the training. Figure 5.3 presents samples 

of the exponential fit of increasing and decreasing step accommodative response before 

and after true oculomotor training in the same subject. Faster motor responses were 

evident following training. See Table 5.2 for group mean (1SEM) values at baseline and 

post-OMT; all four of the initially abnormal parameters improved significantly following 

training, although they did not normalize.  
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Figure 5.2: Monocular accommodative responses as a function of time. Unedited 2D step 

accommodative traces in a typical mTBI subject before (above) and after (below) true oculomotor 

training. Large deflections represent blinks. Arrows denote slowed dynamic trajectory.  
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Figure 5.3: Accommodative dynamic trajectory as a function of time. Exponential fit of 2D step 

accommodative dynamic trajectory before (left) and after (right) true oculomotor training for 

increasing (above) and decreasing (below) step accommodation in a typical mTBI subject.  

 

 

Other dynamic parameters did not change following the training. This lack of 

change following training is attributed to the parameters already being normal at baseline, 

and hence no large positive effect was anticipated with training. There was no significant 

difference in the response amplitudes for either increasing (t[11]=0.43; p=0.67) or 

decreasing (t[11]=0.75; p=0.46) steps of accommodation.  Similarly, both the steady-state 

response level and the steady-state response variability did not differ significantly for 
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either increasing (t[11]=0.55; p=0.59 and  t[11]=1.31; p=0.21) or decreasing (t[11]=0.61; 

p=0.54 and  t[11]=0.34; p=0.74), steps of accommodation, respectively, after training.  

 

Dynamic 

parameter 

Baseline Post-OMT Significant P value 

Inc- Peak velocity 

(D/sec) 
4.5(0.6) 5.8(0.6) yes <0.01 

Dec- Peak velocity 

(D/sec) 
4.2(0.7) 5.6(0.6) yes <0.01 

Inc- Time constant 

(millisec) 
499(47) 362(31) yes <0.01 

Dec- Time 

constant (millisec) 
589(99) 412(75) yes <0.01 

Inc- Steady-state 

response level (D) 
3.42(0.1)* 3.46(0.1) no 0.59 

Dec- Steady-state 

response level (D) 
1.74(0.08)* 1.79(0.07) no 0.54 

Inc- Steady-state 

variability (D) 
0.14(0.02)* 0.11(0.009) no 0.21 

Dec- Steady-state 

variability (D) 
0.11(0.01)* 0.10(0.009) no 0.74 

Inc- Response 

amplitude (D) 1.94(0.13)* 1.91(0.08) no 0.67 

Dec- Response 

amplitude (D) 1.88(0.10)* 1.83(0.08) no 0.46 

Table 5.2: Mean (1SEM) values of laboratory-based objective parameters for monocular steps of  

accommodation before (baseline) and after true oculomotor training (post-OMT). Inc- increasing 

step; Dec- decreasing step. BOLD, italicized – statistically significant. * - normal at baseline.  

 

 

b. Clinically-based subjective measures 

 All clinic parameters related to accommodation were compared before (baseline) 

and after true oculomotor training (post-OMT). See Table 5.3 for mean (1SEM) values 

at baseline and post-OMT. All six of the parameters that were abnormal at baseline 

improved significantly with vision therapy. There was a significant increase in lens 

flipper accommodative facility both monocularly (OD: t[11]=6.24; p=<0.0001 and OS: 
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t[11]=5.84; p=0.0001) and binocularly (t[11]=4.87; p=0.0005) following training. 

Similarly, accommodative amplitude increased significantly both monocularly (OD: 

t[11]=3.68; p=0.003 and OS: t[11]=4.07; p=0.001) and binocularly (t[11]=4.41; p=0.001) 

with training. The accommodative gain did not change significantly (F[2,94]=0.26; 

p=0.76) with training. There was no significant difference in either the PRA (t[11]=1.35; 

p=0.20) or NRA (t[11]=1.38; p=0.19) values following training. However, the 

accommodative gain, NRA, and PRA values were already normal at baseline, and hence 

no positive training effect was anticipated.  

 

Clinical parameter Baseline Post-OMT Significant P value 

Accommodative 

Amplitude (OD) 

(D) 

6.2(0.6) 7.9(0.5) yes <0.01 

Accommodative 

Amplitude (OS) 

(D) 

5.9(0.6) 7.9(0.5) yes <0.01 

Accommodative 

Amplitude (OU) 

(D) 

6.9(0.6) 8.8(0.5) yes <0.01 

Accommodative 

facility (OD) (cpm) 5(1) 11(2) yes <0.01 

Accommodative 

facility (OS) (cpm) 5(1) 11(2) yes <0.01 

Accommodative 

facility (OU) (cpm) 5(1.5) 11(2) yes <0.01 

PRA (D) 2.5(0.4)* 3.1(0.3) no 0.2 

NRA (D) 2.1(0.2)* 2.3(0.1) no 0.19 

Accommodative 

gain 
0.86(0.13)* 0.88(0.1) no 0.76 

Table 5.3: Mean (1SEM) clinically-based subjective parameters of accommodation before (baseline) 

and after true oculomotor training (post-OMT). OD- right eye; OS- left eye; OU- both eyes; (D)- 

diopter; (cpm)- cycles per minute; PRA- positive relative accommodation; NRA- negative relative 

accommodation. BOLD, italicized – statistically significant. * - normal at baseline.  
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5.4.2 Sub-group analysis 

 

a. Laboratory-based objective measures 
 

Odd group (N=5) – Order of treatment: A----B 

 Dynamic parameters measured at baseline, then following the true oculomotor 

training (post-OMT), and later following the SHAM training (post-SHAM) were 

compared using one-way, repeated-measures ANOVA; post-hoc analyses were 

performed using Tukey’s multiple comparison tests.  There was a significant increase in 

peak velocity for both increasing (F[2,14]=33.02, p=0.0001) and decreasing 

(F[2,14]=28.44, p=0.0002) steps of accommodation. Similarly, significant decreases were 

observed for both increasing (F[2,14]=12.95, p=0.003) and decreasing (F[2,14]=13.59, 

p=0.002) time constants. For both peak velocity and time constant, the post-hoc analyses 

revealed significant differences between baseline and post-OMT, and also between 

baseline and post-SHAM, thus showing a real effect of the true oculomotor training 

(p<0.05). However, no significant difference was observed between post-OMT and post-

SHAM, thus showing no effect of the subsequent SHAM training (p>0.05). None of the 

other laboratory-based objective parameters were significantly different (p>0.05) 

between baseline, post-OMT, and post-SHAM for both increasing and decreasing steps 

of accommodation, as expected, since the values were already normal at baseline.  
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Even group (N=5) – Order of treatment: B----A 

 Dynamic parameters measured at baseline, then following the SHAM training 

(post-SHAM), and later following the true oculomotor training (post-OMT) were 

compared using one-way, repeated-measures ANOVA; post-hoc analyses were 

performed using Tukey’s multiple comparison tests. Peak velocity for both increasing 

(F[2,14]=7.69, p=0.01) and decreasing (F[2,14]=4.73, p=0.04) steps of accommodation 

increased significantly. Similarly, time constant for both increasing (F[2,14]=6.39, 

p=0.02) and decreasing (F[2,14]=5.92, p=0.02) steps of accommodation decreased 

significantly. For both peak velocity and time constant, the post-hoc analyses revealed 

significant differences between baseline and post-OMT, and also between post-SHAM 

and post-OMT, thus showing a real effect of the true oculomotor training (p<0.05). 

However, no significant difference was observed between baseline and post-SHAM, thus 

showing no effect of the SHAM training (p>0.05). None of the other dynamic parameters 

were significantly different (p>0.05) between baseline, post-SHAM, and post-OMT for 

both increasing and decreasing steps of accommodation, as expected, since the values 

were already normal at baseline.  

 

b. Clinically-based subjective measures 

Odd group (N=4) – Order of treatment: A----B 

 All clinic parameters measured at baseline, then following true oculomotor 

training (post-OMT), and later following SHAM training (post-SHAM) were compared 

using one-way, repeated-measures ANOVA; post-hoc analyses were performed using 

Tukey’s multiple comparison tests.  Only accommodative facility of the OD revealed a 
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significant increase (F[2,11]=21.12; p=0.001) following training. Post-hoc analysis 

showed a significant difference between baseline and post-OMT, and also between 

baseline and post-SHAM, thus showing a real effect of true oculomotor training for this 

parameter (p<0.05). However, there was no significant difference between post-OMT and 

post-SHAM, thus showing no effect of SHAM training for this parameter (p>0.05). None 

of the parameters were significantly different (p>0.05) between baseline, post-OMT, and 

post-SHAM. This may be due to mixed results from the individual subjects, as well as the 

relatively small sample size of the subgroup as compared with the combined group 

sample size.  

 

Even group (N=5) – Order of treatment: B----A 

 Clinic parameters measured at baseline, then following SHAM training (post-

SHAM), and later following true oculomotor training (post-OMT) were compared using 

one-way repeated measures ANOVA; post-hoc analyses were performed using Tukey’s 

multiple comparison tests. There was a significant increase in both monocular (OD: 

F[2,14]=7.93; p=0.01 and OS: F[2,14]=15.28; p=0.001) and binocular (F[2,14]=9.71; 

p=0.007)  accommodative amplitude following training. There was also a significant 

increase in both monocular (OD: F[2,14]=34.69; p=0.0001 and OS: F[2,14]=22.92; 

p=0.0005) and binocular (F[2,14]=17.91; p=0.001)  accommodative facility after 

training. For both parameters, post-hoc analyses revealed significant differences between 

baseline and post-OMT, and also between post-SHAM and post-OMT, thus showing a 

real effect of the true oculomotor training (p<0.05). However, a significant difference 
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was not observed between baseline and post-SHAM, thus showing no effect of SHAM 

training (p>0.05). None of the other clinical parameters were significantly different 

(p>0.05) between baseline, post-SHAM, and post-OMT. Again, this may be due to mixed 

results from the individual subjects, as well as the relatively small sample size of the 

subgroup as compared with the combined group sample size.  
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5.5 DISCUSSION 

The present study aimed at evaluating a range of dynamic and static measures of 

accommodation before and after true accommodatively-based oculomotor training in 

individuals with mTBI, who report nearwork-related symptoms of an oculomotor nature 

following head trauma. With only a total of 3 hours of accommodative training per se 

distributed over 6 weeks, marked improvements were found in several key dynamic and 

static behaviors of accommodation that were abnormal at baseline. Of the 10 laboratory 

parameters assessed, 4 of them were found to be abnormal at baseline, and furthermore 

all 4 of these parameters improved significantly with true training. Similarly, of the 9 

clinical parameters assessed, 6 of them were found to be abnormal at baseline, and all 6 

improved significantly with true training. The results were also compared with an equal 

dosage of SHAM training. However, none of the accommodative parameters were found 

to have a significant effect from the SHAM training.  

 

5.5.1 Training effect on accommodative dynamics 

At baseline, the dynamic trajectory for both increasing and decreasing steps of 

accommodation demonstrated slowed responsivity. This was evident from the reduced 

peak velocity along with correlated increased time constant values. The group mean peak 

velocity (~4.4D/sec) was ~40% less than that found in normal individuals (8D/sec) for 

the same stimulus amplitude (i.e., 2D) (Green et al., 2010b) for both increasing and 

decreasing steps of accommodation. Following true oculomotor training, however, there 

was a significant increase in peak velocity by ~30% from the baseline value for both 
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increasing and decreasing steps of accommodation, although did not normalize. Subjects 

now attained their steady-state response level more rapidly due to treatment related 

increase in the pulse neural controller signal that controls velocity (discussed later). 

Figure 5.4 shows mean peak velocity for increasing and decreasing steps of 

accommodation before and after training as compared to normal values obtained from 

Green et al (2010b).  Concomitantly, the time constant exhibited a correlated significant 

decrease (Figure 5.5). In addition, these two dynamic parameter changes were correlated 

for both increasing and decreasing steps of accommodation.  
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Figure 5.4: Peak velocity of accommodation before (Pre OMT) and after (Post OMT) training in 

mTBI in comparison to normal. Error bars indicate +1SEM. * - significantly increased from 

baseline.  
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Figure 5.5: Time constant (TC) for accommodation before (Pre OMT) and after (Post OMT) training 

in mTBI in comparison to normal. Error bars indicate +1SEM. * - significantly increased from 

baseline.  

 

The lens flipper facility rate is the clinical analog for the overall laboratory-based 

response, thus incorporating all dynamic parameters (i.e., peak velocity, time constant, 

and latency) into a global, validated metric. Thus, accommodative peak velocity and lens 

flipper rate were found to correlate well with each other both before and after the training 

for both increasing and decreasing steps of accommodation (See Table 3.9 in Preamble). 

Based on the mean normative values (Zellers et al., 1984) for monocular (11 cpm) and 

binocular (8 cpm) accommodative facility values, at baseline, the rates were found to be 

~40% less in individuals with mTBI in the present study. However, following true 

oculomotor training, subjects could perform the task (2.00D) more rapidly, with a large 

and significant two-fold increase in the facility rates both monocularly and binocularly.  

Furthermore, the accommodative facility rates normalized following training. See Figure 
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5.6 showing monocular and binocular accommodative facility before and after training in 

comparison to expected normal values.  
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Figure 5.6: Mean accommodative facility before (Pre OMT) and after (Post OMT) training in mTBI 

in comparison to expected clinic norm for monocular and binocular accommodative facility. Error 

bars indicate +1SEM. * - significantly increased from baseline.  

 

Both before and after training, the accommodative response amplitudes for 

increasing and decreasing steps of accommodation were accurate, but significantly 

slower in the former case. This suggested the presence of normal visual feedback with 

respect to blur detection and processing. In addition, this was confirmed from the normal 

accommodative gain values found in these individuals as measured from the 

accommodative stimulus-response (ASR) function. Furthermore, the mean steady-state 

(SS) response level and the SS variability values were within normal limits at baseline, 

and they did not change with training for either increasing or decreasing steps of 

accommodation. Since the response amplitudes remained unaltered with training, the 

 

       * 
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observed changes in dynamic responsivity are primarily due to abnormality of the pulse 

neural signal and not the step signal (discussed later).  

