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ABSTRACT

In the pursuit of development of better diagnostic and assessment tools of concussion, the
most common sports-related injury, this study explores the potential of combining brain imaging
and oculomotor measures. Based on the increasing evidence that concussion can disrupt multiple
brain functional networks, including the oculomotor control network, a series of classic saccadic
and smooth pursuit tasks are adopted during functional magnetic resonance imaging (fMRI)
scans. The behavioral/neurological testing sessions contain reflexive saccades, anti-saccades,
memory-guided saccades, self-paced saccades, sinusoidal smooth pursuit, circular and random
smooth pursuit. Nine concussed athletes and nine age and sex matched healthy subjects are
recruited for this study. Among them, Seven were tested twice around 7 days and 30 days post
injury, and 2 patients missed the second test.
Both behavioral/neurological and imaging (fMRI) data revealed differential results
between the healthy controls and concussed patients. Concussed patients have longer latency time
in the saccadic tasks, worse position errors and fewer number of self-paced saccades compared to
control subjects. Marginal trends of longer pursuit lag and greater end position errors are
observed in concussion group. Specifically, at day 7: Firstly, concussion group had additional
brain regions and larger activation sites as evidenced by fMRI images. Moreover, functional
connectivity analysis on the default mode network (DMN) deactivation demonstrated failure of
complete deactivation in concussed subjects. Additionally, graph theory analysis revealed
disrupted whole brain network properties in concussed subjects. At day 30: Most of neurological
measures returned to those observed in normal controls. However, fMRI patterns of the
antisaccades task remained to be abnormal, that appeared to be matched with the relatively worse
behavioral results. It can be concluded that concussed patients have persistent oculomotor deficits
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far beyond 7 days post-injury and compromised neural network, even though after they were
clinically cleared for return to sports activities. Our findings are consistent with “compensatory”
hypothesis that latent brain resources may allow the concussed patients to reach a comparable
level performance. That is being said, their behavioral results cannot match those of healthy
controls, especially during anti-saccades and self-paced saccades oculomotor tasks. Therefore,
collective examination of saccadic task and brain functional connectivity analysis have the
potential to be considered as a sensitive assessing tool for assessment of concussion in acute and
sub-acute phases of injury.
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Chapter 1
Introduction

Concussion in sports, otherwise referred to as mild traumatic brain injury (mTBI), is
defined as a complex pathophysiological process affecting the brain, induced by traumatic
biomechanical forces (McCrory et al., 2009). Each year, there are 1.6 - 3.8 million sport-related
concussions in the United States, which represents 8.9% of all high school athletic and 5.8% of
all collegiate athletic injuries(Langlois et al., 2006, Gessel et al., 2007). Some sports have a
higher risk for concussion, like football and lacrosse (Lincoln et al., 2011). Recently there has
been great public attention about concussion in contact sports for children, adolescents and adults
(McGrath, 2011, Kontos et al., 2013).

Concussion assessment covers a range of domains that include, but are not limited to,
physical, cognitive, and emotional symptoms. Common concussion symptoms include headache,
dizziness, unsteady gait, nausea, slurred speech, poor concentration, drowsiness, and short-term
memory loss(McCrory et al., 2009). The majority of concussions resolve within a short period(7 10 days); yet upwards to 15- 38% of individuals suffering from concussion have symptoms that
persist even beyond 3 months post-injury (Kiraly and Kiraly, 2007, Witt et al., 2010, Sedney et
al., 2011). Cases with prolonged recovery times and chronic symptoms are referred to as atypical
concussion. Furthermore, these atypical cases may be classified as 'complicated mild TBI' with
post-traumatic amnesia (PTA), EEG abnormalities, pathological reflexes, and fractures (Hessen
and Nestvold, 2009). The existing discrepancies in the literature regarding differential evolution
of concussion stem from the fact that there is still no gold standard for accurate assessment of
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concussion as well as global definition (Ruff, 2011). Therefore, research for robust and objective
biomarkers for concussion is ongoing.

One of the first attempts for an objective biomarker was the use of eye movement (i.e.
oculomotor) tests. At first, otolaryngologists adapted simple smooth pursuit eye movement test to
evaluate dizzy patients, which is still in practice today for concussion assessment. Another type of
eye movement first documented in 19th century, saccades, are quick, simultaneous movements of
both eyes in the same direction. Electronystagmography (ENG) was invented to detect central
neurological problems using oculomotor tests as part of laboratory vestibular testing. Oculomotor
function is not only associated with central nervous system health, but also closely related to
balance and visuomotor coordination. Most significantly, ocular motility is very crucial for
athletes in terms of performance capacity (Christenson and Winkelstein, 1988, Lenoir et al.,
2000). Consequently, researchers have studied the oculomotor deficits to improve the concussion
assessment and explore the neural damage to the oculomotor network.

There is a growing body of evidence revealing that abnormal eye movements are linked
to alterations in brain function following concussion and more severe TBI (Heitger et al., 2002,
Heitger et al., 2004, Heitger et al., 2005, Halterman et al., 2006, Heitger et al., 2006, McIntire et
al., 2006, Drew et al., 2007, Pearson et al., 2007). Additionally, some brain areas associated with
oculomotor functions have also been documented to be affected by concussion(Baker and Patel,
2000, Henninger et al., 2007, Slobounov et al., 2010). Eye movement deficits may be observed
both in the acute phase of injury (i.e., within 2 days post-injury matched with other clinical
symptoms) and within 3 months post-injury in absence of any signs of neuropsychological
impairments (Heitger et al., 2004, Heitger et al., 2006). Although this has not been a consistent
finding with one report suggesting that the frontal eye fields not be disturbed by concussion
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(Crevits et al., 2000). The lack of neuroimaging in conjunction with oculomotor testing has
hindered the previous researchers from identifying the brain damage explicitly. Direct
examination of neural correlates of concussion-related abnormal eye movement via advanced
brain imaging studies has not been reported, yet. We suggest that the existing controversy, in
terms of differential resolution of oculomotor deficits in concussed individuals, can be resolved
by linking the oculomotor deficits to its neural substrates.

The networks associated with oculomotor function have been well studied in healthy
human with the help of positron emission tomography (PET) and functional magnetic resonance
imaging (fMRI). Neural substrates for the planning and execution of saccades and smooth pursuit
include a vast number of cortical and subcortical areas such as the frontal eye field (FEF) , the
dorsolateral prefrontal cortex (DLPFC), the supplementary motor area (SMA), the posterior
parietal cortex (PPC), the middle temporal area (MTA), and the occipital lobe with the striate
cortex (Pierrot-Deseilligny et al., 1991b, Pierrot-Deseilligny et al., 1995). The involved
subcortical regions include the thalamus, superior colliculus (SC) and structures in the brainstem
(Wagman et al., 1957, Lynch and Tian, 2006, Neggers et al., 2012). The complexity and the
distribution of this network make it vulnerable to lesions, neurodegenerative diseases, and the
hallmark of mTBI diffuse axonal injury (DAI).

Research on neurodegenerative disorders such as Parkinson's disease (Crawford et al.,
1989; Lueck et al., 1992; Vermersch et al., 1994; Hodgson et al., 1999; Blekher et al., 2000;
Rivaud-Pechoux et al., 2000) and neurological disorders like Tourette's Syndrome (Straube et al.,
1997; LeVasseur et al., 2001) have demonstrated the adverse effects of neural dysfunction on
oculomotor processing using single memory-guided saccade and memory-guided saccadic
sequences. It is reasonable to expect that concussion will also disrupt the complex neural
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networks involved in planning and execution of eye movements. Moreover, research has shown
that regions of interest (ROI) susceptible to concussion include DLPFC, thalamus and occipital
lobe (Slobounov et al., 2010, Raz et al., 2011).

In summary, oculomotor performance along with concurrent neuroimaging measures
were chosen as promising assessment tools in this study of injury from concussion due to the
following reasons. (1) Rapid and precise eye movement play an important role during athletic
activities. (2) There are many overlapping brain regions between the networks in charge of the
oculomotor functions and the regions that are susceptible to concussive blows. (3) Previous
investigations have revealed impairment of eye movement function after concussion in acute,
sub-acute and chronic phases of injury. (4) It is suggested that impaired eye movement function
and abnormal saccades may affect the results of rapid sideline screening tests for concussions
(Galetta et al., 2011). The reliability of any cognitive tests using visual stimuli may be affected by
the oculomotor deficits.

Hypothesis
The specific hypotheses to be tested are that (1) compensatory recruitment of extended
and/or additional brain areas will be demonstrated via fMRI in concussed subjects during
oculomotor tasks both in acute and sub-acute phases of brain injury, (2) compromised brain
network architecture and failure to deactivate default mode network (DMN) will be observed in
individuals with concussion far beyond 7-10 days post-injury.