 

5.5.2 Training effect on static measures of accommodation 

 The near point of accommodation (NPA) (i.e., the maximum amplitude of 

accommodation) is the main static diagnostic parameter used in the clinic for assessment 

of accommodative dysfunctions. It denotes the maximum accommodation that be exerted 

by the crystalline lens. It is alone one of the most frequently found abnormal 

accommodative parameters in mTBI (Green et al., 2010a, 2010b; Ciuffreda et al., 2007, 

2008). While a reduced monocular AA is attributed solely to an accommodative disorder, 

reduced binocular AA may be a combination of both accommodative (i.e., blur-driven 

accommodation) and vergence (i.e., disparity-driven accommodation) dysfunction. Based 

on the Duane’s age-matched data for AA (Duane, 1922), individuals with mTBI in the 

present study demonstrated reduced amplitudes at baseline both monocularly (33% less) 

and binocularly (28% less).  However, following training, the AA increased significantly 

by ~28% from baseline value under both monocular and binocular conditions. While 

monocularly subjects reached 89% of the expected norm, binocularly it completely 

normalized (93%). Figure 5.7 shows the mean monocular and binocular AA before and 

after training in mTBI subjects compared to the Duane’s age-matched value. Thus, the 

improvement demonstrates a large increase in the magnitude of maximum 

accommodative ability. Also, improved binocular AA could be partly attributed to the 

overall improvement in vergence amplitude (Chapter 4), presumably through the 
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convergence-accommodation (CA) cross-link interaction. Neurophysiologically, this 

improvement in maximum amplitude could reflect an increase in neuronal firing (through 

recruitment) and better synchronization.  A recent pilot study (Alvarez et al., 2010) has 

shown increased activity in the brain stem area following improved convergence 

amplitude assessed using the fMRI technique. We speculate a similar neurophysiological 

underpinning for improved accommodative amplitude, as accommodation and vergence 

share strong cross-coupling. In addition, an increase in the accommodative amplitude was 

also significantly correlated with reduction in symptoms, as evident from the decreased 

CISS score (Figure 5.8) and improved subjective attention from increased VSAT 

percentile (Figure 5.9) (See Table 3.9 Preamble).   

 

However, the training did not seem to have an effect on the relative 

accommodative amplitudes (NRA and PRA). Under the non-congruent test condition, 

where vergence was maintained constant at 40cm, and the accommodative demand was 

systematically altered using minus and plus lenses, the relative accommodative 

amplitudes were found to be normal at baseline, and hence no changes with training were 

expected.  
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Figure 5.7: Mean accommodative amplitude before (Pre OMT) and after (Post OMT) training in 

mTBI in comparison to Duane’s age-matched normal values for monocular and binocular 

accommodation. Error bars indicate +1SEM. * - significantly increased from baseline.   

 

 

 

Figure 5.8: Correlation of CISS score and binocular accommodative amplitude showing decrease in 

the CISS score with increase in the accommodative amplitude.  
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Figure 5.9: Correlation of VSAT percentile and binocular accommodative amplitude showing 

increase in the VSAT percentile with increase in the accommodative amplitude.  
 

 

 

 

5.5.3 Comparison to the other trained oculomotor subsystems 

In the present study, training was part of a comprehensive oculomotor 

rehabilitation program/small clinical trial also involving vergence (chapter 4) and 

versional (chapter 6) eye movements, 3 hours training of each, for a total of 9 hours of 

total training over the 6 week period. See Chapters 4 and 6 for detailed results.  

 

Vergence 

It is well known that accommodation and vergence are tightly coupled by means 

of their neural cross-links (See Figure 4.1 in Chapter 4) to enhance the accuracy of the 

motor response through mutual contribution. Furthermore, they interact non-linearly to 

contribute to the overall net response (Hung & Semmlow, 1980). These cross-link ratios 
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per se do not alter with training, as previously mentioned (Brautaset and Jennings, 2006; 

Thiagarajan et al., 2010), but an overall improvement in accommodation would result in 

an improved vergence response per se via the accommodative-vergence (AV) cross-link, 

and vice-versa. In the present study, the behavioral characteristics of vergence were very 

similar to accommodation both before and after training. Detailed results are discussed in 

Chapter 4. At baseline, the dynamic trajectory was markedly slow for both convergence 

and divergence. This was reflected by the reduced peak velocity by ~46% for 

convergence and ~27% for divergence from the normal main sequence (amplitude based 

peak velocity) relationship (Rashbass & Westheimer, 1961; Hung et al., 1997). Following 

true oculomotor training, however, there was an increase in peak velocity by ~38% for 

convergence and ~16% for divergence from the baseline value. Furthermore, this faster 

post-training responsivity of the vergence system measured objectively (i.e., peak 

velocity) was correlated with the respective clinical prism flipper facility rate. Following 

training, vergence facility also increased and was significantly correlated with the 

binocular accommodative flipper facility (Figure 5.10) (See Table 3.9 Preamble). 

Furthermore, similar to accommodation, the response amplitude measured dynamically 

was normal, thus reflecting the presence of normal visual feedback with respect to 

disparity detection and processing in these individuals with mTBI; if not, 

intermittent/constant diplopia would be reported. Also, the clinically-based NPC (break 

and recovery values) significantly increased following training and was correlated with 

the analogous AA (Figure 5.11) (See Table 3.9 Preamble). Thus, the behavioral 

characteristics and overall improvement in the vergence system suggested that mTBI 
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affects the vergence system in a similar way to accommodation, and furthermore that 

both systems exhibited marked improvement following training, hence suggestive of 

oculomotor learning effect (Ciuffreda, 2002). Since they are tightly-coupled, interactive 

systems, this might be predicted.    

 

 

Figure 5.10: Correlation of binocular accommodative facility and vergence facility.  

 

   

Figure 5.11: Correlation of binocular accommodative amplitude and vergence amplitude (NPC 

break).  
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Version 

During reading, along with the sequence of saccadic execution and fixation, an 

accurate accommodative response must be maintained to achieve and sustain target 

clarity (Thiagarajan et al., 2011; Szymanowicz et al., 2012). In addition, small but 

accurate vergence adjustments are necessary to attain and maintain precise binocular 

alignment rapidly at all time to prevent diplopia from intermittently occurring (Taylor, 

1966; Ciuffreda & Tannen, 1995). Thus, the versional (saccades and fixation), vergence, 

and accommodative functions are essential for a global efficient oculomotor control 

during reading, and furthermore they must function in a time-optimal manner with 

precise synchronization. Influence of vergence on the overall reading performance has 

been already discussed in Chapter 4. In the presemt chapter, the relation between 

accommodative improvement following training and reading is discussed.  

 

Clarity of the text plays a critical role in efficient text processing and overall 

comprehension. Intermittent blur concurrent with a constant effort to focus upon the text 

would markedly impede reading speed.  Hence, an overall improvement in 

accommodative function would be expected to impact positively on reading speed and 

overall reading ability. Accordingly, the increased Visagraph-based reading rate 

correlated with the improved AA (Figure 5.12) (See Preamble Table 3.9). However, 

increased accommodative facility did not. Considering the relatively constant near 

distance maintained during reading, this finding suggests that the accommodative 

amplitude is more closely related to sustained reading and its related symptoms, and not 
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so much so for dynamic facility. This is in agreement with a basic clinical rule that the 

AA dioptrically should be at least 2 times greater than the near task distance dioptrically 

for sustained focus (Rabbetts, 2007). See Chapter 6 for details on versional training 

results. 

 

 

Figure 5.12: Correlation of binocular accommodative amplitude and Visagraph reading rate.  

 

 

5.5.4 In relation to previous literature 

 The present study results provide the first data demonstrating the effect of vision 

therapy on the objective accommodative measures in individuals with mTBI. However, 

reduction of the accommodative responsivity (i.e., decreased peak velocity) found at 

baseline in the present study was consistent with the findings of Green et al (2010b), who 

reported similarly-slowed dynamic behavior for both increasing and decreasing steps of 
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accommodation in individuals with mTBI.  In addition, the normal response amplitudes 

and SS response variability found in the present study were consistent with their findings. 

In contrast, the reduced lens flipper facility rates (monocular and binocular) found in the 

present study at baseline were not found in the previous prospective study (Green et al., 

2010b) in the mTBI population. They did not find a significant difference between 

normal and mTBI subjects. However, Green et al (2010b) used 1.00D flipper lens to test 

the accommodative facility, while the present study used  a much higher amount of 

2.00D flipper lens, which is the clinical norm, to diagnose accommodative dysfunctions  

with its greater demand of accommodation (Scheiman & Wick, 2008). It is therefore 

important for the clinicians to use 2.00D flipper lens to assess accommodative infacility, 

which can be left undiagnosed when tested with low powered lens, or to use age-based 

lens flipper norms (Scheiman and Wick, 2008). However, to support the present study 

findings, Ciuffreda et al (2007) found accommodative infacility in the mTBI population 

retrospectively using the 2D lens flipper. Thus, this is a critical measure to assess 

carefully, perhaps using age-based norms as suggested above.  

 

Several of the static accommodative findings assessed at baseline were consistent 

with several earlier clinical reports (Al-Qurainy, 1995; Gianutsos et al., 1988; Suchoff et 

al., 1999; Ciuffreda et al., 2007; Kowal, 1992). As discussed in the Introduction, the most 

common finding was accommodative insufficiency, as diagnosed with the receded NPA 

in those with mTBI. Although infrequently reported, a few studies have reported 

accommodative excess (or spasm) (Bohlmann & France, 1987; Monteira et al., 2003; 
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Chan & Trobe, 2002). However, the present study did not find such an accommodative 

behavior in the individuals evaluated.  

 

While the maximum accommodative amplitude (AA) was markedly reduced at 

baseline, gain of the accommodative system was normal within the tested range (2 to 

5D), both before and after training as deduced by the slope of the AS/R function, which 

directly reflects its closed-loop gain. This finding confirms Green et al (2010b), who 

reported similar gain values in both mTBI (0.8) and normals (0.87). However, training 

did expand the linear and non-linear zones of accommodation as evident from the 

increased amplitude of accommodation. See Figure 5.13 in which the relation between 

accommodative gain, AA, and the effect of vision therapy, is depicted. While similar gain 

values were obtained within the measured linear range (2 to 5D), training extended the 

zone of the focusable region beyond 5D, as evident from the increased AA. Furthermore, 

increase in the AA (~2D) subsequent to training in the present study confirms the 

retrospective findings of Ciuffreda et al (2008) and the clinical cases (Scheiman & 

Gallaway, 2001), that also found improvement in the AA.  
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Figure 5.13: Schematic representation of accommodative stimulus-response function before (red 

dotted line) and after (solid green line) training. AG = accommodative gain; Pre OMT = before true 

oculomotor training; Post OMT = after true oculomotor training; AA = amplitude of 

accommodation; Blue dotted line = 1:1 line.  

 

 

Hence, from the present findings as well as from previous studies that assessed 

dynamic and static parameters of accommodation, it is apparent that the dynamic 

laboratory-based “peak velocity” and clinically-based “lens flipper facility”, and the 

clinically-based “AA”, are the key diagnostic parameters in this mTBI population to 

diagnose accommodative dysfunctions, as suggested from earlier studies ((Al-Qurainy, 

1995; Gianutsos et al., 1988; Suchoff et al., 1999; Ciuffreda et al., 2007; Green et al., 

2010b; Ciuffreda et al., 2011). While such a finding is also possible in other non-mTBI 

accommodative dysfunctions (i.e., accommodative insufficiency), detailed case-history 
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and other clinical tests (e.g., repeated NPC) will specify the etiology of the anomaly. 

Although treating the mTBI population for binocular vision disorders using conventional 

vision therapy procedures might be challenging given the complexity of more general 

factors (Ciuffreda & Ludlam, 2011b), such as fatigue, chronic headache, memory 

deficits, physical ailments, to name a few, as well as other non-oculomotor-based vision 

problems, such as visual field defects and photosensitivity, a considerable magnitude of 

oculomotor-based treatment effect has been reported in this population, as described 

earlier, and in the present study. Improvement in the critical parameters of 

accommodation, such as AA, along with significant reduction in the nearvision-related 

symptoms, is suggestive of considerable and pervasive treatment effect in these subjects. 

The results of the present study, along with the aforementioned studies, support the 

notion that targeted, specific, programmed vision therapy procedures can remediate via 

“oculomotor learning” (discussed later) a range of accommodative and binocular vision 

disorders occurring as a consequence of the mTBI. Symptoms were ameliorated along 

with concurrent normalization of clinical signs, including subjective visual attention.  

 

5.5.5 Neurophysiological implications 

 The neural control mechanism of accommodation has been postulated to be 

similar to the saccadic and the vergence systems. The final neural signal for 

accommodation is proposed to consist of a small pulse/phasic signal and a step/tonic 

signal (Schor & Bharadwaj, 2005, 2006). While the pulse controls the velocity of the 

accommodative response, the step controls the final accommodative steady-state level 
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response of the accommodative system. While the height of the pulse signal determine 

the peak velocity of the response, the height of the step signal determines the final steady-

state position. Evidence from non-human primate studies suggests that although the 

midbrain (SOA) houses a majority of near response neurons, several other areas, such as 

FEF, cerebellar IP nucleus, pons, etc., consists of neurons that fire during accommodation 

(Gamlin & Clarke, 1995; Judge & Cumming, 1986). Cells in these areas contain both 

phasic and tonic cells that fire in relation to velocity and position, respectively.  

  

Based on the results of the present study at baseline, and earlier studies (Green et 

al., 2010b), the primary neural deficit in the mTBI patient is believed to be the pulse. The 

reduced peak velocity, and related increased time constant, can be accounted for by a 

reduction in pulse height. This reduction in pulse height is speculated to be derived from 

a combination of decreased firing rate of the phasic (burst) cells and a reduced number of 

phasic cells, possibly resulting from the shearing of axons following TBI. Since the 

appropriate accommodative response amplitude was eventually attained accurately, this 

suggests that the step component had the appropriate mean height. Following training, we 

speculate that the increased peak velocity is due to an increase in pulse height 

(presumably because of the increased firing rate) as a result of oculomotor learning and 

neuroplasticity (discussed later), thus resulting in a faster motor responsivity to attain the 

final steady-state position. However, this change in motor behavior as a result of 

increased and sustained firing rate of burst and tonic cells, respectively, needs to be 

assessed using neurophysiological experiments in monkeys and brain imaging studies in 
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humans with correlational analysis. Unlike vergence (Alvarez et al., 2010), there is no 

study in the human literature that monitored cortical activity related to accommodative 

training in humans. Although vergence training alone (Alvarez et al., 2010) can indirectly 

influence and possibly train accommodation indirectly via the vergence-accommodation 

cross-link (Balsam & Fry, 1959), a discrete neuroimaging study involving 

accommodation only before and after vision therapy is necessary in humans.  