Chapter 2
Literature Review

2.1 Current Clinical Understanding of concussion
Mild TBI has been considered as the most common sport-related injury and accounts for
80% of all reported traumatic brain injuries(Ruff, 2011). Neither acute nor chronic consequences
of concussion has been fully understood or predicted reliably (Cantu et al., 2006). Conventional
wisdom is that a typical recovery following sport-related concussion is fast and complete with no
residual deficits. Although there is growing evidence that complicated evolution of concussion
may be more prevalent because physical, neurocognitive, emotional symptoms and underlying
neural alterations persist months or even years post-injury. Specifically, the findings from recent
brain imaging studies challenge the conventional wisdom based upon current clinical assessment
tools of concussion.
Concussed patients suffer from a variety of symptoms including headache, nausea,
dizziness, confusion, cognitive deficits, sleep disruption, postural instability, sensitivity to light
and noise in the acute phase. These symptoms may possibly result from physiological damage to
neural tissues and the following neurometabolic sequelea (Henry et al., 2010), caused at the
cellular level induced by brain traumatic injury (Bigler and Maxwell, 2012). Short and long-term
effects of concussion have been linked to several neurologic and mental health disorders later in
life crossing the spectrum from Alzheimer’s disease (Uryu et al., 2002), chronic traumatic
encephalopathy (CTE) (Gavett et al., 2010, Blaylock and Maroon, 2011), Post-Traumatic Stress
Disorder (Hoge et al., 2008, Barnes et al., 2012b), substance abuse, (Helgeson, 2011), anxiety and
depression (Teasdale and Engberg, 2001, Barnes et al., 2012a).
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In modern clinical practice, the same approach to treat concussed patients has been used
for nearly two decades.

With 41 different and often controversial classification systems

(Anderson et al., 2006) and varying return-to-play protocols based on clinical constructs
(CAoSMC, 2000), practitioners have been held to standards that were based less on well
researched physiologic data but more on clinical intuition and consensus statements from leaders
in the field of neuropsychology (Aubry et al., 2002). The general approach by athletic teams
consists of acquiring a baseline measure of cognition and balance before the athlete is concussed.
When an athlete is suspected to have a concussion, on-site observation and sideline tests test are
made to diagnose. Later on, the new cognitive and balance tests scores are compared with the preseason baseline score for recovery assessment. The following table depicted the common
procedure used to determine when an athlete may be ready to head back into game play.
Rehabilitation
Stage
1. No activity
2. Light aerobic
exercise
3. Sport specific
exercise
4. Noncontact
training drills
5.Full-contact
practice

Functional Exercise at Each Stage of
Rehabilitation
Symptom-limited physical and cognitive rest
Walking, swimming, or stationary cycling,
keeping intensity <70% of maximum
permitted heart rate; no resistance training
Skating drills in ice hockey, running drills in
soccer; no head-impact activities
Progression to more complex training drills,
eg, passing drills in football
After medical clearance, participation in
normal training activities

Return to play

Normal game play

Objective(s) of Each
Stage
Recovery
Increase heart rate

Add movement
Exercise, coordination,
and cognitive load
Restore confidence and
assessment of functional
skills by coaching staff

Table 2.1: Graduated Return-to-Play Protocol

Although neuropsychological (NP) evaluation is used to determine current cognitive
status, the recovery of cognitive decrements and patient self-reported symptoms scores is
accepted as a measure of clinical recovery from injury, as opposed to functional recovery of
cognitive status (Moser et al., 2007). Concussion is still commonly misunderstood by some
clinicians and can be over-simplified in terms of both diagnosis and recovery, although there are
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increased awareness and increased presence of trained allied health professionals monitoring high
school and college sports (Bazarian et al., 2001, Chrisman et al., 2011). The debate of whether
or not concussion results in long-lasting residual cognitive impairment is still going on, while the
lack of unified objective method for diagnosis and evaluation is still there.

2.2 Review of Oculomotor Tests
The very beginning of scientific documentation regarding the importance of eye
movement can be traced back to Erasmus Darwin (1731-1802), the grandfather of Charles
Darwin, who first wrote about visual vertigo in the Zoonomia, or, the Laws of Organic Life, in
1794. He pointed out that the individuals with height vertigo suffers deficits in the sensorimotor
control of eye movements and the visuomotor interaction. It is Erasmus Darwin who attributed
considerable theoretical and clinical importance to eye movements. The study of eye movements
is a source of valuable information to both clinicians and basic brain scientists. To neurologists
and ophthalmologists, abnormalities of ocular motility are frequently the clue to the localization
of a disease process. To the neurobiologists, the study of the eye movement control presents a
unique opportunity to understand the functioning of the brain. Furthermore, the visual and
perceptual consequences of eye movements are valuable to both clinicians and basic brain
scientists, and information from the study of eye movements may contribute to the knowledge of
motor control in general.
Eye movements play a major role in sports and daily life, but it is taken for grant that
people usually do not realize their importance until disorders are evidenced. Significant
difference in oculomotor response speed between professional and amateur athletes was reported
long ago (Harbin et al., 1989). Oculomotor performance has been studied in various sports
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recently. Expert volleyball players extract more useful information from fewer fixations than do
less skilled players (Piras et al., 2010). Another example is that high-level gymnasts showed
significantly better performance in smooth pursuit eye movement than non-athletes (von Lassberg
et al., 2012). Furthermore, a combined fMRI and eye tracking experiment revealed different gaze
pattern and brain activations between elite basketball players and novices (Wu et al., 2013). With
those studies which correlated oculomotor performance with athletic level, the importance of
oculomotor tests for sports is evident.
Clinically, the different classes of eye movements were categorized into the following list:
visual fixation, nystagmus, saccades, smooth pursuit, optokinetic, vestibular and vergence
(Krauzlis, 2005). They cover the functions from holding visual scene static to the fovea to
cooperating with other sensory systems to maintain balance. Disorders associated with eye
movements may result from peripheral palsies, strabismus and CNS lesions and diseases. Many
abnormalities of eye movements are distinctive and often point to a specific pathophysiology,
anatomical localization, or pharmacological disturbance. The demand of better ways to evaluate
eye movement fuels the development of eye tracking methods. The methods to scan eye
movement have evolved from afterimages and attached devices to the modern electrooculographic devices. Nowadays, infrared cameras are used to capture the video of eye
movements, so the gaze and rotation details can be extracted from the pupil tracking. With the
help of modern technology, fast and non-invasive eye movement tests are made possible.
Otolaryngologists use electronystagmography (ENG) or videonystagmography (VNG) as
objective test methods to assess the vestibular system and pathways to the level of brainstem with
the purpose of evaluating their normal and or abnormal functioning. The common oculomotor test
consists three parts: saccades, smooth pursuit and optokinetic tracking.
The best exploited part of oculomotor test, saccades, are rapid eye movements made to
bring an object of interest into the center of the sight. Saccades are tested for accuracy, velocity,
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and latency. Saccades test is performed with the subject concentrating on a randomly moving
target. Latency, i.e. the difference in time between the presentation of a new target and the
initiation of eye movement, is considered normal if between 150-250ms in random patterns and
shorter than 75ms when the pattern is predictable. Accuracy is measured by looking for eye
movements that are equal in amplitude to the distance between the former object of interest and
the new target. Hypometria is common in normal subjects and is the act of undershooting a
target. If undershoot is less than 15% it is considered normal. Normal subjects with hypometria
will quickly adjust to the target. Patients with normal cerebellar function will occasionally
overshoot the target, called hypermetria. Hypometria and hypermetria are considered abnormal if
they are consistently less than 75-80% or greater than 115-120% of the target value. Velocity is
measured during the saccades testing. There is no upper limit of normal as peak velocities have
been measured as high as 700 degrees per second. Velocities slower than 400 degrees per second
for large amplitude saccades and slower than 200 degrees per second for small amplitude
saccades are considered abnormal. (Stockwell, 2001).
Smooth pursuit tests, also known as sinusoidal tracking, test the ability of the patient
to accurately and smoothly pursue a target. In these tests, a target is rotated back and forth in a
sinusoidal pattern. Gaze position is measured and the eye movements are compared to the
movement of the target. It is important to note that saccade movements are eliminated from the
calculations of gain. Asymmetrical eye movements are highly suggestive towards various CNS
diseases.
Another common oculomotor test is optokinetic tracking. When a patient is spinning, he
relies on the stimulation from the vestibular system and optokinetic nystagmus to allow steady
focus on objects as they move in a circular pattern around him. As the patient’s vestibular system
fatigues with stimulation, the optokinetic system is solely responsible for the stabilization of the
visual field. ENG tests the optokinetic tracking of targets by passing a light rapidly in front of a
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patient from one direction to the other and asking the patient to count the lights. This is done first
in one direction, then the other. Asymmetries are noted and are signs of central nervous system
dysfunction. Various tests have been done that have shown unacceptable false positive results
with this test. Patients with abnormalities in the optokinetic portion of the ENG may not need
further neurological examination. Unfortunately, it is impossible to imaging the brain with MRI
when the subject is moving, so the optokinetic test is not included in this study.