 

5.5.6 Neuroplasticity and oculomotor learning effects  

Basic learning is comprised of repeated stimulation of a particular task, which is 

initially a trial-and-error mechanism, eventually becoming a pre-programmed (i.e., 

reflexive) task. This automaticity is achieved through increase in synaptic number and 

strength, and it is referred to as “Hebbian learning” (Hebb, 1949; Warriach & Kleim, 

2010; Feldman, 2009). The process of learning a new task not only involves functional 

and behavioral changes as a result of repeated practice, but also includes a spectrum of 

underlying mechanisms, such as biochemical and cellular changes, structural changes 

such as increased synapse number, firing rate, increased axonal/dendritic arborization, 

etc., (Warraich & Kleim, 2010). While the neuroplasticity in response to an external 

stimulus is common in a normal brain, these mechanisms have also been identified in the 

relearning process following an insult to the brain (Warraich & Kleim, 2010), and 

furthermore it is central to the recovery process independent of the time duration elapsed 

after the injury.  Regaining functional loss following brain injury could be either through 

a natural recovery process, where neurotransmission is restored in the adjacent spared 
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location, or through retraining. Retraining involves functional recovery through 

relearning a particular task that was compromised following an injury, and thus forms the 

basis for any type of neurorehabilitation. This is achieved through restoring activity in the 

spared areas within the affected region that were inactive due to nonuse, and through 

recruiting new regions remote from the injury site that have similar functional abilities, 

but did not contribute predominantly before the injury.  

 

With regard to the present study, following head trauma, a global type of injury 

resulting in a DAI could compromise the WM integrity (Greve et al., 2009), thus 

resulting in a slowed response (e.g., slowed accommodation). In addition, the decreased 

number of synapses, reduced firing rate, reduced synchrony, and/or lack of correlation 

within and across the specific brain regions may cause loss of automaticity, and hence an 

overall reduction in the system’s maximum amplitude (e.g, NPA), as found at baseline. 

Accommodatively-based vision therapy acts to regain accommodative function through 

repeated stimulation with different magnitudes of blur over a period of time (e.g., several 

weeks).  A combination of repeated stimulation with these various amounts and types of 

blur (negative and positive), increasing task level difficulty (e.g., progressively reducing 

target size), active participation of the subjects with high attention, presence of visual and 

verbal feedback, sensitized visual feedback related to the blur (i.e., perceptual learning) 

(Ciuffreda, 2002), and high motivation of the subjects to perform the task over the 6 

week training period resulted in a significant oculomotor training effect. Thus, following 

training, a significant improvement in the overall accommodative amplitude (e.g., NPA) 
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and an increased speed of accommodative response (i.e., increased peak velocity) 

resulted from the effective relearning process.  

 

Based on the existing knowledge of neural control of accommodation, it is 

difficult to speculate on precisely which specific areas of the brain have regained activity, 

since the brain utilizes different strategies (restoration/recruitment/or both) to recover 

from the functional loss. No study has been so far done to evaluate the neural correlates 

of accommodative-based vision therapy. Functional neuroimaging studies of 

accommodative behavior are necessary to correlate these relearned oculomotor 

behavioral changes. Furthermore, future controlled studies are required in human subjects 

to study the underlying neurological correlates of oculomotor rehabilitation and their 

subsystem (e.g., vergence) interaction. However, despite the above unknowns, several 

sites that control accommodation are likely to be involved. Since the pulse increased, it is 

likely that the burst cells in the midbrain area that fire in relation to accommodative 

velocity could be involved. Improved AA could be resulting from increased activity in 

one or more predominant areas, such as PPC, FEF, rostral SC, midbrain, pons, and 

cerebellum. However, future studies are required to determine the neural correlates of 

accommodative therapy induced changes.  

 

5.5.7 Study limitations 

Although a range of laboratory-based objective, clinically-based 

subjective/objective, subjective visual attention and symptoms scale were assessed, the 
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study had some limitations. It primarily involved evaluating only step accommodative 

dynamics before and after oculomotor rehabilitation; accommodative ramp responses 

were not evaluated. This should be performed to assess both of these key control aspects 

of accommodation, per the models of the vergence system. Secondly, due to technical 

constraints, latency for accommodation was not assessed in the present study, and this 

information would have provided insight regarding possible sensory information 

processing delays, especially given the fact that blunt trauma affects brain areas diffusely.  

Lastly, while the present study involved testing monocular accommodative step 

dynamics, evaluation of accommodative dynamics under binocular viewing conditions 

would provide additional insight into the influence of vergence and its training on the 

overall accommodative dynamic behavior.  

 

5.5.8 Future directions 

 The present study evaluated the global aspects of oculomotor training on several 

critical parameters of accommodation, along with vergence and version. There is a 

paucity of data on the neurological correlates of oculomotor training that results in 

functional changes. Hence, functional and structural brain imaging studies will be 

necessary to assess for correlation with the behavioral changes, and then use this 

information to plan for future targeted treatment accordingly. Persistence of the treatment 

effect is still an on-going evaluation in the present study. All subjects are being 

reevaluated at 3 months and 6-months after the completion of training.  Based on the 

results from these follow-up studies, future therapies will be planned to improve and 
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retain their oculomotor function and reduce symptoms even further.  While it might be 

challenging to restore complete normalcy in these individuals, the level of improvement 

attained was appreciated by the subjects. Long-term training distributed over 6-12 month 

intervals may be necessary to maintain the initial improvements (“booster” therapies). 

Lastly, investigations should be extended in a larger sample size and more diverse group 

(e.g., moderate TBI) to generalize the treatment effects, and longer follow-up (1-5 years) 

may be necessary.   

 

5.6 CONCLUSIONS 

 This study was the first comprehensive mini-clinical trial that evaluated all three 

important oculomotor subsystems (accommodation, vergence, and version) both 

objectively and subjectively, that are directly related to reading. Oculomotor 

rehabilitation was effective in individuals with mTBI who reported nearwork-related 

symptoms of an oculomotor basis. An overall improvement in nearly all of the critical, 

abnormal parameters of accommodation was observed both objectively and subjectively. 

Improved oculomotor behavior was attributed to effective oculomotor learning effects in 

these individuals. In addition, symptoms reduced, and visual attention improved.  
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Chapter 6 Oculomotor rehabilitation in mild traumatic brain injury: 

Version component 

 

6.1 ABSTRACT 

 

Aim: To evaluate a range of objective measures of basic versional and reading eye 

movements before and after true oculomotor training in individuals with mTBI and near-

vision related symptoms. The results were also compared with SHAM training.  

 

Methods: Twelve non-strabismic individuals with mTBI (mean age: 29 [± 3] years) with 

near vision symptoms participated in the study. All laboratory-based basic versional eye 

movements were recorded using the Arrington ViewPoint Binocular EyeTracker. The 

clinically-based reading eye movements were recorded using the Visagraph device. All 

measures were performed before and after true oculomotor (fixation, predictable 

saccades, simulated reading) and SHAM training (6 weeks each, 2 sessions/week, 45 

minutes/session). The versional eye movement training was part of a comprehensive 

oculomotor rehabilitation mini-clinical trial (cross-over design) also involving vergence 

and accommodation.  

 

Results: Following the true oculomotor training, there was a significant reduction in the 

horizontal fixational error along with markedly increased saccadic gain, both horizontally 

and vertically (p<0.05). The saccade ratio for the simulated reading multiple line 



 

  208 

paradigm reduced significantly (p<0.05). With respect to the Visagraph reading, reading 

rate improved and the number of fixations reduced significantly (p<0.05). In addition, 

there was a significant (p<0.05) reduction in related symptoms as assessed with the CISS 

scale. Furthermore, VSAT percentile increased markedly. None of the measures were 

found to change significantly following SHAM training.  

 

Conclusions: The versional-based vision training had a significant positive effect on 

fixational accuracy, basic versional tracking, and reading ability. Such an overall 

improvement is suggestive of improved rhythmicity, accuracy, and sequencing of 

saccades following oculomotor-based vision rehabilitation in mTBI as a result of 

oculomotor learning. 

 

 

 

Key words: version, reading eye movement, mTBI, reading dysfunction, oculomotor 

rehabilitation, oculomotor learning, vision therapy.  
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6.2 INTRODUCTION 

 

6.2.1 Basic concepts of normal reading 

 Reading is one of the most important activities of daily living (ADLs) involving a 

wide spectrum of visually and non-visually-based aspects. The reflexive, pre-

programmed oculomotor-based reading eye movements related to reading include version 

(fixation and saccades), vergence, and accommodation (Han et al., 2004; Szymanowicz et 

al., 2012; Thiagarajan et al., 2011). These three oculomotor components, along with 

attention, cognition, short-term memory, and basic text linguistic and visual processing 

combine in an interactive and complex manner, and furthermore play a vital role in 

efficient reading and overall comprehension (Ciuffreda and Tannen, 1995).  

 

Figure 6.1 illustrates a schematic representation of a typical normal reading 

pattern. Normal reading eye movements are comprised of a series of automatically 

executed saccadic eye movements (~1° to 3° in amplitude based on text spacing, font 

size, word length, etc) that are typically progressive in nature (from left-to-right), 

interspersed with fixational pauses and return-sweep saccades (large right-to-left oblique 

saccades ~10-20°) to return to the next line of text.  Fixational pauses function to extract 

basic visual information, and then process the text. In addition to assimilation of the text 

material during the fixational pauses, positional information of the eyes is processed to 

program successive saccades. Duration of the fixational pause is ~255 milliseconds for 

each word fixated, with approximately 75 milliseconds for text processing per se and 180 
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milliseconds for subsequent positional processing (Abrams & Zuber, 1972). This duration 

increases with increased complexity of the text, and it decreases with text prediction and 

familiarity. Similarly, the number of fixations increases based on the difficulty level of 

the reading material, thus reducing the span of recognition (average number of words or 

letters per fixation). In addition to the progressive saccades, the normal reading pattern 

also includes regressive saccades that are executed from right-to-left to recheck or 

reconfirm a word. Regressions occur more often with unfamiliar/uncommon words and 

with those who have poor reading ability/comprehension. The greater the number of 

saccades made during reading, the slower the reading rate, as they are the primary 

limiting factor.  

 

Figure 6.1: Schematic representation of normal reading eye movement pattern showing sequences of 

left-to-right saccades (progressive), fixational pauses, return sweeps, and a right-to-left saccade 

(regressive). Included is the text showing where in the line/word the subject fixated. Schematic 

representation.  
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6.2.2 Basic concepts of fixation and its neurology  

 When a stationary target is steadily fixated, the eyes do not remain perfectly still. 

Three types of eye movements occur during attempted steady fixation (Ciuffreda & 

Tannen, 1995): 1) microsaccades (~0.1 degrees in amplitude; duration of 10 to 25 msec), 

2) slow drift (<0.5 Hz; 0.01 to 0.1 degrees amplitude), and 3) tremor (high-frequency 

movement of ~30 to 100Hz; ~0.3 minutes of arc in amplitude). Tremor and slow drift are 

thought to represent “noise” in the oculomotor system produced by the irregular 

brainstem neuronal firing, and hence are not correlated between the two eyes. However, 

microsaccades are correlated between the two eyes and function to suppress visual fading 

(Martinez-Conde et al., 2002), as well as serving to correct for positional errors 

(Cornsweet, 1956).   

  

Fixation-related neurons (FNs) have been identified in the intermediate layers of 

the rostral superior colliculus (SC) in awake monkeys that discharge tonically (<100 

spikes/sec) during active visual fixation (Munoz & Wurtz, 1993). These cells pause their 

discharge during saccades in any direction.  The pause onset of the FNs discharge was 

found to be ~33 to 36 ms before the saccade onset, and the discharge resumed anywhere 

~2 ms before to 9 ms after saccade termination. Duration of the pause has been shown to 

increase with increased saccadic duration, as expected. The discharge characteristics of 

these cells are gaze independent. Activation of these FNs inhibit saccadic initiation, and 

hence are critical to maintain stable fixation on a target. The characteristics of these SC 

FNs are similar to the omnipause neurons (OPNs) located in the midline raphe nuclei of 
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the pons, which send excitatory signals to the OPNs to prevent saccade generation. These 

OPNs also discharge tonically during fixation, and they pause during saccades (Keller, 

1974). However, OPNs have been shown have a higher discharge rate (>100 spikes/sec) 

than the SC FNs. While most of the OPNs paused for all amplitude saccades in all 

directions, numerous SC FNs did not pause for small amplitude (<1.5°) contraversive 

saccades. In addition, while the OPNs discharge paused abruptly before the onset of 

saccade, the SC FNs paused gradually. Furthermore, the pause ending of the OPNs was 

more highly correlated with saccade termination than the SC FNs (Everling et al., 1998).  

Despite the differences, the SC FNs and the OPNs serve to maintain stable fixation and 

suppress saccade generation.  

  

In addition to the aforementioned fixation-related neurons in the SC and pons, 

several other regions of the brain have been found to modulate activity during active 

fixation. Cells in area 7a of the posterior parietal cortex increase their activity with target 

fixation; however, they differ from the SC FNs in that they do not fire during fixation in 

all gazes, and furthermore they do not pause during saccades in all directions (Sakata et 

al., 1980). In addition, fixation-related activity has also been found in the dorsomedial 

frontal cortex (Bon & Lucchetti, 1992), FEF (Hanes et al., 1998), and basal ganglia 

(Hikosaka & Wurtz, 1983; Hikosaka et al., 1989). However, the precise contribution of 

these areas during active fixation has not been identified. Also, although a well-defined 

neurological pathway for steady-visual fixation has not yet been suggested, the rostral 
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pole of the SC is believed to be the final pathway for the fixation-related cortical areas, 

which is then fed to the brain stem premotor circuitry.  

  

As discussed in Chapter 1, vulnerability of the brain structures to shearing as a 

resultant of TBI can impact on fixational ability. In relation to the present study, central 

fixation alone is considered.  

 

6.2.3 Basic concepts of saccades and its neurology  

 Saccades are rapid, high-velocity, conjugate eye movements used to foveate an 

object of interest in a visual scene, with intervening periods of sustained and accurate 

fixation. Based on the cue that elicits it, saccades can be of various types, such as 

visually-guided, predictive, volitional, reflexive, anti-saccade, memory-guided, etc., For 

the purpose of the present paper, only visually-guided saccades are considered.  

  

Some key characteristics of saccades include the following (Leigh & Zee, 2006; 

Ciuffreda & Tannen, 1995). Saccadic reaction time (latency) is ~ 200 milliseconds, 

during which the positional error amplitude is calculated, and the saccade is programmed. 

The peak velocity of the saccade is amplitude-matched, and this relation is commonly 

referred to the “main sequence” relationship (Bahill et al., 1975). The greater the 

amplitude, the higher its peak velocity. Similarly, saccadic duration is greater for larger 

amplitude saccades, which represents a second arm of the main sequence profile. 

However, both saccadic peak velocity and duration cannot be controlled voluntarily. See 
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Figure 6.2 for saccadic amplitude-based peak velocity and duration plots. Typically, 

saccades are completed within 100 milliseconds or less. Under normal conditions, 

saccades are hypometric (i.e., they undershoot) followed by a small corrective saccade. 