2.3 Neural Basis of Oculomotor Functions
The oculomotor tasks included in this study can be categorized into 2 types, saccades and
smooth pursuit. They share common brain regions and also have distinguished functional areas.
Considerable knowledge of oculomotor functional neuroanatomy makes it useful for investigating
models of cognitive control and pathology. The network involved in saccadic tasks includes
cortical (primary visual, extrastriate, parietal cortices, and frontal and supplementary eye fields)
and subcortical (thalamus, superior colliculus, striatum and cerebellum vermis) structures
(McDowell et al., 2008). Also, the smooth pursuit network involves similar cortical (V5, frontal
and supplementary eye fields) and subcortical (basal ganglia, thalamus, and cerebellum)
structures(Lencer and Trillenberg, 2008). Although the functional neuroimaging of this field is
growing rapidly, no effort has been done in association with concussion. The current
neurophysiological understanding of different brain areas is elaborated in the following
paragraphs.

Saccades have been studied for decades in primates. It can be defined as a simple and fast
redirection of gaze to a visual stimulus. The combination of animal physiology, human lesion
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studies and functional neuroimaging contributed to the knowledge of saccadic circuitry. The basic
mechanism starts from the eyes and the visual information is sent to primary visual cortex via
thalamus. The registration of the visual stimulus in V1 cost 100-120ms(Clementz et al., 2007).
Then, information is sent to extrastriate visual cortices V2/V3, which are involved in the mapping
the stimuli in visual space(Dyckman et al., 2007). From visual regions, position data travels via
the dorsal stream to multiple parietal cortex regions, most prominently the superior parietal lobe
and parietal eye fields (PEF) (Greenlee, 2000). When needed, information is forwarded to frontal
eye field (FEF) and supplementary eye field (SEF) in the frontal cortex, which are more related to
intentional saccades and smooth pursuit(Lencer and Trillenberg, 2008, McDowell et al., 2008).
DLPFC joins the oculomotor circuit occasionally, especially when higher decision controls as
inhibition, prediction and working memory are needed (Pierrot-Deseilligny et al., 2004).

Smooth pursuit enables us to focus on moving objects under the help of well-established
mechanism of vision, sensorimotor and cognition together. As summarized in a review by Lencer
and Trillenberg (2008), smooth pursuit network also includes V5/MT and all the brain regions
aforementioned for saccades. The hypothesized scheme has visual information received by V1
project to V5/MT area. Signals are sent from V5/MT to frontal areas. FEF generates oculomotor
commands, and interacts with SEF, PEF and DLPFC to achieve attentive response and
monitoring aspects. Both visual and motor signals are encoded in pontine nuclei (PN) and sent to
cerebellar areas. The output from cerebellum is then forwarded to oculomotor nuclei and fed back
to frontal cortex (Lencer and Trillenberg, 2008).

Frontal eye field (FEF) and supplementary eye field (SEF) have direct access to the
brainstem saccade-generating circuitry (Yan et al., 2001). FEF is believed to be associated with
the triggering of The FEFs of monkeys were long thought to be responsible only for the control of
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saccadic eye movements (Segraves and Goldberg, 1987). However, recent experiments have
shown that the FEF also contributes to the control of smooth pursuit eye movements (Lynch and
Tian, 2006). Thus, the monkey FEF appears to be separated into two functional subregions: one
that lies on the rostral bank of the arcuate sulcus and controls saccades, and another that is located
more posteriorly in the arcuate sulcus and that controls pursuit (Tian and Lynch, 1997, Rosano et
al., 2002). The site of the human FEF has been suggested by positron PET studies of healthy
humans performing saccadic eye movements. According to a review article (Paus, 1996), the
human FEF appears to be located either in the vicinity of the precentral sulcus and/or the depth of
the caudalmost part of the superior frontal sulcus. Such a peripercentral location has been
confirmed by other PET studies (Petit et al., 1996, Sweeney et al., 1996) as well as by studies in
which fMRI was used (Darby et al., 1996, Petit et al., 1997, Amiez et al., 2006). These previous
functional imaging studies focused on either saccadic eye movements or smooth target pursuit.
Frontal areas play a major role in voluntary eye movements, including memory-guided saccades
and anticipated saccades (Pierrot-Deseilligny et al., 1991a, Bodis-Wollner et al., 1997, Dieterich
et al., 2009).

All cortical eye fields have the same attributions, tiny with locations hard to track.
Parietal lobe harbors many oculomotor related areas. Specifically, superior parietal cortex is
associated with visuo-spatial attention (Corbetta et al., 1998) and the transformation of sensory
input into a motor command(Colby and Goldberg, 1999). And PEF is associated with visualspatial integration and movement triggering (Muri and Nyffeler, 2008). The location of PEF has
been reported by many functional imaging studies, but the variability is still large (McDowell et
al., 2008). A light stimulation of PEF-equivalent area in monkeys can cause a simple shift of
visual attention, whereas stronger stimulation results in a saccade(Cutrell and Marrocco, 2002).
So, related parietal regions are involved in attention-related eye movements.
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Besides the visual and eye fields, many other brain regions are believed to be related. The
DLPFC contributes to spatial short-term memory (Hillary et al., 2006, Hoshi, 2006) and
inhibition of saccades (Brown et al., 2007, Nyffeler et al., 2007). The posterior parietal cortex
(PPC) provides an interface between sensory and motor structures (Andersen, 1995; Connolly et
al., 2000; DeSouza et al., 2000) and plays a major role in visuospatial orientation (Heide et al.,
1995), important for oculomotor and also limb movement coordination. The interdependency of
neural activity in the DLPFC and the PPC shown by Chafee and GoldmanRakic (2000) in
memory-guided saccades illustrates the importance of the functional integrity of the entire neural
network necessary for proper eye movement function. The SMA is directly involved in planning
and execution of intentional eye movements, including the task of memory-guided sequences of
saccades (Gaymard et al., 1990, 1993). Sites involved in oculomotor and limb sensory motor
processing are often co-located within these areas, such as SMA or PPC (Picard and Strick, 1996,
1997; Andersen et al., 1998) and can also show functional involvement in cognitive processes
such as direction of attention, short-term memory, response inhibition and higher information
processing, (Roberts et al., 1994; Corbetta et al., 1998; McPeek et al., 1999; Klein et al., 2000;
Nieman et al., 2000; Snyder et al., 2000). Also, SEF is thought to be an oculomotor extension of
SMA (Schall, 2002).

Among the subcortical areas involved, cerebellum, especially the vermis is also reported
to be associated in precise control of eye movements (Gaymard, 2012). Striatum, thalamus and
superior colliculus are also related to saccades (Petit et al., 1997, Matsuda et al., 2004, Sweeney
et al., 2007). The striatum is a major input site of basal ganglia and is reported to play a role in
both initiation and inhibition of saccades (Hikosaka et al., 2000, Watanabe et al., 2003). Increased
activity in the superior colliculus is reported to be correlated to saccades latency (Neggers et al.,
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2005). The subcortical pathway, oculomotor nerve, is the 3rd paired cranial nerve, which controls
most of the eye movements. It originated from the superior colliculus in the midbrain and enters
the eye orbit to send signals to eyelids and rectus muscles(Blake et al., 1995). The distributed
control circuits of vertical and horizontal eye movements were found in human brain stem in a
neurodevelopmental study (Ingster-Moati et al., 2009). Though fMRI and EEG/MEG have
difficulty imaging the subcortical regions deep in the brain, the value of studying them in the
oculomotor circuitry is indubitable.

2.4 Neural disorders and oculomotor deficits
With such a complex network including neocortex, cerebellum and subcortical pathways,
it can be expected that oculomotor functions would be impaired by various neurological
disorders. Since eye-movement testing is a non-invasive quantitative approach for evaluating
brain systems across the age spectrum, it provides a good methodology for characterizing the
abnormalities associated with neurodevelopmental disorders like autism, ADHD and Tourette's
syndrome (TS) (Sweeney et al., 2004, Rommelse et al., 2008). Memory-guided saccades task
which asked the subject to inhibit the response to a visual cue and look at the position with a
delay after the cue disappeared has shown that children with ADHD had difficulties to inhibit
reflexes (Ross et al., 1994, Castellanos et al., 2000). Some pathology and imaging studies suggest
that the oculomotor deficits, especially the inhibition process are related to frontal lobe deficits,
more evidence are pointing to the DLPFC and neighboring area (Mostofsky et al., 2000,
Mostofsky et al., 2002). Another study by Munoz et al. examined ADHD patients with reflexive
saccades and anti-saccades, and found longer reaction time, greater intra-subject variance, slower
peak saccadic velocity and difficulties to inhibit in the patients group. They pointed out that those
findings are consistent with a fronto-striatal circuit pathophysiology (Munoz et al., 2003). A
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recent EEG study observed that children with ADHD had higher activity in mid-frontal cortex
and temporal anterior cortex than controls during anti-saccades with acoustic cue (Goepel et al.,
2011).

Tourette's syndrome is a neurodevelopmental disorder characterized by the presence of
chronic vocal and motor tics. Tics are sudden, highly stereotyped, movements that can be simple
or complex in appearance. Abnormalities of voluntary saccades were also observed in TS patients,
which indicates the failure of basal ganglia to disinhibit the saccade neurons in the superior
colliculus with the input from FEF to striatum (Nomura et al., 2003). TS patients have to fight
against the unwanted movement, so that their ability to inhibit is usually questioned.
Paradoxically, enhanced oculomotor switching task performance was seen in young people with
TS. It suggests that the constant need to suppress tics could have resulted in an enhancement
of the executive process involved in inhibitory control (Mueller et al., 2006).

Some researchers suspect that oculomotor abnormalities might play a causal role in
functions known to be impaired in autism. Thus, it would affect children's imitation, joint
attention, language learning and result in the sociocommunicative deficits ultimately (Brenner et
al., 2007). The oculomotor studies on autism are limited, but this gap has been recognized and
more attention has been drawn. In autistic children, more saccades were made than controls with
the same stimuli, and the pattern of saccades did not appear to be depending on stimuli (Kemner
et al., 1998). Volitional saccades tasks also showed cognitive impairment in spatial working
memory and the inability to voluntarily suppress the responses (Minshew et al., 1999, Koczat et
al., 2002). An fMRI study failed to find differed activity during saccades in autistic patients, but
found hypo-activation during spatial working memory tasks in prefrontal cortex and PCC (Luna
et al., 2002). The autistic individuals demonstrated deficits of gaze pursuits gain, although, the
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latency time had no difference (Takarae et al., 2004).

Beyond but closely related to the basic

oculomotor functions, spatial attention, face-recognition and feature-based attention are higher
cognitive functions well studied in autism research (Kirchner et al., 2011, Mazer, 2011).

Schizophrenia has the largest amount the documentation of oculomotor deficits.
Representative ones include: lack of FEF activation during saccades from a PET study
(Nakashima et al., 1994); abnormal smooth pursuit associated with decreased metabolism in FEF
(Ross et al., 1995), saccadic disinhibition in patients and their first-degree relatives (Curtis et al.,
2001), and impairment of predictive saccades (McDowell and Clementz, 2001). Recently, more
fMRI studies involving oculomotor tasks were published, which gives a better understanding of
the neural substrates of oculomotor circuitry and the related neuropathology. Alterations of brain
activation maps during reflexive saccades, delayed response saccades and smooth pursuit were
documented by multiple studies, where hyper-activation of PFC and intraparietal sulcus (IPS)
during saccades and increased activity in FEF and SMA during pursuits were observed in the
first-stage schizophrenia patients(Keedy et al., 2006, Tu et al., 2006, Fukumoto-Motoshita et al.,
2009). Besides the disorders discussed above, oculomotor deficits are also seen in other
neurological disorders. For example, delayed saccades and disinhibition in Parkinson's disease
(Shaunak et al., 1999, Chan et al., 2005, Machner et al., 2010); disturbed oculomotor functions in
patients with dementia of Alzheimer's type (Moser et al., 1995); and abnormal gaze patterns in
dyslexia(Zihl, 1995, Vernet et al., 2011) have been documented.

In summary, oculomotor networks involve all the brain lobes and cerebellum. Therefore,
any lesion or disorder in gray or white matter might cause oculomotor deficits, which has been
demonstrated by studies of different neurological populations. The mild and random nature of
concussive damage is the major obstacle in understanding the pathology and recovery from
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concussion. Oculomotor tasks, which are fundamental and sensitive to disturbance of the
neuropathways, provide a promising methodology in the pursuit of better diagnosis, assessment
and prognostication of concussion.

2.5 Functional Magnetic Resonance Imaging and concussion

The inability of conventional brain imaging (MRI, and CT) and neuropsychological tests
to accurately diagnose and assess concussion leaves hope that more advanced functional imaging
methods may be feasible. fMRI is based on the blood oxygen level dependent (BOLD) signals
which reflect the consumption of oxygen in the brain. Therefore, brain activation maps can be
derived using fMRI by detecting the ratio of oxygenated and deoxygenated myoglobin indirectly.
Symptoms of concussion involve working memory, attention, sensory, motor and other
neuropsychological functions, which can be targeted by fMRI task design to test specific
functional deficits. Existing literature on the fMRI studies of concussion has shown that fMRI is a
promising method to assess concussion, especially for residual functional deficits in post-acute
phase (Ptito et al., 2007).

That is being said, the research with regard to alteration of cognitive functions in
concussion patients, particularly fMRI studies, has showed confusing and contradictory findings.
Most of the studies showed altered brain activation maps in concussion individuals, but whether
differences are in the form of hyperactivation or hypoactivation remains controversial. Slobounov
et al. performed a study of fMRI combined with virtual navigation tasks on collegiate athletes
(age 18-22) in the search of sensitive biomarker for concussion assessment. Specifically, the
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performance of spatial memory navigation tasks showed no behavioral difference between
groups, but concussed individuals had a significantly larger cluster size during encoding at
parietal cortex, right dorsolateral prefrontal cortex (DLPFC), and right hippocampus. In addition,
there was a significantly larger BOLD signal percent change at the right hippocampus in the
concussed group. Another series of fMRI studies by McAllister et al. investigated 'n-back'
working memory performance and corresponding brain activities of 12 concussion patients within
1 month of injury and 11 healthy control subjects. Concussion patients showed different brain
activation patterns from controls' patterns in response to increasing working memory processing
loads. Compared with the control group, concussion patients showed disproportionately increased
activation during the moderate processing load condition (McAllister et al., 2001). Similarly,
Jantzen et al. showed increased activation in the parietal and lateral frontal and cerebellar regions
in concussed subjects when compared with pre-injury in absence of changes in cognitive
performance (Jantzen, 2010).

Figure 2.1: Example of Brain activation pattern during encoding. A. Normal Control, B. concussion
patients, C. concussion > Normal Control.
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Figure 2.2: Example of ROI volume and percent signal change analysis. Asteroid indicates significant
differences between health and concussion groups.

In contrast, Chen et al. (2004) reported the opposite findings suggesting a reduction of
fMRI BOLD in the mid-DLPFC in symptomatic concussed subjects along with poorer
performance on the working memory tasks (Chen et al., 2004). Later on, however, this group
reported additional activation in concussed subjects in the posterior brain regions including the
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left temporal lobe that were not present in the normal controls (Chen et al., 2007). Most recently,
Chen et al. reported reduced activation in DLPFC and striatum in concussed athletes with
depression who have no performance difference than patients without depression and healthy
controls (Chen et al., 2008). In a recent study, concussion individuals showed hypoactivation
within several cortical and subcortical areas along with poor performance in auditory orientation
and attention inhibition (Mayer et al., 2009). Another study on concussion patients within 6
weeks of injuries showed no significant difference in the brain activation patterns from two
groups, but an inverse correlation between medial temporal lobe activity and injury severity
(Stulemeijer et al., 2010).

These inconsistencies of fMRI results in the concussion literature are suggestive of the
complexity of this injury. Whether the previous published results have different implications of
brain activity in concussion is a result of inhomogeneous subject population, lack of a unified
standard of injury severity, different functional task and baseline task design and/or contrast
design differences is still an open question. There is a need to document consistent and atypical
brain activation patterns in concussed patients with subject recruitment and experiment design in
order to contribute to the pursuit of a whole understanding.

2.6 Resting-State Functional Connectivity from fMRI

Resting state functional connectivity magnetic resonance imaging (rs-fcMRI) is
regarded as a robust tool in the research of brain development, cognitive science and neural
disorders. Resting state means lying down at rest with eyes open and without any task. It was

21
introduced by Biswal and his colleagues in 1995 using seed-based correlation method to generate
resting-state maps of motor cortex (Biswal et al., 1995). Since then, dozens of papers did similar
research looking at sensori-motor and cognitive brain networks. More than 10 resting-state
networks, which are in charge of various brain functions, were discovered including the unique
default mode network (DMN), a network deactivated during any task. Specifically, the major
ROIs constituting the DMN (e.g., posterior cingulate cortex (PCC)/precuneus area, medial
prefrontal cortex (MPFC), left and right lateral parietal cortex (LLP and RLP) (Buckner et al.,
2008). Resting-state method have the advantage of unified resting task which eliminated the
effect of task and performance differences, but also induced the uncontrollable thoughts when
resting in different individuals. rs-fcMRI and the integrity of DMN were used to evaluate the
functional connectivity in neural disorders, and also in concussion.