The magnitude of this error is calculated to be about 10% of the total amplitude of the 

saccade. While hypometria is a common strategy in normal individuals, hypermetria 

(overshoot) is not.  

  

                             

Figure 6.2: Amplitude-based saccadic peak velocity (degrees/second) and duration (milliseconds) in 

13 normal individuals. (Graph adapted from Bahill et al., 1981) 
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Amongst the oculomotor subsystems, perhaps the most extensively studied is the 

neurophysiology of saccades. Numerous microstimulation, pharmacological, ablation, 

and lesion-based imaging studies have been conducted to understand the neural pathways 

and strategies involved in generation and execution of saccades. Basic inputs that drive 

the saccadic system are target position in space with respect to head, eye position in orbit, 

and retinal error (distance between object image and fovea). The eye position in the orbit 

is calculated from the efference copy and this information is obtained from the tonic 

neurons in the paramedian pontine reticular formation (PPRF). The retinal error 

combined with the eye position in the orbit gives the target position in space. Using this 

target position in space, and the eye position in orbit, the positional error is calculated. 

This positional error serves as a stimulus to drive the saccade pulse generator (Zee et al., 

1976).  The velocity command generated by the pulse generator serves as the input to the 

neural integrator to produce the position command. The combined position and velocity 

signal via the oculomotor neurons innervates the extraocular muscles to execute an 

appropriate saccade.  

 

While the higher-level cortical processes involving the areas of V1, V2, lateral 

intraparietal (LIP), FEF, and MEF control target localization, and calculation of the 

required eye position change, lower level midbrain and cerebellar areas control the actual 

saccade signal generation. The final neural signal for the saccade is a pulse-step (Bahill et 

al., 1975; Leigh & Zee, 2006). The pulse is responsible for the actual movement of eyes 

against the orbital viscous forces, and the step maintains the eyes on the target against the 
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elastic restoring forces of the orbit. The pulse is generated by the burst cells, and the step 

is maintained by the omnipause cells. While the firing rate of the burst cells is correlated 

with eye velocity, the total number of spikes within the burst of activity determines the 

saccadic amplitude. Burst neurons are primarily located in the brainstem area. The EBNs 

for horizontal saccades are located in the PPRF of the caudal pons, and for vertical and 

oblique saccades are located within the rostral interstitial nucleus of the medial 

longitudinal fasciculus (riMLF). In addition to the aforementioned EBNs, burst neurons 

also exist in the central mesencephalic reticular formation. These are referred to as long 

lead-burst neurons (LLBN), which fire ~40 milliseconds before and during saccades. 

Before and after saccadic execution, omnipause (OPN) neurons discharge tonically to 

maintain the eye on the target. These neurons have been found in the nucleus raphe 

interpositus of the pons. A critical projection to the OPN is from the rostral pole of the 

SC to maintain fixation, and these neurons cease their discharge during saccades in all 

directions.  

 

One of the important midbrain regions involved in saccade generation is the SC. 

The caudal region of the SC plays an important role in target selection and saccade 

initiation. Saccade-related neurons have been found in the ventral layers of the SC. They 

consist of either “build-up” neurons, which are active before the burst activity, and 

collicular “burst” neurons. They project to the brainstem premotor burst neurons either 

directly or via NRTP of the pons, which in turn projects to the cerebellum and to the 

brainstem. The SC receives input from all cortical areas directly from the parietal eye 
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field (PEF), and from the frontal regions (FEF, SEF, DLPFC) either directly or indirectly 

through the basal ganglia (Leigh & Zee, 2006).  In addition to projecting to the SC, the 

cortical eye fields also project to the medial NRTP of the pons. The caudal portion of the 

NRTP, which receives input from the SC, has been shown to consist of neurons that 

encode the size and direction of saccades similar to the collicular burst neurons. Since the 

NRTP also contains neurons related to vergence and smooth pursuit, it has been 

suggested to be the site that coordinates all of these eye movements (Leigh & Zee, 2006). 

The cortical eye fields project to the cerebellum via the NRTP. The critical regions of the 

cerebellum that are involved in saccade programming are Purkinje cells of the dorsal 

vermis, which provides input to the caudal fastigial nucleus. They both are involved in 

controlling the pulse portion of the saccade. In addition, the flocculus and paraflocculus 

regions of the cerebellum control the pulse-step match. The cerebellum also receives 

feedback from the brainstem to terminate the on-going saccade, once it is on target. Thus, 

the cerebellum acts as a “calibrator” organ for controlling saccadic accuracy with respect 

to both amplitude and direction (Selhorst et al., 1976; Leigh & Zee, 2006). Finally, 

following target selection and saccade programming in the various neural substrates, the 

final pulse-step neural signal generated at the brainstem level, and it then drives the 

oculomotor neurons to innervate the respective extraocular muscles in the two eyes to 

execute a conjugate, rapid eye movement.  

  

Thus, it is clear from the above discussion that numerous cortical and subcortical 

sites are involved in the generation and execution of saccades, and also the maintenance 
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of visual fixation. The extensiveness of these neural networks makes them highly 

vulnerable to the diffuse injury caused by the typical coup-contrecoup head trauma. 

Consequent saccadic and fixational abnormalities will adversely affect the overall reading 

eye movements, as it predominantly consists of continuous sequencing of saccades and 

intervening fixational pauses. The following section summarizes eye movement 

dysfunctions in TBI involving visually-guided saccades, fixational ability, and reading 

eye movements, all based on objective documentation.  

 

6.2.4 Abnormality of saccades, fixation, and reading eye movements in mTBI 

The prevalence of versional eye movement deficits in mTBI is reported to be 

~50% in the form of saccadic dysfunction (Ciuffreda et al., 2007). Detecting oculomotor 

disorders is rapidly becoming a critical diagnostic tool in TBI, both during the acute and 

chronic stages. With the increased prevalence and interest in sports-related concussion, as 

well as the returning warfighters, research studies involving testing of subtle, eye 

movement-related deficits along with related cognitive and behavioral function that may 

have an indirect effect, could provide insight into the prognosis and recovery from the 

microscopic structural injury (Heitger et al., 2009). Laboratory investigations in 

individuals who have had a mild head trauma mainly assessed saccadic latency, peak 

velocity, and gain for a range of amplitudes. A few studies have also assessed saccadic 

duration and accuracy.  Using various test paradigms, past studies have evaluated 

different types of saccades (visually-guided, memory-guided, anti-saccade, and 
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voluntary) in this population. For the purpose of the present study, only visually-guided 

(VG) reflexive saccades will be considered.  

 

Saccadic latency is probably the most assessed parameter following head trauma. 

Speed of processing is primarily dependent on white matter (WM) structural integrity. 

Given the fact that even an mTBI could cause diffuse axonal damage, reaction time 

measurement reflects WM integrity indirectly. One of the earliest studies that evaluated 

saccadic latency using the infra-red scleral reflection technique was by Ron et al (1978) 

in 28 patients following head trauma. Their patient population included individuals with 

diffuse brain injury only, diffuse brain damage with brain stem lesions, and those who 

had craniotomy only; however, they were not classified as mild, moderate, or severe. 

Twelve out of the 28 patients with diffuse brain damage exhibited a mean increased 

saccadic latency of ~270 milliseconds. However, time lapse between injury and saccadic 

measurement was not specified. In a separate study, Ron (1981) reported similarly 

increased latency (mean 329 milliseconds) 2 to 4 months following injury in 4 out of 10 

patients, which normalized in all patients over 7 months after consciousness was 

regained. Similarly, saccadic duration was also found to be increased (20 to 40 

milliseconds longer) in 6 of the 10 patients. These study findings are supported by more 

recent results from Pearson et al (2007). They tested 12 boxers 12 hours before, and 7 

minutes after three rounds (each 2 minutes) of competitive bout using an infrared eye 

movement system.  Nine out of the 12 boxers were found to have abnormally increased 

latency (20 to 40 milliseconds delay) as compared to their baseline value. However, when 
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they were retested 3, 7, and 12 days later, latency was found to reduce, and it approached 

the pre-fight baseline value, thus indicating a natural recovery process in these young 

adults. Similarly, within 10 days following mild closed-head injury (CHI), Heitger et al 

(2004) found no mean difference in latency between 30 CHI subjects (179 milliseconds) 

and 30 control subjects (177 milliseconds). A follow-up study by the same group (Heitger 

et al., 2006) evaluated 37 patients with mild closed-head injury (CHI) at one week, 3 

months, and 6 months following head trauma,  and they found normal saccadic latency 

when compared with the 37 normal subjects. Also, the same group (Heitger et al., 2009) 

compared mild CHI patients with and without post-concussion syndrome (PCS), and they 

found no difference in saccadic latency between the two groups when tested 6 months to 

1 year following injury. Concomitantly, saccadic duration was also found to be normal in 

these two groups over the range tested (5 to 30°). To confirm this natural recovery of 

saccadic latency over time, Kraus et al (2010) reported no difference in latency between 

20 mild TBI subjects and 19 control subjects on visually-guided saccades when the 

former were tested at least 1 year following injury.  It is evident from these above studies 

that saccadic latency may be delayed immediately following head trauma (1 or 2 days) 

and it tends to normalize within weeks to months later.  

 

Next to latency, saccadic gain is the most studied measure in head trauma. A 

preliminary report by Ron et al (1978) showed that 9 of the 28 patients either made a 

hypometric or hypermetric saccades (gain values not reported), and furthermore that 7 of 

them could not voluntarily execute a saccade to a change in target position for 5, 10, or 
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15° step displacements. In a different patient group, Ron (1981) reported abnormally low 

mean saccadic gain (0.6) in 5 out of 10 patients with brain injury. Also, 50% of the 

patients executed abnormal multiple saccades, which was found to normalize 3 to 9 

months after regaining consciousness. In contrast, recently, Heitger et al (2004) reported 

normal gain (0.97) for horizontal reflexive saccades in 30 individuals 10 days following 

mild closed head injury. This could be due to differences in the population tested. A 

comprehensive study by Heitger et al (2009) evaluated the effect of presence of PCS on a 

range of saccadic parameters. Six months following injury, normal mean gain was found 

in 36 mild CHI individuals with PCS (0.95) when compared with 36 mild CHI 

individuals without PCS (0.96). A similar gain value (0.93) was also reported by Kraus et 

al (2007) in mild TBI subjects (n = 20) when tested at least 6 months following head 

trauma. While all of the above studies investigated horizontal saccades, only one case 

series reported reduced gain for vertical saccades in a TBI patient when tested at least one 

year post-injury (Kapoor et al., 2004). They reported a gain value of 0.80 for upward 

saccades and 0.74 for downward saccades. However, their subject demonstrated normal 

gain (~1.0) for horizontal saccades. While the above recent studies (Heitger et al., 2004,  

2009; Kraus et al., 2007; Kapoor et al., 2004) included only mild TBI patients, Ron’s 

study (1978, 1981) did not classify their subjects as mild, moderate, and severe. This 

difference in the tested population could contribute to the difference in gain findings in 

the various studies.  
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Similar to saccadic gain, the literature reports normal peak velocity for visually-

guided reflexive saccades. All saccades followed the main-sequence relationship in each 

study. Within 10 days following TBI, Heitger et al (2004) reported the mean amplitude-

matched peak velocities (12 to 24° amplitudes) in 30 mild CHI patients to be not 

significantly from the normal group. When periodically monitored, 37 mild CHI patients 

demonstrated normal peak velocity at 1 week, 3 months, and 6 months following injury 

(Heitger et al., 2006). Over the extended saccadic amplitude range tested (5 to 30°), 

Heitger et al (2009) reported normal mean peak velocities in 36 mild CHI with and 

without PCS when tested 6 months to 1 year following head trauma. The above findings 

were confirmed by Kraus et al (2007), who reported no difference in peak velocity 

between 20 mild TBI at least 6 months following injury and 19 control subjects. From 

these studies, it is clear that peak velocity seems to be unaffected following mild TBI, 

even after only a week or so following the injury. This suggests that the brain areas that 

control saccadic peak velocity are either spared or have very rapid healing process.   

 

While basic saccadic parameters have been extensively studied using different 

experimental paradigms, saccades during reading have not been extensively studied, 

despite the fact that “difficulty with reading” is the most common symptom (~90%) in 

TBI, the majority of them  (at least 50%) having a saccadic tracking abnormality 

(Ciuffreda et al., 2007; Ciuffreda & Kapoor, 2007). Using simulated reading paradigms, 

Ciuffreda et al (2006) found that 9 individuals with mTBI executed an excessive number 

of saccades for a given number of target changes. This was evident from the saccade ratio 
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calculated for the single line (2.6) and multiple-line (1.38) simulated reading, where a 

ratio close to 1 is considered normal. This increased saccade ratio is in agreement with 

the multiple saccades found by Ron (1979) in 6 out of 10 TBI patients, which was found 

to be no longer evident within 4 to 9 months after having regained consciousness. In 

addition, the clinically-based Visagraph, which is the standard clinical objective test for 

assessment of eye movements during reading and reading-related parameters, showed 

reduced reading rate (mean 183 wpm), as well as an increased number of fixations (mean 

122) and regressions (mean 24), from the norm for grade-10 reading material. This result 

was consistent with the finding of Kapoor et al (2004), who reported similar Visagraph 

results in one patient with mTBI.  

 

In contrast, fixation in mTBI has been the least studied area. Objective recording 

of fixational eye movements in mTBI has been conducted only in one case study (Kapoor 

et al., 2004). Binocular fixational error along the horizontal, vertical, and radial directions 

were measured in 5 different gaze positions; central, 10° horizontally, and 10° 

vertically using infrared limbal reflection system. The mean error across all five positions 

of gaze along the horizontal, vertical, and radial directions was 0.38, 0.46 and 0.26 

degrees, respectively. Similar results were also found in a group of 9 mTBI subjects when 

tested one year following injury. The mean horizontal, vertical, and radial fixational 

errors were found to be approximately 0.5° 0.7° and 0.75°, respectively (Ciuffreda et al., 

2004). While these errors could be solely related to a versional defect, fixation is also 

influenced by accommodation and vergence, as testing was performed binocularly to 
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assess it under natural viewing conditions. Inaccurate vergence and intermittent blur 

could result in increased fixational error. Evaluating vergence and accommodation, along 

with both monocular and binocular fixation, would give insight into fixational stability.  