Functional connectivity can analyze the connections between certain ROIs or specific
network as a whole part. Interhemispheric connectivity and its response to physical stress tests at
about 10 days post injury were examined in Slobounov et al. (2010) study. Significant reduction
in interhemispheric functional connectivity was observed within primary visual cortex,
hippocampus and dorsolateral prefrontal cortex for concussed young athletes. The physical stress
test induced nonspecific and similar changes in brain network connectivity patterns in both the
concussion and NV groups (Slobounov et al., 2011). In the following Johnson et al. study, the
concussed young adults showed a reduced number of connections and strength of connections
from the posterior cingulate cortex and lateral parietal cortices. An increased number of
connections and strength of connections was seen in the medial prefrontal cortex. Connections
between the left dorsolateral prefrontal cortex and left lateral parietal cortex showed a significant
reduction in magnitude as the number of concussions increased. Regression analysis also
indicated an overall loss of connectivity as the number of concussion episodes increased (Johnson
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et al., 2011). Mayer et al. did a similar study on the DMN and its interaction with other brain
areas. 27 concussion patients (27.15±7.38 years old) within 3 weeks post injuries and 26 normal
controls participated in this study. Concussion patients showed decreased functional connectivity
within DMN and increased connection between DMN and lateral prefrontal cortex (Mayer et al.,
2011). Compared to the series of research done by Slobounov lab, the reduction in within-DMN
connectivity is consistent, while the connectivity between DMN and other areas are not in the
same pattern. Again, this study is not in the range of adolescent/young adults, but one of the
closest. Subject population, difference in connectivity algorithm may contribute to the
inconsistency. Also, the subjects in this study were still symptomatic in semi-acute phase.

Figure 2.3: Example of functional connectivity analysis. DMN ROIs (#5/6/7/8), parahippocampal gyri
(#1/2) and dorsolateral prefrontal cortices(#3/4). Connectivity significance level set at p<0.05 FDR. The color of
ROIs corresponds to number of connections with warmer colors having more connections.

In the next study by Slobounov group, the integrity of the DMN during resting-state and
following the physical stress test was investigated. While the DMN remained resilient to a single
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concussion without exertion at 10 days post injury, it was altered in response to the light intensity
of physical stress. This may explain some clinical features of concussion and gives some insight
into its mechanism. This important finding should be considered by clinical practitioners when
making the decision regarding the recovery and granting concussion patients for sports
participation (Zhang et al., 2012).

Figure 2.4: Graphic representation of the DMN network. The strength of connectivity is reflected by
color in terms of correlation coefficients (r). Usually r>0.3 is used as a threshold of valid connection.

These functional connectivity findings indicated that alterations in the brain resting-state
default mode network in the sub-acute phase of injury may be of use clinically in assessing the
severity of concussion and offering some insight into the pathophysiology of the disorder.
Although this line of research is relatively new there is hope that investigating functional
connectivity may be a sensitive and a promising tool. Further study with homogeneous subject
population and more advanced designed connectivity measures is expected to give valuable
findings.
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Graph theory is the analytical study of 'graph', the mathematical word of network.
Recently, the application of graph theory has expanded from mathematics and computer science
to many areas including chemistry, physics, sociology and biology. Unlike previous functional
imaging methods, the graph theory analysis of functional connectivity reveals the topological
properties of the whole brain network, so it provides a model free method to study brain as an
organized network but not individual functional regions(Yu et al., 2008).
The first report examining severe TBI patients with graph theory is done by Nakamura et
al. in 2009. Their results showed changes in degree distribution, reduced overall strength in
connectivity, and increased "small-worldness" from 3 months to 6 months post severe TBI
(Nakamura et al., 2009). For concussion research, one EEG study showed a significant decrease
in long-distance connectivity, an increase in short-distance connectivity, and a departure from
small-world network in concussion patients (Cao and Slobounov, 2010). A Greek group EEG
tested 26 mTBI patients within 23 days and found lower clustering coefficient during episodic
memory tasks (Tsirka et al., 2011). A latest study on severe TBI also found the departure from
small-worldness in patients (Pandit et al., 2013). Graph theory as a mathematical tool is proving
itself in neuroscience and much work is ahead to be done.

25

Chapter 3
Methods

3.1 Subjects

In all eighteen subjects recruited for this study, nine of which were student
athletes who had recently been diagnosed with a concussion, and the other nine were age
and sex matched normal controls with no prior history of head injury. All concussed
individuals were initially scanned around seven days of the diagnosis of concussion (7.1
± 2.6), yet due to subject mortality only seven were seen at thirty days post injury for
follow-up scanning (29.7 ± 1.8). All normal controls were tested twice with a thirty day
interval between scanning sessions to mirror the concussion group. The following strict
inclusion criteria were implemented to preserve the subjects’ homogeneity as much as
possible. (a) The subjects do not have previous concussion history. (b) Their ages are
within the range of 18-22 years old. (c) They should be asymptomatic according to both
subjective reports and neuropsychological tests at the 30-day scan. Subjects reported no
history of psychiatric or neurological disorders, and no current use of any psychoactive
medications. Demographic information for the subjects can be found in the following
table 1.
Group
Age Gender Days for symptom resolution
Concussion 21
M
4
Concussion 18
F
7
Concussion 19
M
10

Sport
Rugby
Rugby
Rugby

26
Concussion
Concussion
Concussion
Concussion
Concussion
Concussion
NV
NV
NV
NV
NV
NV
NV
NV
NV

21
20
19
19
20
18
22
20
21
21
22
22
20
20
21

M
F
F
M
M
M
F
M
F
M
M
M
M
M
F

10
15
13
7
9
12
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Lacrosse
Soccer
Softball
Rugby
Rugby
Rugby
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Table 3.1: Subject information.

3.2 Equipment

3.2.1 Hardware

The MRI compatible PC-60 head fixed eye tracking system (Arrington Research,
Inc., Scottsdale, AZ, USA) was used for the recording and analyzing the eye movements
while subjects in the scanner. The accuracy of PC-60 is approximately 0.25-1 degree of
visual arc. The sampling rate was set at 60Hz. Viewpoint Eyetracker (Version 2.8.6.21)
will be the software that came with the PC-60 system providing the pupil/corneal
reflection eye tracking. Visual stimuli will be presented by the VisuaStim Digital fMRI
compatible system from Resonance technology, Inc. (Northbridge, CA, USA). It is a pair
of the stereo goggle displays with a resolution of 800x600 about 1m (equivalent optical
path length) in front of the eyes and subtending 30°of horizontal view angle. A Siemens
MAGNETOM Trio 3.0T MR system (Siemens Medical Solutions USA, Inc., Malvern
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PA, USA) and corresponding 12-channel head coil were used to acquire structural and
functional images synchronized with oculomotor performances.

3.2.2 MRI Data Acquisition

Functional and anatomical images will be acquired on a 3.0 Tesla Siemens Trio
whole-body scanner (Siemens, Erlangen, Germany) using a 12-channel head coil. T1
anatomical images and fMRI images will be acquired in the axial plane parallel to the
anterior and posterior commissural axis covering the entire brain. Anatomical images
were collected using a three-dimensional isotropic T1-weighted magnetization prepared
rapid gradient echo (MP-RAGE: 0.9 mm × 0.9 mm × 0.9 mm resolution, TE=3.43 ms,
TR=1960 ms, TI=900 ms, flip angle=9°, 160 slices, NSA=1). Two-dimensional BOLD
echo planar fMRI images (2 mm × 2 mm × 3 mm resolution, TE=17 ms, TR=2500 ms,
EPI factor=64, flip angle=70°, 44 slices, NSA=1, total acquisition time=7:55) were also
obtained.

3.2.3 Eye Tracker Calibration

Viewpoint software has 3 implemented tracking modes, pupil, glint and pupilglint combined method, which are the most popular gaze tracking methods. However,
only pupil tracking was used in this study due to the structure of the MRI-compatible eye
tracker. The tracking camera sees the patients eye via one reflection from a transparent
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acrylic thin slice, therefore, two glint points of the infrared LED light source would
confuse the tracking software, if glint-related method was used.

Figure 3.1: Sample of the image from eye tracker camera. Yellow circle labeled the pupil, and the pink
lines were ruler indicator for pupil width and height.