 

6.2.5 Oculomotor rehabilitation in mTBI 

While numerous studies have been conducted to diagnose oculomotor disorders in 

mTBI, relatively few have evaluated the effect of vision remediation on basic fixation, 

saccades, and reading eye movements. The first report on the effect of vision training on 

saccadic function in TBI was by Ron (1979; 1981), in which 6 patients were trained for 7 

to 15 weeks, 5 days a week, 2 sessions a day. Each session lasted for up to 30-40 minutes 

interspersed with rest periods. Training had a significant effect on mean saccadic gain, 

which improved from 0.6 to 0.8. Furthermore, gain increased more rapidly and to a 

greater extent in patients who were trained when compared to those who simply were 

allowed to have natural recovery. This positive effect of training persisted at the 2 month 

up follow-up. While Ron’s study (1981) did not specify the training protocol used, a 

clearly-defined and detailed laboratory-based protocol for training TBI was first proposed 

by Han et al (2004) using either normal visual (V) feedback alone or visual + oculomotor 

auditory (V+A) combined feedback to train fixation, saccades, pursuit, and simulated 

reading; that is, patient heard their eye movements. Using this protocol, Ciuffreda et al 

(2006) trained 9 TBI patients over 8 weeks period, 2 sessions per week, for a total of 9.6 

hours. Each session lasted for 36 minutes of total training for up to 8 weeks; 4 weeks 

using V feedback alone, and 4 weeks using V+A feedback. A significant reduction in the 
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saccade ratio for both single-line (from 2.6 to 1.95) and multiple-line (from 1.38 to 1.11) 

simulated reading was found. However, the abnormal mean reading rate, number of 

fixations/regressions, and comprehension found at baseline did not improve following 

training, although 50% of the subjects showed at least a 10 to 30% increase in reading 

rate. However, subjects reported markedly increased duration of comfortable reading, 

with increased subjective attention (assessed using a questionnaire), following training. 

Using a similar training protocol, Kapoor et al (2004) reported a 28% increase in the 

reading rate (from 138 to 177 wpm) in an individual with mTBI. The number of fixations 

reduced by 20% (148 to 119), the number of regressions reduced by 50% (31 to 16), and 

comprehension improved from 70% to 90%. Thus, the results demonstrated an overall 

improvement in the eye movement and reading ability following training. Furthermore, 

following training, fixational errors along the horizontal (0.38 to 0.25°), vertical (0.46 to 

0.28°), and radial (0.26 to 0.17°) directions were reduced by 30-40% in this individual. In 

the same subject, low vertical saccadic gain (for 5 and 10° predictable stimuli) was 

found at baseline, which increased significantly following training. Upward vertical 

saccadic gain increased from 0.8 to 0.9 and downward vertical saccadic gain increased 

from 0.74 to 1.04.  Similarly, following 2.4 hours of fixation training, Ciuffreda et al 

(2004) reported a marked fixational error reduction along horizontal (30%), vertical 

(57%) and radial (47%) directions in 9 mTBI subjects. These results together demonstrate 

that patients with mTBI can be remediated using targeted protocols and objective criteria, 

along with reduction in related symptoms and improved reading.    
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6.2.6 Rationale for the study 

While the above studies trained version only (fixation, saccades, pursuit, and 

simulated reading eye movements), comprehensive training also including 

accommodation and vergence would provide better insight into the overall reading 

dysfunction, as all three oculomotor subsystems interact during reading. Moreover, there 

is no study that evaluated the effect of such comprehensive oculomotor rehabilitation 

(involving vergence, version, and accommodation) on objective (dynamic/laboratory) and 

subjective (clinical/static/symptom-rating scale/subjective attention) measures of 

oculomotor and related parameters.  

 

Thus, the purpose of the current investigation was to evaluate static and dynamic 

clinical and laboratory parameters in individuals with mTBI who reported nearwork-

related symptoms before and after true laboratory-based, oculomotor training, all 

purposely done without a home-based component to control compliance with training. 

The training involved all three main oculomotor subsystems: vergence, accommodation, 

and version. The measures were also compared after SHAM training. For the purpose for 

the present paper, only the oculomotor subsystem of version is considered.  See Chapters 

4 and 5 for vergence and accommodation, respectively.  
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6.3 METHODS 

 See dissertation PREAMBLE section for detailed methodology, instrumentation, 

data acquisition, and statistical analyses. The version training (true oculomotor training 

and SHAM training) was a part of comprehensive training protocol involving other 

oculomotor subsystems related to reading, i.e., accommodation and version.  
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6.4 RESULTS 

6.4.1 Combined group analysis (N = 12) 

Laboratory-based objective measures 

Versional parameters measured at baseline and following true oculomotor training 

(post-OMT) were compared using paired t-tests. See Table 6.1 for mean values of 

versional parameters before and after true oculomotor training. Six of the 7 parameters 

that were abnormal at baseline improved significantly.  

 Figure 6.3 presents a 2-dimensional, fixational plot from a typical mTBI subject 

before and after true oculomotor training. Fixational error reduced in both the horizontal 

and vertical dimensions by approximately 35% following training. For the group, the 

mean horizontal standard deviation (i.e., variability) of binocular central fixation reduced 

significantly (t[11] = 2.54, p=0.02). However, the group mean vertical standard deviation 

of binocular central fixation did not reduce significantly (t[11] = 1.26, p=0.23).  

 Figure 6.4(a) and 6.4(b) present unedited traces of horizontal saccadic eye 

movements before and after true oculomotor training, respectively, for the simulated-

reading, multiple-line (SRML) paradigm from a typical mTBI subject. A ratio of 1 would 

indicate perfect saccadic tracking; that is, every step displacement would be tracked by a 

single, accurate saccade. Following training, there was a marked reduction in the number 

of progressive and regressive saccades, as well as a decreased number of blinks. The 

group mean saccade ratio for the SRML paradigm reduced significantly (t[11] = 3.83, 

p=0.002), thus demonstrating improvement in sequential saccadic tracking. However, the 

mean saccade ratio for the simulated reading single line (SRSL) paradigm did not reduce 
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significantly (t[11] = 2.06, p=0.06), but showed a decreasing trend suggestive of 

improvement.  

Dynamic 

parameter 
Baseline Post-OMT Significant P value 

Fix – H –deviation 

(deg) 
0.4(0.04) 0.26(0.03) yes 0.02 

Fix – V –deviation 

(deg) 
0.42(0.11) 0.27(0.04) no 0.23 

SRML ratio 2.1(0.2) 1.7(0.2) yes <0.01 

SRSL ratio 2.7(0.3) 2.2(0.4) no 0.06 

Saccadic latency – 

H (milliseconds) 
192(5.5)* 188(6.5) no 0.12 

Saccadic latency – 

V (milliseconds) 
193(6.7)* 198(8.2) no 0.30 

Saccadic gain – 

 2.5° - H 
0.72(0.02) 0.83(0.05) yes 0.03 

Saccadic gain – 

 5°- H 
0.8(0.04) 0.85(0.04) yes 0.05 

Saccadic gain – 

 2.5° - V 
0.84(0.02) 0.91(0.01) yes <0.01 

Saccadic gain – 

 5° - V 
0.88(0.02)* 0.91(0.01) no 0.18 

Saccadic peak 

velocity – 

 2.5° - H 

(degrees/second) 

174(8)* 202(12) yes 0.03 

Saccadic peak 

velocity – 

 5° - H 

(degrees/second) 

273(17)* 299(14) no 0.15 

Saccadic peak 

velocity – 

 2.5° - V 

(degrees/second) 

199(8)* 217(7) no 0.06 

Saccadic peak 

velocity – 

 5° - V 

(degrees/second) 

306(13)* 322(11) no 0.15 

 
Table 6.1: Mean (1SEM) laboratory-based parameters of version before (baseline) and after true 

oculomotor training (post-OMT). Fix – binocular fixation; H – horizontal; V- vertical; SRML – 

simulated reading multiple lines; SRSL – simulated reading single line. BOLD, italicized = 

statistically significant. * = normal at baseline 
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Figure 6.3: Two-dimensional plot of binocular central fixation before (left) and after (right) true 

oculomotor training in a typical mTBI subject. Data presented from the right eye.  
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PRE 

 

 

Figure 6.4(a): Horizontal eye position (degrees) as a function of time (seconds). Unedited sample eye 

movement trace from SRML paradigm BEFORE “true” oculomotor training. Upward = left-to-right 

saccade, and downward = right-to-left saccade. Large deflections represent blinks. Upper trace - a 

sample of 2 lines from the entire recording. Lower trace – Magnified view of a section of trace as 

marked with white-dotted line. Shows increased number of progressive and regressive saccades that 

are not correlated with the stimulus change. Green trace, Ax – horizontal eye position; small yellow 

open circles (stim) = stimulus onset.  
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POST 

 

 

Figure 6.4(b): Horizontal eye position in degrees as a function of time in seconds. Sample eye 

movement trace from SRML paradigm AFTER “true” oculomotor training. Upward = left-to-right 

saccade, and downward = right-to-left saccade. Large deflections represent blinks. Upper trace - a 

sample of 2 lines from the entire recording. Lower trace – Magnified view of piece of trace as marked 

with white-dotted line in the upper trace. It shows increased number of progressive and regressive 

saccades that are not correlated with stimulus change. It shows decreased number of progressive and 

regressive saccades almost in conjunction with stimulus change. Green trace, Ax – horizontal eye 

position; small yellow open circles (stim) = stimulus onset.  
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 There were several interesting findings with regard to the basic horizontal and 

vertical saccadic findings. See Table 6.1.  

 

First, all saccades over the range executed (~3 to 9°) exhibited a normal peak 

velocity-amplitude relationship, both before and after the true oculomotor training 

(Figures 6.5(a) and 6.5(b)).  That is, they followed the normal “main sequence” response 

profile, thus indicating a normal pulse-step combination. While there was a small but 

statistically significant (t[11] = 2.35, p=0.03) increase in peak velocity for 2.5° 

horizontal saccades after training, the values were still always within the spread of values 

on the main sequence for that specific amplitude (See Figure 6.2 for normal main 

sequence values).  

 

Second, saccadic gain significantly increased in three of the four test conditions 

following training. Accordingly, decreased amplitude of the primary saccade before 

training increased after training, with a concurrent increase in its peak velocity per the 

main sequence neurological constraint. An example is shown in Figure 6.6. Saccadic gain 

for the group increased significantly for the ±2.5° predictable stimulus in both the 

horizontal (t[11] = 2.4, p=0.03) and vertical (t[11] = 3.54, p=0.004) directions, and for the 

±5° predictable stimulus horizontally (t[11] = 2.16, p=0.05) alone.  For the 5° vertical 

saccades, the gain was almost normal (0.88) at baseline, so no change (t[11] = 1.41, 

p=0.18) was expected.  
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Third, saccadic latency did not change with the training for either horizontal 

(t[11] =1.65, p=0.12) or vertical (t[11] = 1.06, p=0.30) random saccades, as it was already 

normal at baseline.  

                        

 

Figure 6.5(a): Main sequence plot for saccades found during the 2.5° horizontal stimulus amplitude 

condition (5° step) before (baseline) and after (post-OMT) true oculomotor training. 

 

 

 

                    

 

Figure 6.5(b): Main sequence plot for saccades found during the 2.5° vertical stimulus amplitude 

condition (5° step) before (baseline) and after (post-OMT) true oculomotor training. 
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PRE 

 

POST 

 

Figure 6.6: A sample saccade trace for ±2.5° predictable horizontal stimulus (5° step) before (upper 

trace) and after (lower trace) “true” oculomotor training. Upward deflection = left-to-right saccade. 

Ax – right eye horizontal position; stim = stimulus onset; Ax velocity – right eye horizontal velocity. 

Green trace, Ax – horizontal eye position; small yellow open circles (stim) = stimulus onset. Increased 

saccadic gain with correlated peak velocity value is evident from the post training trace.  
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Clinically-based objective measures 

The Visagraph results revealed significant changes following the “true” 

oculomotor training. See Table 6.2 for group mean Visagraph parameters for grade 10 

reading level before and after true oculomotor training. Two of the parameters changed 

significantly with training and demonstrated improvement, but they did not normalize. 

There was a significant increase in reading rate ((t[11] = 3.60, p=0.004) and a reduction 

in the number of fixations/100 words (t[11] = 2.52, p=0.02). However, comprehension 

(t[11] = 1.04, p=0.31) and the number of regressions/100 words (t[11] = 1.72, p=0.11) 

did not change significantly. The former was already within normal acceptable limits 

(80% comprehension) at baseline, so it could not be expected to change. Figure 6.7 (a, b) 

shows Visagraph recording in a mTBI subject before and after true oculomotor training 

who exhibited one of the most dramatic improvements following training. Reading rate 

increased from a very low value of 44 wpm to a high of 308 wpm. The grade level 

efficiency increased from 1.0 to 14.0.  

 

Visagraph 

parameter 
Baseline Post-OMT Significant P 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 

Table 6.2: Mean (1SEM) Visagraph parameters of reading eye movements before (baseline) and 

after true 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.  
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Figure 6.7(a): Visagraph output in a typical mTBI subject at baseline: Top - Horizontal eye position 

as a function of time (8 seconds data); RE = right eye; LE = left eye; Upward inflection = progressive 

saccade; downward inflection = regressive saccade. Bottom – On the left = Various Visagraph 

parameters assessed for grade-10 reading material; Graph plot on the right = Taylor’s grade level 

efficiency (from 1-18; >12 is normal), showing a level of 1.0 (blue star) in this subject. Relevant 

parameters are highlighted.  
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Figure 6.7(b): Visagraph output in a typical mTBI subject after true oculomotor training: Top - 

Horizontal eye position as a function of time (8 seconds data); RE = right eye; LE = left eye; Upward 

inflection = progressive saccade; downward inflection = regressive saccade. Bottom – On the left = 

Various Visagraph parameters assessed for grade-10 reading material; Graph plot on the right = 

Taylor’s grade level efficiency (from 1-18; >12 is normal, based on weighted average of the reading 

parameters), showing a level of 14.0 (blue star) in this subject. Relevant parameters are highlighted.  
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6.4.2 Sub-group analysis 

Odd group (N=5) – Order of treatment: A----B 

 Objective versional parameters measured from the Arrington eye movement 

system at baseline, then following the true oculomotor training (post-OMT), and later 

following the SHAM training (post-SHAM) were compared using one-way, repeated-

measures ANOVA; post-hoc analyses were performed using Tukey’s multiple 

comparison tests.  The mean horizontal deviation of binocular fixation reduced 

significantly (F[2,14] = 13.04, p=0.003) after training. Post-hoc analysis revealed 

significant difference between baseline and post-OMT, and also between baseline and 

post-SHAM, thus showing a real effect of true oculomotor training (p<0.05). However, 

there was no difference (p>0.05) between post-OMT and post-SHAM values, thus 

showing no effect of SHAM training. None of the other versional parameters, nor the 

Visagraph, showed any significant difference (p>0.05) in this group. With regard to the 

Visagraph results, comprehension alone was found to be significantly improved (F[2,11] 

= 5.72, p=0.04), and the post-hoc analysis revealed a significant difference between 

baseline and post-SHAM alone. The mixed results that were different from the group 

results could be due to the following: the parameters were normal at baseline already, the 

results were variable between the subjects, and/or the small sample size resulted in lack 

of significance.   