The pupil position and aspect ratio can be combined in a complex algorithm to
generate a coarsely computed orientation of the gaze line. A lattice of 12-16 targets is
generated by Viewpoint software as fine calibration rulers with respect to different
display system. In this case, the targets are displayed one-by-one in random order and the
subject is asked to look at the targets, so that the raw data of the pupil positions and pupil
lengths and widths are collected. Thus, the fine calibration can be realized by semi-linear
data fitting between calculated gaze points and the vertices in the lattice. The gaze point
on the screen is exported as a set of coordinates normalized into [0,1] and converted into
view angles according to the geometry settings of the goggle displays. Therefore, our
results can be compared to the historical data.
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3.3 fMRI Experiment Protocol

This study adopted a combined block and event-related design. All saccades
except those in the self-paced saccades were treated as events in data analysis in order to
achieve higher statistical power. Before the first scanning session, all the tasks will be
practiced until subjects felt comfortable being in the scanner and to follow the instruction.
T1 anatomical images for each subject were acquired before the beginning of oculomotor
tasks while the echo planar fMRI images were acquired during each task block as fMRI
results. The details of the blocks and corresponding tasks are described in the following
paragraphs.

Eye Fixation (Fix)

The subject is instructed to look at the central fixation target for 30s as a contrast
baseline for the non-saccade condition. Mean absolute position errors are recorded as the
“eyes steadiness” measure.

Reflexive Saccades(RS)

Forty four (n=44) green round dots with a size .75 degrees show up on the screen
one by one randomly at positions 0, 5, 10 and 15 degrees from the center of the visual
field. The time intervals between 2 consecutive dots presentations vary between 1.0 and
1.6s and are randomized. The background is black without any texture that may
potentially induce the subject’s distractions. The subject is instructed to follow the targets
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as quickly and accurately as possible. Key measures are saccade latency, saccade velocity
and mean absolute position error for fixation to be converted into output files for the
further analyses.

Fig:3.2

Anti-Saccades(AS)

Thirty two (n=32) green round dots with a size of 0.75 degrees show up on the
screen one by one randomly at positions 5 and 10 degrees from the center of the visual
field. The intervals ranged from 1.0s to 1.6s for all 32 trials are balanced between left
and right directions ranging from 5 to 10 degrees. The subjects are instructed not to look
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at the target but to make a saccade in the opposite direction to the mirrored position as
quickly and accurately as possible. Key measures are the numbers of directional errors,
the saccade latency, latency of directional errors, correction time for the erroneous
saccades, anti-saccade latency, anti-saccade peak velocity and the mean absolute position
errors.

Figure 3.2: Sample data of antisaccades

Memory Guided Saccades(MS)

A central fixation target appears for 2s and then “jump” to pre-defined successive
horizontal positions every second for 3 times in one sequence. The final sequence
position is always the central fixation. Each sequence is displayed for 5 times. There is a
2.0s delay before the subject is instructed to replicate the memorized sequence by looking
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at the sequenced positions in darkness once. There are 6 sequences in this block. Some
other sequences will be used as practice sequences prior to real testing session. Key
measures are the number of directional errors and the mean absolute position errors.

Figure 3.3: Sample Data of Memory-Guided Saccades

Self-Paced Saccades(SS)

Two targets are displayed at ±15° simultaneously and continuously for 30s.
During the 30s, the subject is instructed to look back and forth between the two targets as
quickly and accurately as possible. Key measures are the number of re-fixations within
30s and mean inter-saccadic interval.
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Figure 3.4: Sample data of self-paced saccades

Smooth Pursuit

The subject is instructed to fixate and track the center of a moving stimulus. The
tests contain a predictable horizontal sinusoidal pattern tracking (SSP) with peak velocity
40°/s, a circular tracking (CSP) with 12°visual arc as radius and a tangential velocity of
30°/s and a random tracking (RSP) on the horizontal direction, mean peak velocity 60°/s.
Each test lasts for 40s. Key measures are the average eye peak velocity and the tracking
lag (ms).
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Figure 3.5: Sample data of Sine Pursuit

3.4 Data Analysis

3.4.1 Behavioral Data
Behavioral data including response time sequences and eye gaze point time series were
collected by custom made MATLAB program and ViewPoint Eyetracker Software (Arrington
Research Co. Ltd.). The onsets of the stimuli were synchronized with gaze point data and the
latency time of saccades were derived by checking the difference between the onsets of stimuli
and saccades initiation. First, gaze data were presented along with stimuli markers in raw form
and moving-average smoothed (3-points) plots, so that the effect of equipment noise can be
minimized when determining the time differences. Secondly, position errors were calculated by
comparing the stimuli target positions and the final saccade positions. There are two types of
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position error measures: (a) position gain, (b) percent position error and (c) mean absolute
sequence position error for memory guided saccades. The equations are shown here:

G -- Gain
%PE -- Percent Position Error
GP -- Gaze Position
SP -- Stimulus Position

This experiment protocol has multiple tasks that incorporate different measurements. For
example, smooth pursuit tasks do not have latency time measures but mean absolute position
errors and the number of catch-up saccades. On the other hand, latency times were measured for
several tasks such as reflexive saccades, anti-saccades and also the directional errors in antisaccades. The following section categorizes the measures and lists the usage of those measures in
different tasks.
Latency (ms)
o
o
o
o
o

Reflexive saccades
Antisaccades
Prosaccades errors
Prosaccades correction
Intersaccadic interval of self-paced saccades

No. of self-paced saccades
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Directional errors (%)
o
o

Antisaccades
Memory-guided sequences

o

Primary saccade gain (Gp)
 Reflexive saccades
 Antisaccades
 Memory-guided sequences
Gain of final eye position (Gf)
 Reflexive saccades
 Antisaccades
 Memory-guided sequences
 Self-paced saccades
Position error (PE, %)
 Reflexive saccades
 Antisaccades
 Memory-guided sequences
 Self-paced saccades

Accuracy

o

o

Velocity (°/s)
o

o

o

Reflexive saccades
 5°
 15°
Antisaccades
 5°
 15°
Self-paced saccades
 30°

The behavioral data went through a series of paired t-tests to examine the learning or
practice effect. They were also imported into fMRI data analysis, so that interactions among
behavioral data, imaging data, group and time factors would be tested in this complex design.
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3.4.2 fMRI Data Analysis
Functional MRI images in this study were processed by Statistical Parametric Mapping
(SPM) version 8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). First 2 volumes of each
acquisition series were excluded at the time of scanning; and all other volumes obtained were
used for data analysis. Pre-processing with SPM8 included realignment, slice timing, coregistration, spatial normalization and smoothing. The realignment calculated the movement of
subjects' heads and realigned all the images to the mean image of the whole series. Slice timing
was performed to time the acquisition of each slice and synchronize it with the stimulus. Coregistration linked functional images and structural images spatially. Normalization was the
process that normalized individual brains into the same average brain template (template of
Montreal Neurological Institute, MNI). Then, a Gaussian filter of 8 mm full width at half
maximum was applied to smooth the data spatially. Cerebral activation was rendered either onto
T1 brain slices or on the surface of a standard MNI brain 3D model.
The statistical process of the functional images has first level and second level. The first
level is the individual contrasts between different tasks, and the second level is the group analysis
of a factorial designed general linear model (GLM). An explicit mask of the normalized brain was
used to limit the modeling within the range of brain, so that out-of-brain artifacts caused by the
displays and eye trackers can be minimized. In the first level, the onsets of stimulus were
imported as various events to find out the contrast between different oculomotor tasks. The 14
contrasts studied are listed below:
1.
2.
3.
4.
5.
6.
7.
8.

RS > Fix
AS > Fix
AS > RS
MS Encoding (EN) > RS
MS Retrieval (RE) > RS
EN > RE
SS > Fix
SS > RS
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9.
10.
11.
12.
13.
14.

SSP > Fix
CSP > Fix
RSP > Fix
CSP > SSP
SSP > RSP
RS > SSP

The brain activation maps were obtained for those 14 contrasts to reveal the BOLD
responses to oculomotor tasks and their relative differences. Based on the first level results,
second level analysis adopted a full factorial design where the 2 major factors were group and
time since injuries. Subjects' performance scores were considered as parameters to check the
possible brain activation difference due to divergent behavior results. One thing to be noticed
here is that the tasks or contrasts cannot be considered as a factor since they are not explicitly
independent and not possible to be quantified in the statistical analysis. Therefore, a total of 11
factorial analysis were carried out for each contrast. False detect rate (FDR) correction were used
to achieve valid multiple comparison across subjects.
After all, the random nature of concussive lesions is a major obstacle when averaging the
group brain maps. Cluster size threshold also confined the capability to detect subtle BOLD
changes in small ROIs that are only the size of <10 voxels. In order to further quantify the change
in BOLD signal intensity, MarsBaR toolbox of SPM8 (Brett et al., 2002) was used to extract the
percent BOLD signal change in FEF. Percent BOLD signal change describes what the percentage
of whole brain mean signal magnitude is at a specific position (Ben-Shachar et al., 2003). The
analysis of percent signal change (PSC) is an indirect measure of neural excitation, More
precisely, PSC is a mathematical estimation of hemodynamic response function, and it is not in
the biology domain. But it is still widely adopted by researcher in pursuit of quantitative analysis
of both event-related and block designs (Glover, 1999).
The generation of the FEF ROI was based on the fMRI results from all the subjects, and
major common active areas from NV group were selected as ROIs in this quantitative

39
comparison. The target ROI is the anterior subregion of FEF that controls saccades. The spherical
ROI of left FEF was centered at MNI coordinates (-34.0, 6.0, 50.0) with 2mm radius according to
a literature (Paus, 1996). The intensity data were then statistically tested by ANOVA to find the
effects of group and time after injury. The probability threshold was set at p <0.05.