 

Even group (N=5) – Order of treatment: B----A 

 Objective versional parameters measured from the Arrington eye movement 

system at baseline, then following the SHAM training (post-SHAM), and later following 
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the true oculomotor training (post-OMT) were compared using a one-way, repeated-

measures ANOVA; post-hoc analyses were performed using Tukey’s multiple 

comparison tests. Horizontal saccadic gain was found to be significantly increased for 

both the 2.5° (F[2,14] = 10.78, p=0.005) and 5° (F[2,14] = 5.15, p=0.03) predictable 

stimuli. Correlated peak velocity was found to be significantly increased for both the 

2.5° (F[2,14] = 7.61, p=0.01) and 5° (F[2,14] = 13.03, p=0.003) predictable horizontal 

stimuli following training. However, for predictable vertical saccades, saccadic gain 

(F[2,14] = 12.32, p=0.003) and peak velocity (F[2,14] = 17.80, p=0.001) increased 

significantly for the 2.5° stimulus only following training. A post-hoc analysis for all of 

the above parameters showed a significant difference between baseline and post-OMT, 

and between post-SHAM and post-OMT, thus showing a real effect of true oculomotor 

training (p<0.05). None of the other versional parameters exhibited a significant 

difference after training (p>0.05). Regarding the Visagraph results, the number of 

regressions/100 words parameter (F[2,14] = 5.61, p=0.02) alone was significantly 

reduced following training; the post-hoc analyses revealed a significant difference 

(p<0.05)between baseline and post-OMT alone. None of the other parameters of version 

were significantly different (p>0.05). The mixed results that were different from the 

group results could be due to the following: the parameters were normal at baseline 

already, the results were variable between the subjects, and the small sample size resulted 

in lack of significance.   
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6.5 DISCUSSION 

 The primary hypothesis of the present study was that the laboratory-based 

versional oculomotor training would improve objectively-assessed version involving 

fixation, saccades, and reading. With only 3 total hours of versional training distributed 

over 6 weeks, marked and significant improvements were found in both laboratory-based 

versional parameters and clinically-based Visagraph parameters, as measured objectively. 

Results also demonstrated a significant reduction in the nearvision-related symptoms with 

an overall improvement in the reading ability, along with marked improvement in 

subjective attention as assessed by the VSAT. Thus, the true oculomotor training was 

found to be effective in the remediation of oculomotor deficits related to reading in the 

mTBI population.  While the true oculomotor training had a significant effect on version, 

the SHAM training did not have any effect on any parameter (See Appendix VII). Since 

the training was part of the comprehensive oculomotor training involving vergence and 

accommodation, their influence on the present study results are also considered.  

 

6.5.1 Laboratory-based basic eye movements 

(a) Binocular Fixation 

 At baseline, both the mean horizontal and vertical fixational errors of binocular 

central fixation were found to be similar in magnitude (0.4 degrees). This value is 

typically 60% and 83% more than the normal value demonstrated by 5 normal 

individuals (mean age 31 years) in our laboratory along the horizontal and vertical 

directions, respectively. With training, the fixational error reduced in both the horizontal 



 

  242 

and vertical directions by ~35% from their baseline value, thus demonstrating improved 

fixational stability. While the error normalized horizontally, it did not vertically. The 

increased intersubject variability in the data along the vertical direction resulted in 

absence of significance, despite similar amounts of reduction to that found horizontally. 

Figure 6.8 shows the horizontal fixational error before and after the training as compared 

to the normal value. The present study results from 12 mTBI subjects confirmed the 

findings of Kapoor et al (2004), and Ciuffreda et al (2004), who reported similar 

improvement in fixation along the horizontal, vertical, and radial directions at 5 different 

gaze positions in mTBI subjects following 8 weeks of training. With the same training 

duration, Ciuffreda et al (2004) reported 20%, 57%, 40% reduction along horizontal, 

vertical, and radial directions in 9 mTBI patients. The improvement in fixation at the 

40cm test distance in the present study could be also attributed to the vergence and 

accommodative training that was performed concurrently. However, correlations of 

horizontal and vertical fixational errors with both convergence amplitude (NPC break) 

and binocular accommodative amplitude were not significant. This suggested fixational 

improvement independent from the other two oculomotor subsystems, at least with 

respect to their maximum response amplitudes.  
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Figure 6.8: Horizontal fixational error before and after training in mTBI subjects compared with 

normal expected value. Error bar indicates +1SEM; * - statistically significant.  

 

In the present study, visual observation of the unedited fixational plots of the 

individual subjects over the 20 second measurement period revealed a combination of 

slow drifts interspersed with error-correcting microsaccades. No evidence of consistent 

and repetitive saccadic intrusions (greater than 1 degree amplitude) was observed. 

However, amplitude and frequency of these different fixational eye movements were not 

analyzed quantitatively. Improved fixational ability following training could have 

resulted from underlying neuroplasticity-induced, oculomotor learning. In addition to 

this, although the present study did not involve direct attentional training, a component of 

attention is always present during oculomotor training (Solan, 2003), which in turn would 

likely contribute to improved fixation. However, this requires further investigation.  

 

 

* 
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(b) Saccadic tracking 

Basic saccadic eye movements revealed several interesting results. First, all mTBI 

subjects demonstrated normal saccadic latency for unpredictable (horizontal and vertical) 

saccades both before and after the training. Second, all predictable saccades measured 

both before and after the training followed the main sequence relationship (Bahill et al., 

1975, 1981). In other words, all saccades had normal amplitude-matched peak velocities. 

This demonstrates normal pulse-step matched neurological controller signals driving the 

saccadic system. The above 2 factors suggest no visual processing delay and normal 

saccadic trajectory, respectively, due to intact/rapid repairs of those brain areas related to 

saccadic latency and peak velocity This is in agreement with the normal latency and peak 

velocity reported by Heitger et al (2002, 2004, 2006) at 1 week, 3 months, and 6 months 

post-mTBI. Similar to normals, all primary saccades exhibited hypometria, that is static 

undershooting, followed by a small secondary corrective saccade to acquire the target. 

However, and thirdly, at baseline, 50-75% of the mTBI subjects demonstrated reduced 

gain by ~10-20% from the normal value for both horizontal and vertical saccades. The 

present study results, as well as those of Ron (1979, 1981), are not in agreement with the 

findings of Kraus et al (2007; 2010), Heitger et al (2004, 2006, 2009), and also for 

Kapoor et al (2004) who reported normal horizontal gain for visually-guided reflexive 

saccades in one mTBI subject assessed at least 6 months post-injury. While Ron’s study 

did not identify the category of TBI (mild/moderate/severe), the present study included 

only the mTBI population. The lack of agreement of the present study results with some 

of the previous studies (Kraus et al., 2007, 2010; Heitger et al., 2004, 2006, 2009; Kapoor 
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et al., 2004) that included individuals with mTBI remain unknown. Thus, the baseline 

findings of horizontal saccadic gain in mTBI are equivocal. Following training, the 

horizontal and vertical gain increased significantly. This result of reduced gain that 

increased following training is consistent with the findings of Ron (1979; 1981), who 

reported similar results before and after 7-15 weeks of oculomotor training. Also, 

subjects who were trained in his study exhibited greater improvement in gain, as opposed 

to those subjects that were allowed to recover naturally, over the same time period. While 

all of the past studies evaluated dynamics of horizontal saccades, vertical saccades were 

rarely tested. The reduced vertical gain found in the present study at baseline findings 

confirms the case study from a TBI patient (Kapoor et al., 2004), who demonstrated 

similar vertical reduced gain values prior to training. However, while the present study 

showed increased gain following training for the 5° amplitude, but not for 10° amplitude, 

since it was already near normal at baseline, Kapoor et al (2004) showed significant 

increase in gain for both the 10° and 20° amplitudes in their study. However, the present 

study sample demonstrated low gain for both amplitudes (±2.5° and ±5°) at baseline.  

 

Following the primary saccade, subjects typically executed one corrective saccade 

(with rare exceptions 2 corrective saccades) to reach the final target position. Hence, the 

reduced gain was observed for the primary saccade alone, and not for the corrective 

saccades. This result is presumably due to erroneous calculation of the initial position 

error that determines the amplitude of the required saccade. Miscalculation of the 

position error that underestimated the saccade amplitude resulted in a hypometric primary 
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saccade. With training, the repeated practice of these programmed saccades resulted in 

better estimation of the target displacement. While hypometria was preserved, subjects 

executed primary saccades with increased gain followed by a corrective saccade of less 

amplitude than at baseline.  Interestingly, while the gain for the primary saccade was 

reduced, accommodative and vergence gains (measured at response termination) were 

found to be normal in the present study, as well as in those of Green et al (2010), and 

Szymanowicz et al (2012), respectively. This was evident from their normal response 

amplitudes obtained objectively. Since the saccadic system is a sampled-data system and 

is not readily influenced by visual feedback, any error can be estimated only after the 

initial saccade is completed. Hence, miscalculation of position error always results in low 

gain. However, both accommodation and vergence are constantly under visual feedback 

control (except for the first 200 milliseconds, open-loop response) (Semmlow & Yuan, 

2002), and hence an accurate initial response amplitude is typical.  

 

(c) Simulated reading  

 With respect to the simulated reading paradigm, since the target position 

progressively changed, and at a given time point only one target appeared on the screen, 

subjects were forced to suppress their desire for regressing, and thus execute only 

progressive saccades. A saccade ratio of 1 is ideal, and hence the goal of such training. 

However, at baseline, the mTBI subjects executed at least twice the ideal number of 

saccades for the given number of target changes for both the single-line (SL) and 

multiple-line (ML) testing. In addition, visual observation of unedited of eye movement 
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traces revealed at least 25% more “progressions” than “regressions” executed. This 

finding of a higher saccade ratio is consistent in part with the results of Ron (1979), who 

reported multiple inaccurate saccades immediately following brain injury. However, 

unlike the present study, Ron (1979) found accurate saccadic tracking 3-9 months after 

the injury. The saccade ratio for the single-line paradigm was larger than that obtained for 

the multiple-line paradigm, both before and after the training. This result agrees with the 

case study report by Kapoor et al (2004), as well as Ciuffreda et al (2005), whose 

findings show increased saccade ratios (1.38 for ML and 2.61 for SL) in 9 mTBI subjects 

before training. While the target change in the single-line paradigm was predictable both 

spatially and temporally, target change in the multiple-line was predictable only 

temporally. Since prediction has been associated with increased number of large 

inaccurate saccades (Ciuffreda & Tannen, 1995), the higher saccade ratio in the single-

line paradigm testing may not be unexpected, at least in part. Following training, the 

saccade ratio in both paradigms reduced by ~20%, although did not normalize to the ideal 

ratio of 1. While the reduction was statistically significant for ML, it was not for SL. This 

is suggestive of improved tracking ability in these patients following training. Figure 6.9 

shows the saccade ratio for ML paradigm before and after training in comparison to the 

ideal ratio. While regressions reduced by at least 50-60% from baseline, progressions 

reduced by ~35%. This percentage ratio reduction is consistent with that reported by 

Ciuffreda et al (2005); however, it is less than the value (40% for ML and 50% for SL) 

reported by Kapoor et al (2004) in one TBI patient.  Perhaps additional training would 

result in near normalization of the ratio. However, an overall reduction in the saccade 
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ratio demonstrates improved accuracy, rhythmicity, and more precise control of the 

saccadic system following training, with all being critical aspects for normal reading 

(Ciuffreda et al., 2005).  
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Figure 6.9: Saccade ratio for SRML paradigm before and after training in mTBI subjects compared 

with normal expected value. Error bar indicates +1SEM; * - statistically significant.  

 

6.5.2 Clinically-based reading eye movement 

 While the laboratory-based fixation and saccade testing provided basic dynamic 

characteristics of the systems, the Visagraph recordings provide information on how 

these basic eye movements translate into the reading process itself. Based on the subjects’ 

educational level, Taylor’s normative data show that the expected average values to be 

224 wpm for reading rate, 101 fixations per 100 words, and 19 regressions per 100 

words. However, those with mTBI in the present study demonstrated significantly 

reduced reading rate, increased number of fixations/100 words, and higher number of 

* 
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regressions/100 words. An excessive number of unwanted saccades executed during 

reading was reflected in the number of fixations made per 100 words, as well as increased 

number of regressions. This in turn reduced their reading speed. The more saccades, the 

slower the reading rate based on sampled-date theory alone. This finding of an increased 

number of inaccurate saccades is consistent with that of a higher saccade ratio found in 

these subjects.   

 

Following training, there was a significant 25% improvement in reading rate, 

although it did not normalize. Figure 6.10 shows reading rate before and after training in 

comparison to Taylor’s norm. This increase was also significantly correlated with the 

reduction of symptoms from the CISS score (Figure 6.11), along with an increase in the 

VSAT percentile (Figure 6.12) suggesting improved subjective attention. In addition, the 

number of fixations/100 words reduced by 18%, thus demonstrating decreased number of 

unwanted saccades after training. Figure 6.13 shows number of fixations before and after 

training in comparison to Taylor’s norm. Training for reading was designed purposely, so 

that subjects could not make a regression, by extinguishing one target when the new 

target appeared during simulated reading protocol. While this reduces purely oculomotor-

based regressive saccades, it might not change if the regressions were made to reconfirm 

a particular text component during actual reading. In the present study, the number of 

regressions/100 words decreased by 23% in the predicted direction. However, it was still 

not significant due to relatively large individual subject variability. As far as 

comprehension was concerned, it was normal at baseline, and hence no large change was 
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expected following training. Since comprehension did not change after the training, it 

confirms that the increased reading rate was solely oculomotor-based due to the training. 

Based on these results, it is clear that the oculomotor-based training had a significant 

positive effect on reading.  
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Figure 6.10: 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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Figure 6.11: Correlation of reading rate and CISS score showing decreased symptoms with increased 

reading rate.  

 

 
Figure 6.12: Correlation of reading rate and VSAT percentile showing increased subjective attention 

with increased reading rate.  
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Figure 6.13: Mean number of fixations/100 words before (Pre-OMT) and after (Post-OMT) in mTBI 

compared to Taylor’s norm. Error bar indicates +1SEM;* = statistically significant.  
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The present study findings support the case study that showed similar 

improvement in Visagraph-based reading eye movement recording in a TBI patient 

following 8 weeks of vision therapy incorporating both visual and auditory oculomotor-

based feedback (Kapoor et al., 2004).  However, the results do not entirely support the 

larger group study by Ciuffreda et al (2005, 2006), in which the group results (n = 9 

mTBI) did not show a significant improvement in any of the mean Visagraph parameters 

statistically. However, 50% of their subjects did demonstrate a 10-30% increase in 

reading rate. Despite lack of change in the objective recordings of reading eye 

movements, the subjective reading-rating scale revealed increased span of comfortable 

reading, as well as better comprehension and attentional aspects in their study.  While 

their study trained version alone for 8 weeks, the present study involved all three major 

oculomotor components related to reading, including version, vergence, and 

accommodation for 6 weeks. The increase in reading rate is suggestive of improved 

saccadic tracking and sequencing during reading. In addition, increased reading rate also 

correlated well with the increased clinical maximum accommodative and vergence 

amplitudes (AA and NPC break), thus demonstrating their interaction and likely 

contribution to the overall sustained reading ability at near. Thus, training all three 

components concurrently seems to have an enhanced effect on reading.  

 

6.5.3 Relation between basic eye movements and reading 

 While the SL and ML simulated reading paradigm testing purposely did not have 

any cognitive component, and it was purely oculomotor-based eye movement tracking, 
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the Visagraph reading involved text comprehension, inference, and short-term memory to 

answer detailed text-related questions along with the basic oculomotor coordination 

demands. However, under both the laboratory-based simulated reading and the clinically-

based Visagraph testing, subjects executed an increased number of extraneous saccades. 

This was evident from the saccade ratio and from the number of fixations and regressions 

per 100 words, respectively. What is the cause for this excessive number of saccades in 

this population? It could be argued that the low gain of the saccadic system found in the 

laboratory-based basic saccadic tracking was responsible. However, in the predictable 

horizontal saccadic paradigm, subjects always executed a primary saccade (with low 

gain) and a corrective saccade with an appropriate gain consistently, with rare exceptions. 

The required amplitude for the corrective saccades in most cases was typically 2 to 4 

degrees, and the subjects executed them accurately. Thus, the miscalculation of the 

position error was present only for the primary saccade and not for the subsequent 

corrective saccade. If true, the multiple saccades measured objectively during simulated 

and actual reading cannot be accounted by low gain of the system, at least in any major 

way. The target amplitudes for both the simulated reading paradigm and the Visagraph 

paragraph were typically 1, 2, 3 degrees, and this is similar to the amplitudes of the 

accurate corrective saccades made during the basic saccade tracking in the laboratory.  

 

Since reading eye movement involves sequences of saccades interspersed with 

fixational pauses, could these mTBI subjects have abnormal sequencing of saccades? The 

literature provides evidence for increased positional and directional errors in those with 
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mTBI during memory-guided sequencing saccades (Heitger et al., 2002; 2004), in which 

subjects practiced saccade sequences in the light, and then repeated them in the dark. 

Brain regions, such as supplementary eye field (SEF), supplementary motor area (SMA), 

PEF, PPC, FEF, and DLPFC have been reported to be involved in spatial inaccuracy and 

response errors (Anderson et al., 1994). However, no such study has been performed to 

measure saccadic accuracy during reading eye movements. While the present study, and 

the past case report by (Kapoor et al., 2004) as well as the population study by Ciuffreda 

et al (2005), measured the saccade ratio in the ML paradigm, saccadic accuracy per se 

during reading was not determined, and furthermore this would be nearly impossible to 

determine accurately. Also, with the Visagraph, the software calculated only the number 

of progressive and regressive saccades, and not the accuracy of saccades while reading 

the text. Such information will provide better insight into eye movement anomaly during 

reading in this population.  

 

A secondary aspect may be visual attention. Individuals who have been clinically 

diagnosed to have attention deficit hyperactive disorder (ADHD) were found to have 

increased saccadic intrusions during attempted steady fixation, as well as an inability to 

suppress reflexive saccades during the anti-saccade task (Munoz et al., 2003). This 

behavior was similar to deficits found in patients with frontal lobe lesions (Guitton et al., 

1985).  Since attentional deficits following mTBI are quite prevalent (Van Donkelaar et 

al., 2006, 2005), and the frontal lobe is directly impacted in many of the cases (Stuss, 

2011), multiple saccades could be accounted for by attentional dysfunction. Furthermore, 
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given the fact that these individuals fatigue, this could contribute to the excessive number 

of saccades, especially in the ML simulated reading paradigm, although rest periods were 

provided during testing to minimize any such fatigue from occurring.  

 

6.5.4 Possible neuroanatomical regions involved  

 The neural network for visual fixation and saccadic control is quite extensive. It 

involves the parietal and frontal cortices, thalamus, basal ganglia, SC, brain stem reticular 

formation, and cerebellum. Based on the biomechanical nature of mTBI (e.g., coup-

contecoup), there is an increased possibility for a more diffuse type of injury in these 

individuals, although DTI data are not readily available. A global form of injury, such as 

in mTBI, might affect multiple regions associated with their control, execution, initiation, 

and generation.  

 

Increased fixational error in the present study suggests involvement of the rostral 

SC and the pons, since motor aspects of steady fixation are predominantly controlled by 

the tonic firing rate of SC FNs and OPNs of pons to prevent the occurrence of extraneous 

saccades (Munoz et al., 1993). Unstable fixation found at baseline in the present study 

could be attributed to the reduced number and/or discharge rate of the fixation-related 

neurons that were compromised following TBI.  

 

Although both the PEF and FEF are involved in saccadic initiation, the former has 

been suggested to be predominantly involved in the sensory-motor transformation and 
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control of visually-guided, reflexive saccadic initiation (Pierrot-Deseilligny et al., 2002). 

Normal latency of saccades suggests an intact PEF area.  Since saccadic gain was low for 

certain response amplitudes, structures involved in the position error calculation, such as 

LIP, FEF, MEF might be compromised following a typical coup-contrecoup mechanism 

involving axonal injury. However, since there was no evidence of a significant pulse-step 

mismatch (for the calculated amplitude), the cerebellum that acts as a calibrator is 

speculated to be intact (Leigh & Zee, 2006).  This notion is in fact consistent with the 

finding of Heitger et al (2001 a, 2001 c), who suggested that the cerebellum and the 

occipital areas are less affected in mTBI.  

 

All saccades in the present study followed the main-sequence relationship having 

normal amplitude-matched peak velocity. Peak velocities are primarily controlled by the 

brainstem burst neurons involving the pons, and thus the normal peak velocity findings 

suggest that this area was not compromised in this mTBI population, as well as those 

subjects tested in other studies. While saccadic peak velocity was found to be normal, in 

contrast, peak velocities for both vergence and accommodation (from Chapters 4 and 5) 

were found to be significantly reduced. This suggests that the TBI predominantly affected 

the midbrain area sparing deeper brainstem areas in this population.  

 

As mentioned earlier, if multiple saccades were caused by attention deficits, the 

frontal lobe might be involved. While memory-guided sequences have been evaluated in 

mTBI, and the areas involving SMA (Gaymard et al., 1990) and PPC (Heidi et al., 2001) 
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were found to be involved, saccadic sequencing related to reading has not been tested so 

far.  Evaluation of reading eye movements along with fMRI techniques would provide 

information on areas activated during reading. A spectrum of brain regions are involved 

in text comprehension, such as lateral prefrontal cortex, Wernicke’s area, dorso-medial 

prefrontal cortex, anterior temporal lobes, posterior cingulate cortex, etc. (Ferstl et al., 

2008). Testing eye movements during reading with and without cognitive load provides 

information on the influence of these basic eye movements on overall reading ability.  

 

6.5.5 Oculomotor rehabilitation and neuroplasticity 

 All improvements found in the present study could be attributed to motor 

relearning. The significant improvement in overall reading following training confirms 

preserved mechanisms of neuroplasticity in the compromised brain following mTBI.  

Structural changes, such as increased synaptic number and strength, increased 

axonal/dendritic arborization, etc., have been demonstrated as markers of neuroplasticity 

resulting in functional and behavioral changes (Warriach & Kleim, 2010). Remapping 

and reorientation of these neural networks are believed to cause the motor-based 

behavioral changes observed in the present study. Repeated stimulation of programmed, 

systematic, sequential target displacements during training over 6 weeks resulted in 

improved accuracy and rhythmicity of eye movements. In addition to these basic reading 

eye movements, training vergence and accommodation have significantly impacted on 

the overall reading behavior along with marked reduction in nearvision-related 

symptoms. See earlier chapters for additional and related information.  
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6.5.6 Study limitations 

 Although the present study was part of a comprehensive oculomotor testing and 

training related to nearwork, it had some limitations. Neural correlates of the eye 

movement deficits and the effect of training on the neural activity were not assessed 

using the fMRI technique. This would provide more direct insight into the underlying 

neurological substrates involved in the oculomotor coordination. During simulated 

reading and Visagraph testing, only the number of saccades (progressive/regressive) 

executed was counted, and the accuracy of saccades was not evaluated. This information 

would help one better understand the behavior of these basic eye movements during 

tracking, with and without cognitive load. Eye movements were recorded only before and 

after the training, and they were not monitored during the training (e.g., midway). This 

would have provided the rate of progression over the course of training.    

 

6.5.7 Future directions 

 Evaluation of the persistence of the treatment effects is critical to plan for future 

therapies. Although the 6-weeks treatment had significant positive effects on both 

subjective and objective measures, they were not yet normalized in many cases. This 

indicates requirement for additional training, such as double or triple the treatment 

duration used in the present study. Follow-up at 3rd and 6th months is on-going. Results 

from follow-up will be used to determine the optimal treatment duration, strategy, and 

perhaps need for booster therapies to maintain the effect. Neuroimaging should be 
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performed to study eye movement behavior following mTBI, and neural strategies 

developed through additional training.  

 

6.6 CONCLUSIONS 

 Oculomotor rehabilitation had a significant positive impact on the parameters of 

version. Both basic eye movement tracking and reading eye movements improved 

markedly. Improvement in the objective measures correlated well with the reduction of 

nearvision-related symptoms and subjective visual attention. Significant treatment effect 

in this mTBI population is suggestive of intact neuroplasticity mechanism aiding 

oculomotor learning.  
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Appendices 

APPENDIX I - DEMOGRAPHICS 

Patient 
Age 

(yrs) 

Age at 

TBI 

(yrs) 

Etiology of TBI Symptoms / Complaints 

JM01 25 23 
Head hit against metal 

rod 
Slow reading, skipping lines 

TB02 27 22 Hit with baseball bat 

Intermittent diplopia, poor 

concentration, intermittent blur at 

near 

BR03 30 27 Assault 
Eye strain, difficulty reading, poor 

focus 

CR04 31 25 MVA Eye strain, headache 

EK05 25 22 MVA 
Difficulty with computer work, eye 

strain 

KO06 24 22 Fall 
Difficulty with ophthalmoscopy, 

eyestrain  

DB07 29 27 MVA 

Intermittent blur, intermittent 

diplopia, difficulty reading, skipping 

lines, motion sensitivity 

AN08 28 27 Fall 
headache, near vision blur, 

intermittent diplopia 

DJ09 33 31 MVA 

blurry vision, intermittent diplopia, 

difficulty reading,  peripheral motion 

sensitivity 

SR10 29 25 MVA 

headache, intermittent diplopia at 

near, trouble focusing at near, dry 

eye, hyperacusis, photosensitivity, 

eye strain 

AK11 33 31 Assault 

Difficulty shifting focus, blur at near, 

loss of place while reading, visual 

fatigue, headache, nausea, loss of 

balance 

NM12 31 25 Fall 
intermittent diplopia, imbalance, 

difficulty reading 

 



 

  261 

APPENDIX II – CLINICAL NORMS AT 40cm (Borish, 2006) 

Parameter Normal value 

Near point of convergence (NPC) break (cm) 52.5 

NPC recovery (cm) 73 

Near point of accommodation (NPA) (monocular) (D) 7 to 11.3 

NPA (binocular) (D) 7.5 to 11.8 

Vergence facility (cpm) 153 

Monocular accommodative facility (cpm) 116 

Binocular accommodative facility (cpm) 85 

Positive fusional vergence (PFV) break (Δ) 216 

PFV recovery (Δ) 117 

Negative fusional vergence (NFV) break (Δ) 214 

NFV recovery (Δ) 135 

Positive relative accommodation (PRA) (D) 1.75 to 3.25 

Negative relative accommodation (NRA) (D) 1.75 to 2.25 

Horizontal near phoria (Δ) 33 exophoria 
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APPENDIX III – VISAGRAPH 

 

Grade-10 sample text 

 

John Roebling was a pioneer in building suspension bridges. Roebling was educated as a 

civil engineer in Germany, and emigrated to the United States as a young man. Believing 

that steel cable would make possible the construction of long-span suspension bridges, he 

established a factory to produce it. His fellow engineers predicted failure for his first 

long-span suspension bridge at Niagara Falls, but it proved to be a success. His most 

ambitious task was the Brooklyn Bridge, over fifteen hundred feet in length. In 

supervising this project, John Roebling received a fatal injury. The Brooklyn Bridge was 

finally completed in 1883 under the direction of his son. At that time it was the world's 

longest suspension bridge. 
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Appendix IV – VSAT TEST SHEETS 
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Appendix V – CISS QUESTIONNAIRE 

 

Convergence Insufficiency Symptom Survey 

Name                                                                            

 

DATE     /    /     
 

Clinician instructions: Read the following subject instructions and then each item 

exactly as written. If subject responds with “yes” - please qualify with frequency 

choices. Do not give examples. 

 

Subject instructions: Please answer the following questions about how your eyes 

feel when reading or doing close work. 
 

  Never (not 
very 

often) 
Infrequent

ly 

Sometimes Fairly 
often 

Always 

1. Do your eyes feel tired when reading or doing close 

work? 

     

2. Do your eyes feel uncomfortable when 

reading or doing close work? 

     

3. Do you have headaches when reading or doing 

close work? 

     

4. Do you feel sleepy when reading or doing close 

work? 

     

5. Do you lose concentration when reading or doing 

close work? 

     

6. Do you have trouble remembering what you have 

read? 

     

7. Do you have double vision when reading or doing 

close work? 

     

8. Do you see the words move, jump, swim or appear 

to float on the page when reading or doing close 

work? 

     

9. Do you feel like you read slowly?      

10. Do your eyes ever hurt when reading or doing close 

work? 

     

11. Do your eyes ever feel sore when reading or doing 

close work? 

     

12. Do you feel a "pulling" feeling around your eyes 

when reading or doing close work? 

     

13. Do you notice the words blurring or coming in and 

out of focus when reading or doing close work? 

     

14. Do you lose your place while reading or doing close 

work? 

     

15. Do you have to re-read the same line of words when 

reading? 