3.4.3 Functional Connectivity analysis

Bivariate correlation was selected as the measure of connectivity between two series of
BOLD signals. This method has been used by multiple researchers and demonstrated its
reliability in detecting low-frequency oscillating networks. Preprocessed fMRI images were
imported into CONN toolbox (http://www.nitrc.org/projects/conn/) which provides ROI-to-ROI,
seed-to-voxel and voxel-to-voxel functional connectivity estimation and inference, as well as
graph-theory analyses of ROI networks. The BOLD signals were filtered by a bandpass filter set
between 0.008 and 0.9 Hz. Three sources of confounders were taken into the modeling: 1) BOLD
signal from white matter and CSF; 2) realignment parameters as the motion effect; 3) main
condition effects. The duration of fixation task is too short for an explicit resting-state analysis,
which need at least 90 seconds of eyes-close or fixation. Therefore, the fixation block does not
qualify resting-state. Memory-guided saccades were selected into this connectivity analysis in
order to test the DMN deactivation due to task. All the Brodmann areas (left and right separated)
and resting-state related ROIs [precuneus (PCC), cingulate gyrus, medial prefrontal cortex,
inferior parietal lobe, superior temporal gyrus and superior frontal gyrus] were imported into the
ROI analysis, which adds to a total of 95 ROIs. ROI-to-ROI and seed-to-voxel analyses were
carried out to all the subjects and a 2nd-level group analysis were done to explore the group effect
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of concussion on the DMN deactivation. The extraction of the signal representing an ROI was
realized by doing ICA analysis to find the principle components of that particular ROI.
Eventually, an attempt of the graph theory analysis was made with a focus on network
efficiency, cost, and the small-world features. All the aforementioned ROIs were included in this
analysis. Clustering coefficient is defined by C = number of closed triplets / number of connected
triples of vertices. As defined by Watts and Strogatz, the network average clustering coefficient
is:

Mean-shortest path length is the average distance between each pair of vertices in a
network, where distance means the number of edges in a shortest path connecting two vertices.
The cost of a network is the ratio of the number of edges in a network to the maximum possible
number of edges.
Network efficiency is divided into two categories, global efficiency, which measures how
close a single node is to all other nodes in a network, and local efficiency, which is a measure of
how close neighbors of a particular node are to one another, indicating how interconnected these
neighbors are to the reference node.

where Ei represents the global efficiency of the ith node and dij is the shortest path length between
nodes i and j.
Local efficiency can be computed as follows:
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where Eloc,i is the local efficiency of node i, djh(Ni) represents the length of the shortest path
between j and h as neighbors of node i, and aij represents the connection status between i and j.
Both efficiencies range from 0 to 1. Zero global efficiency means absence of long-distance
information processing, while Eglobal = 1 indicates the maximal distributed processing. As for
local efficiency, 0 represents that there is no local connectivity, and 1 means that all connections
are local. The pair of efficiencies can give us a feeling of how the information processing is
distributed in the brain. In another word, how local the network is.
The threshold of valid connections between ROIs was set at correlation coefficient r = 0.5
in this analysis. Thus, whole-brain networks were extracted on the individual level. The graph
theory measures were computed for each subject, and those data went through an ANOVA
analysis to test whether the concussion or the time after injury has an effect on the general brain
network property.
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Chapter 4
Results

4.1 Behavioral Results

4.1.1 Behavioral Results

Significant differences in performance of oculomotor tasks were observed in
antisaccades, memory-guided saccades and self-paced saccades between normal controls and
concussion groups during the first, acute set of scanning. In the antisaccades task, athletes with
concussion showed impaired ability to inhibit reflexive saccades as reflected in reaction time,
positional error and directional error rate measures. Memory-guided saccades also elicited higher
error rate and greater positional error in concussed subjects. Self-paced saccades task revealed a
significant smaller number of saccades in the concussion group. Although, smooth pursuit tasks
did not show any significant difference between group or within group.

Latency (ms)
Reflexive Saccades
Antisaccades
Prosaccades errors
Prosaccades correction
No. of self-paced saccades
Directional error (%)
Antisaccades
Memory-guided Saccades

NV

7 Days

Group p

175(24)
235(56)
182(32)
140(57)
106(14)

181(30)
275(62)
204(43)
158(77)
65(21)

0.42
0.07
0.04
0.28
0.00

2.6(0.5)
1.5(1.0)

17(5.4)
8.2(3.3)

0.00
0.02
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Primary Saccade Gain
Reflexive Saccades
Antisaccades
Memory-guided Saccades
Gain of final eye position
Reflexive Saccades
Antisaccades
Memory-guided Saccades
Self-paced saccades
Position Error (%)
Reflexive Saccades
Antisaccades
Memory-guided Saccades
Self-paced saccades
Velocity (°/s)
Reflexive Saccades
5°
15°
Self-paced saccades
20°

0.99(0.04) 0.96(0.06)
1.23(0.31) 1.55(0.45)
1.01(0.27) 1.32(0.52)

0.44
0.02
0.03

1.01(0.05)
1.12(0.26)
1.1(0.30)
1(0.06)

1.02(0.05)
1.33(0.41)
1.35(0.52)
1.05(0.07)

0.61
0.05
0.04
0.19

12.3(4.1)
13.4(5.2)
27.4(18.3) 45.2(25.7)
25.6(21.7) 52.1(30.5)
7.8(6.2)
9.2(8.6)

0.08
0.03
0.01
0.12

104(25)
220(41)

88(30)
207(39)

0.11
0.36

268(45)

245(47)

0.30

Table 4.1: Saccades behavioral data of the day 7 scans. Significant difference labeled by bold text.

NV

7 Days

-17 (43)
20 (51)
52 (72)

-25 (53)
32 (62)
69 (84)

Group p

Lag (ms)
Sine
Circular
Random
End Position Error (%)
Sine

0.24
0.10
0.08

12.2 (11.7) 15.6 (14.3) 0.10

Table 4.2: Smooth pursuit data of the 9 concussed patients at 1st scan.
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In the follow-up test session that took place within thirty days post-injury seven
concussed subjects were recruited for scanning session. Seven normal volunteers whose age and
gender were closest to the concussed subjects were selected in the factorial ANOVA analysis.
Two of the saccadic tasks are very sensitive in distinguishing the concussed patients from normal
controls: antisaccades and self-paced saccades. The latency time, error rate and number of
saccades in the self-paced task showed significant group effects. On the other hand, the within
concussion group comparison between session 1 and session 2 is also interesting, since this can
be used to track the recovery from injury. Latency of antisaccades, number of self-paced
saccades, error rates, primary saccade gain and position errors are the measures with significant
post-hoc contrast within concussion group.

Latency (ms)
Reflexive Saccades
Antisaccades
Prosaccades errors
Prosaccades
correction
No. of self-paced
saccades
Directional error (%)
Antisaccades
Memory-guided
Saccades
Primary Saccade Gain
Reflexive Saccades
Antisaccades
Memory-guided
Saccades
Gain of final eye
position
Reflexive Saccades
Antisaccades
Memory-guided

7 Days 30 Days Group p

concussion
session p

NV1

NV2

194
239
188

187
240
185

199
275
204

196
254
199

0.74
0.05
0.21

0.72
0.04
0.31

138

139

161

146

0.23

0.18

108

107

68

80

0.01

0.03

2.6

2.5

15

10

0.00

0.03

1.5

1.5

7.1

2.1

0.03

0.00

0.98
1.13

0.98
1.16

0.96
1.50

0.99
1.39

0.54
0.01

0.68
0.05

1.01

0.99

1.25

1.19

0.04

0.10

1.01
1.12
1.1

1
1.1
1.12

1.02
1.35
1.20

1.01
1.26
1.16

0.32
0.05
0.14

0.41
0.20
0.42
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Saccades
Self-paced saccades
Position Error (%)
Reflexive Saccades
Antisaccades
Memory-guided
Saccades
Self-paced saccades
Velocity (°/s)
Reflexive Saccades
5°
15°
Self-paced saccades
20°

1

1

1.05

1.02

0.17

0.22

11.3
27.5

11.4
28.0

14.8
46.4

14.5
37.2

0.08
0.02

0.62
0.03

31.2

30.5

52.7

37.1

0.03

0.02

7.8

7.9

9.3

8.9

0.11

0.15

109
238

108
235

90
194

101
222

0.25
0.31

0.28
0.20

268

270

240

245

0.64

0.67

Table 4.3: Saccades behavioral data of day 7 and day 30 scans.