     

 TOTAL SCORE                        
 

    x 0     x 1     x 2     x 3     x 4 
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Appendix VI – OCULOMOTOR SUBSYSTEMS ABNORMALITY AT BASELINE 

 

√ - abnormal; Grey block – normal  

 

At baseline, while 11 out of the 12 subjects had abnormality of all three 

oculomotor subsystems (vergence, accommodation, and version), 1 of the 12 

demonstrated 2 abnormal systems (version and vergence). All 12 subjects demonstrated 

abnormality for Visagraph testing.  
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APPENDIX VII – SHAM RESULTS 

ODD group 

Mean (1SEM) laboratory-based parameters of accommodation, vergence, and version before 

(baseline), after true oculomotor training (post-OMT), and following SHAM training (Post-SHAM). 

Inc- increasing step; Dec- decreasing step. C- convergence; D- divergence. Fix – binocular fixation; H 

– horizontal; V- vertical; SRML – simulated reading multiple lines; SRSL – simulated reading single 

line.  

Parameter Baseline Post-OMT Post-SHAM 

ACCOMMODATION 

 
   

Inc- Peak velocity (D/sec) 3.0 (0.5) 4.2 (0.6) 
4.3 (0.5) 

 

Dec- Peak velocity 

(D/sec) 
2.3 (0.5) 3.6 (0.6) 

 

3.8 (07) 

 

Inc- Time constant 

(millisec) 
611 (55) 442 (47) 428 (47) 

Dec- Time constant 

(millisec) 
860 (173) 589 (152)  498 (89) 

Inc- Steady-state response 

level (D) 
3.08 (0.09) 3.11 (0.15) 3.16 (0.14) 

Dec- Steady-state 

response level (D) 
1.67 (0.18) 1.69 (0.05) 1.58 (0.13) 

Inc- Steady-state 

variability (D) 
0.19 (0.05)  0.10 (0.01)  0.13 (0.02) 

Dec- Steady-state 

variability (D) 
0.13 (0.03) 0.11 (0.02) 0.10 (0.01) 

Inc- Response amplitude 

(D) 
1.75 (0.2) 1.74 (0.1) 1.77 (0.08) 

Dec- Response amplitude 

(D) 
1.63 (0.2) 1.67 (0.16) 1.68 (0.07) 

VERGENCE 

 
   

C- Peak velocity 

(degrees/second) 
12.7 (4.1) 18.2 (1.7) 16.2 (2.0) 

D- Peak velocity 

(degrees/second) 
13.7 (1.9) 14.5 (1.4) 14.7 (1.4) 

C- Time constant 

(milliseconds) 
441 (148) 230 (27) 255 (40) 

D- Time constant 

(milliseconds) 
317 (44) 284 (25) 291 (33) 

C- Steady-state variability 

(degrees) 
1.01 (0.12) 0.86 (0.06) 0.81 (0.06) 

D- Steady-state variability 

(degrees) 
0.76 (0.04) 0.82 (0.01) 0.82 (0.06) 

C- Response amplitude 

(degrees) 
3.9 (0.14) 4.0 (0.13) 3.95 (0.08) 

D- Response amplitude 

(degrees) 
4.02 (0.12) 4.0 (0.17) 3.98 (0.14) 
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VERSION 

 

Baseline Post-OMT Post-SHAM 

Fix – H –deviation (deg) 0.39 (0.04) 0.20 (0.02) 

 

0.25 (0.02) 

 

Fix – V –deviation (deg) 0.32 (0.02) 0.27 (0.05) 

 

0.21 (0.05) 

 

SRML ratio 2.5 (0.4) 2.1 (0.4) 

 

2.4 (0.2) 

 

SRSL ratio 3.7 (0.5) 3.1 (0.8) 

 

3.3 (0.9) 

 

Saccadic latency – H 

(milliseconds) 
192 (4) 187 (8) 187 (9) 

Saccadic latency – V 

(milliseconds) 
190 (11) 198 (19) 203 (12) 

Saccadic gain – 

 2.5° - H 
0.74 (0.05) 0.78 (0.09) 0.77 (0.05) 

Saccadic peak velocity – 

 2.5° - H 

(degrees/second) 

176 (13) 185 (21) 191 (19) 

Saccadic gain – 

 2.5° - V 
0.89 (0.01) 0.92 (0.02) 0.90 (0.03) 

Saccadic peak velocity – 

 2.5° - V 

(degrees/second) 

204 (15)  205 (13) 215 (16) 

Saccadic gain – 

 5°- H 
0.83 (0.07) 0.84 (0.05) 0.79 (0.06) 

Saccadic peak velocity – 

 5° - H (degrees/second) 
296 (26) 271 (18)  274 (22) 

Saccadic gain – 

 5° - V 
0.88 (0.03)  0.88 (0.03) 0.87 (0.04) 

Saccadic peak velocity – 

 5° - V (degrees/second) 
307 (10) 308 (20) 302 (20) 
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ODD group  

Mean (1SEM) clinically-based subjective parameters of accommodation, vergence, and reading eye 

movements before (baseline), after true oculomotor training (post-OMT), and following SHAM 

training (Post-SHAM). OD- right eye; OS- left eye; OU- both eyes; (D)- diopter; (cpm)- cycles per 

minute; PRA- positive relative accommodation; NRA- negative relative accommodation. NPC – near 

point of convergence; PFV – positive fusional vergence; NFV – negative fusional vergence; cpm – 

cycles per minute; exo – exophoria. wpm- words per minute; fixations/100 words – number of 

progressive saccades; regressions/100 words – number of regressive saccades.  

 

Clinical parameter Baseline Post-OMT Post-SHAM 

ACCOMMODATION    

Accommodative Amplitude 

(OD) (D) 
6.4 (1.3) 8.2 (1.2) 7.8 (0.9) 

Accommodative Amplitude 

(OS) (D) 
6.3 (1.4) 8 (1.1) 9.2 (1.5) 

Accommodative Amplitude 

(OU) (D) 
7.8 (1.0) 9.0 (0.8) 9.6 (1.2) 

Accommodative facility (OD) 

(cpm) 
2.7 (1.3) 6.2 (1.1) 6.0 (0.6) 

Accommodative facility (OS) 

(cpm) 
2.7 (1.4) 6.7 (1.1) 6.2 (1.3) 

Accommodative facility (OU) 

(cpm) 
4.3 (2.6) 7.6 (1.4) 5.7 (1.2) 

PRA (D) 2.2 (0.6) 2.9 (0.5) 2.9 (0.7) 

NRA (D) 2.0 (0.4) 2.0 (0.2) 2.30 (0.2) 

Accommodative gain 0.73 (0.08) 0.78 (0.07) 0.76 (0.05) 

VERGENCE    

NPC break (cm) 11.5 (2.8) 8.5 (1.8)  7.2 (1.3) 

NPC recovery (cm) 14.5 (3.5) 10.8 (3) 9.7 (2.3) 

PFV break (Δ) 21.5 (2) 27 (3) 32 (3) 

PFV recovery (Δ) 13 (0.5) 22 (4) 23 (4) 

NFV break (Δ) 15 (3) 18 (3) 15 (4) 

NFV recovery (Δ) 9 (3) 12 (2) 9 (3) 

Vergence facility (cpm) 5 (1) 9 (2) 8 (2) 

Horizontal Near Phoria (Δ) 4.4(2) 4.3 (2) 3.7 (1.7) 

Stereoacuity (arc sec) 25 (2) 25 (3) 24 (2) 
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VISAGRAPH Baseline Post-OMT Post-SHAM 

Reading rate (wpm) 169 (15) 197 (33) 173 (28) 

Comprehension (%) 80 (4) 83 (3) 93 (3) 

Fixations/100 words 137 (14) 134 (23) 126 (25) 

Regressions/100 words 28 (3)                 28 (3)                 21 (6) 
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EVEN group  

Mean (1SEM) laboratory-based parameters of accommodation, vergence, and version before 

(baseline), after SHAM training (Post-SHAM), and following true oculomotor training (post-OMT). 

Inc- increasing step; Dec- decreasing step. C- convergence; D- divergence. Fix – binocular fixation; H 

– horizontal; V- vertical; SRML – simulated reading multiple lines; SRSL – simulated reading single 

line.  

 

Parameter Baseline Post-SHAM Post-OMT 

 

ACCOMMODATION 

 

   

Inc- Peak velocity (D/sec) 5.6 (1.0) 5.7 (1) 7.7 (0.6) 

Dec- Peak velocity (D/sec) 5.4 (0.7) 5.9 (0.3) 7.7 (0.3) 

Inc- Time constant 

(millisec) 
414 (75) 412 (69) 267 (17) 

Dec- Time constant 

(millisec) 
388 (31) 358 (24) 287 (31) 

Inc- Steady-state response 

level (D) 
3.64 (0.06) 3.68 (0.13) 3.71 (0.13) 

Dec- Steady-state response 

level (D) 
1.85 (0.11) 1.86 (0.12) 1.86 (0.17) 

Inc- Steady-state 

variability (D) 
0.13 (0.02)  0.19 (0.03) 0.11 (0.01) 

Dec- Steady-state 

variability (D) 
0.10 (0.01) 0.13 (0.008) 0.11 (0.01) 

Inc- Response amplitude 

(D) 
2.03 (0.13) 2.09 (0.15) 2.01 (0.08) 

Dec- Response amplitude 

(D) 
2.0 (0.1) 2.02 (0.04) 1.91 (0.08) 

 

VERGENCE 

 

   

C- Peak velocity 

(degrees/second) 
14.4 (2.3) 13.6 (1.6) 18.8 (1.1) 

D- Peak velocity 

(degrees/second) 
12.0 (1.5) 11.8 (1.4) 14.6 (1.4) 

C- Time constant 

(milliseconds) 
311 (50) 308 (41) 210 (20) 

D- Time constant 

(milliseconds) 
345 (41) 347 (39) 281 (35) 

C- Steady-state variability 

(degrees) 
0.81 (0.07) 0.90 (0.06) 0.71 (0.06) 

D- Steady-state variability 

(degrees) 
0.81 (0.07) 0.88 (0.02) 0.80 (0.04) 

C- Response amplitude 

(degrees) 
3.98 (0.14)  3.92 (0.13) 3.92 (0.18) 

D- Response amplitude 

(degrees) 
3.89 (0.11) 3.93 (0.13) 3.81 (0.12) 
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VERSION 

 
Baseline Post-SHAM Post-OMT 

Fix – H –deviation (deg) 0.46 (0.07) 0.30 (0.05) 0.33 (0.06) 

Fix – V –deviation (deg) 0.60 (0.25) 0.29 (10) 0.30 (0.09) 

SRML ratio 1.6 (0.3) 1.6 (0.3) 1.3 (0.1) 

SRSL ratio 2.0 (0.3) 1.5 (0.2) 1.4 (0.1) 
Saccadic latency – H 

(milliseconds) 
192 (14) 194 (14) 186 (14) 

Saccadic latency – V 

(milliseconds) 
194 (13) 198 (13) 199 (10) 

Saccadic gain – 

 2.5° - H 
0.71 (0.03) 0.72 (0.05) 0.88 (0.03) 

Saccadic peak velocity – 

 2.5° - H 

(degrees/second) 

167 (9) 167 (73) 214 (7) 

Saccadic gain – 

 2.5° - V 
0.80 (0.03) 0.78 (0.01)  0.92 (0.01) 

Saccadic peak velocity – 

 2.5° - V 

(degrees/second) 

187 (9) 186 (14) 230 (8) 

Saccadic gain – 

 5°- H 
0.78 (0.04) 0.78 (0.05) 0.89 (0.05) 

Saccadic peak velocity – 

 5° - H (degrees/second) 
250 (24) 241 (22) 329 (5) 

Saccadic gain – 

 5° - V 
0.88 (0.04) 0.83 (0.01) 0.94 (0.02) 

Saccadic peak velocity – 

 5° - V (degrees/second) 
295 (21) 274 (20) 322 (20) 
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EVEN group 

Mean (1SEM) clinically-based subjective parameters of accommodation, vergence, and reading eye 

movements before (baseline), after SHAM training (Post-SHAM), and following true oculomotor 

training (Post-OMT). OD- right eye; OS- left eye; OU- both eyes; (D)- diopter; (cpm)- cycles per 

minute; PRA- positive relative accommodation; NRA- negative relative accommodation. NPC – near 

point of convergence; PFV – positive fusional vergence; NFV – negative fusional vergence; cpm – 

cycles per minute; exo – exophoria. wpm- words per minute; fixations/100 words – number of 

progressive saccades; regressions/100 words – number of regressive saccades.  

Clinical parameter Baseline Post-SHAM Post-OMT 

ACCOMMODATION    

Accommodative Amplitude 

(OD) (D) 
7.5 (0.3) 7.4 (0.2) 8.9 (0.3) 

Accommodative Amplitude 

(OS) (D) 
6.8 (0.4) 7.7 (0.3) 9.0 (0.5) 

Accommodative Amplitude 

(OU) (D) 
7.8 (0.5) 7.7 (0.5) 9.9 (0.5) 

Accommodative facility (OD) 

(cpm) 
7.5 (2.7) 8.6 (3.0)  15.8 (2.7) 

Accommodative facility (OS) 

(cpm) 
7.1 (2.7) 8.4 (2.9) 16.2 (3.6) 

Accommodative facility (OU) 

(cpm) 
7.9 (2.6) 8.6 (2.5)  15.7 (2.7) 

PRA (D) 3.4 (0.7) 2.6 (0.6) 3.4 (0.5) 

NRA (D) 2.2 (0.3)  2.3 (0.3)               2.5 (0.2) 

Accommodative gain 0.96 (0.08) 0.98 (0.08) 0.94 (0.07) 

VERGENCE    

NPC break (cm) 13.6 (2.8) 12.5 (2.3) 7.5 (0.9) 

NPC recovery (cm) 14.4 (2.7) 15.4 (2.9) 10.2 (1.3) 

PFV break (Δ) 25 (3) 24 (3) 30 (2) 

PFV recovery (Δ) 15 (3) 18 (4) 24 (2) 

NFV break (Δ) 20 (2) 20 (3)  22 (2) 

NFV recovery (Δ) 12 (2) 13 (2) 10 (2) 

Vergence facility (cpm) 8.1 (3) 8.2 (2) 14.0 (2) 

Horizontal Near Phoria (Δ) 5.9 (1) 6.3 (1) 7.0 (1) 

Stereoacuity (arc sec) 24 (1) 23 (2) 21 (1) 
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VISAGRAPH Baseline Post-SHAM Post-OMT 

Reading rate (wpm) 144 (11) 167 (19) 183 (18) 

Comprehension (%) 88 (4) 86 (5) 92 (5) 

Fixations/100 words 164 (12) 141 (17) 122 (11) 

Regressions/100 words 29 (4) 25 (4) 16 (1) 
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