NV1

NV2

7 Days

-16 (47)

-12 (45)

Circular
Random

21(52)
51 (72)

17 (47)
50 (76)

-27
(56)
34 (65)
69 (84)

Sine

12.2
(11.7)

13.8
(12.5)

15.6
(14.3)

30 Days

Group
p

concussion
session p

Lag (ms)
Sine

-20 (52)

0.22

0.67

31 (60)
66 (73)

0.08
0.03

0.34
0.31

14.5
(13.6)

0.10

0.47

End Position
Error (%)

Table 4.4: Smooth pursuit data of both day 7 and day 30 scans.

The smooth pursuit is not as sensitive as the saccades, though the most difficult task,
random pursuit showed increased lag time for concussion group.

4.2 fMRI Results

The overall trend was that concussion group showed the higher % BOLD signal change
and additional ROI activations than the NV group. During saccadic tasks, cerebellum, precuneus,
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DL-PFC and insula are the major regions of hyperactivation discovered by the concussion > NV
contrasts. Also, during the smooth pursuit tasks, individuals with concussion showed
hyperactivation compared to NV group, but did not show as significant difference as saccadic
tasks did.

4.2.1 Reflexive Saccades
In the acute phase, the contrast concussion > NV displayed no significant findings with
p<0.05 FDR corrected setting. When the threshold was raised to p<0.005 uncorrected, DLPFC,
insula and ACC are detected to be hyperactivated. Therefore, reflexive saccades are neither
sensitive nor specific oculomotor test in classifying the concussive injury in acute phase of injury.

NV (p<0.05 FDR, k>10)

concussion (p<0.05 FDR, k>10)

Figure 4.1: Activation of reflexive saccades > Fixation in acute phase.

Region

NV

Coordinates Cluster
(mm)
Size
(Voxel)

t

p
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V1&V2
FEF(L)
SEF(L)
BA19(L)
BA18&19(R)
Precuneus

12,-90,24
-26,-10,55
-26,-6,50
-18,48,-4
12,-90,24
14,-64,22

106
43
103
33
207
15

3.21
3.81
4.04
3.63
3.89
2.91

0.027
0.008
0.001
0.007
0.007
0.005

Insula
Superior Frontal
Gyrus(L)
SEF(L)
DL-PFC(R)
PEF(R)
Superior Temporal
Gyrus(L)

-28,-6,20
-20,32,38

78
84

3.65
4.08

0.011
0.004

-50,-6,18
8,38,32
58,-18,18
-48,-28,16

6
9
76
46

2.99
3.05
3.69
3.23

0.043
0.038
0.010
0.026

Acute > NV

Table 4.5: Activated Clusters of Contrast RS > Fix from the 1st scan.

The two sessions of NV group yielded the same patterns, see the figures showing the
average data from both scans. Common areas reported for saccades were found in both NV
sessions, FEF, precuneus and visual cortices. Left FEF was more active than the right one (t =
4.3, p = 0.03 FDR).
The application of the false detection rate (FDR) check wiped out all the positive
detections observed at 7 days and 30 days in concussed subjects versus NV. The panel B, C and
D in Fig. 6 were generated with p<0.001 uncorrected threshold to demonstrate the marginal trend.
Additional areas of hyperactivation in concussed subjects included subcortical regions, motor
cortices, dorsal and ventral prefrontal cortex, midbrain and cerebellum.
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Figure 4.2: Reflexive saccades > Fixation contrast, A) NV average (p<0.05 FDR, k>5), B) 7 Days > NV
(p<0.001 unc, k>5), C) 30 Days > NV (p<0.001 unc, k>5), D) 7 Days > 30 Days (p<0.001 unc, k>5).

Region

Coordinates Cluster
(mm)
Size
(Voxel)

T

p

Precentral Gyrus
precuneus
BA19
V1
V2

-54,0,44
8,-46,16
26,-88,20
18,-92,2
-8,-98,14

3.76
3.13
3.45
3.25
3.67

0.000
0.002
0.001
0.002
0.001

NV

7 Days > NV

7
16
57
31
94
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Inferior Frontal Gyrus(L)
Anterior Cingulate
Insula
Precentral Gyrus
Medial Frontal Gyrus

-58,24,6
-12,34,12
-40,-26,16
-50,-6,18
8,38,32

31
31
16
6
9

3.44
3.84
3.22
2.99
3.05

0.001
0.000
0.002
0.003
0.003

-2,-26,-24
-30,14,14

59
8

3.33
3.08

0.001
0.002

-2,-48,0
42,2,32
4,-12,58
-48,-32,52

45
7
50
16

4.61
3.82
4.55
4.18

0.000
0.000
0.000
0.000

30 Days > NV
Pons
Insula
7 Days > 30 Days
Cerebellum
FEF(R)
SMA
Postcentral Gyrus

Table 4.6: Cluster activations for reflexive saccades comparisons.

4.2.2 Anti-saccades > Reflexive Saccades
Normal controls had activation only at right frontal eye field, and concussion group
showed multiple positive activation in cerebellum, left hippocampus, left midbrain, left V5/MT
and right PEF. The concussion > NV comparison confirmed that left cerebellum, right V5/MT
and left V1 had significant difference.
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Figure 4.3: Antisaccades > Reflexive Saccades. A) NV average (p<0.05 FDR, k>5), B) 7 Days average
(p<0.05 FDR, k>5), C) 7 Days > NV (p<0.05 FDR, k>5).

Region

Coordinates
(mm)

Cluster
Size
(Voxel)

t

P

FEF (R)
BA 4 (R)

52,4,12
56,-12,30

52
9

4.69
3.71

0.001
0.009

Post Cerebellum (L)
Ante Cerebellum (L)

-4,-72,-32
-36,-52,-30

61
48

5.08
4.50

0.000
0.002

NV

7 Days

51
Hippocampus (L)
V5/MT (L)
Midbrain (R)
Sup Parietal (R)
7 Days > NV
Post Cerebellum (L)
Post Cerebellum (L)
V5/MT (R)
V1 (L)

-16,-2,-14
-54,-56,-4
16,-28,-10
16,-56,66

62
93
54
22

5.69
6.15
4.77
5.19

0.000
0.000
0.001
0.000

-48,-64,-32
-28,-88,-34
56,-66,2
-12,-90,6

18
12
11
18

5.01
3.73
3.80
3.81

0.000
0.009
0.008
0.008

Table 4.7: Statistics results of antisaccades > reflexive saccades in acute phase.

At day 7 post injury, concussed group had showed hyperactivation at cerebellum,
bilateral BA 18 and right V5/MT compared to NV. But only left BA 18 and right V5/MT areas
were still hyperactivated during the follow-up scan. There was no significant difference between
the 2 scans within the concussion group.

Figure 4.4: Antisaccades > Reflexive Saccades. A) 7 Days > NV, B) 30 Days > NV (p<0.05 FDR, k>5).
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Region

7 Days > NV
Ante Cerebellum (L)
BA 18 (L)
Mid Temporal (R)
BA 18 (L)
BA 18 (R)
30 Days > NV
BA 18 (L)
V5/MT (R)
BA 18 (L)

Coordinates
(mm)

Cluster
Size
(Voxel)

t

p

-14,-56,-10
-6,-100,4
62,-40,6
-10,-88,8
10,-92,14

43
19
37
30
35

3.39
3.17
3.33
3.29
3.49

0.012
0.021
0.014
0.015
0.009

0,-88,-10
42,-72,-8
-12,-92,10

15
38
47

3.24
3.65
3.88

0.017
0.006
0.004

Table 4.8: Statistics results of the between-group comparison for the contrast antisaccades > reflexive
saccades

4.2.3 Memory Guided Saccade
The contrasts of "Encoding > Retrieval" during the spatial working memory task has
been reported in our previously published paper. We concluded that concussed subjects utilized
more brain resources to perform as well as healthy controls (Slobounov et al., 2010). It should be
noted that saccadic encoding can be considered as reflexive saccades plus short term memory task.
Therefore, we decided that contrasts "Encoding > Retrieval" and "Encoding > Reflexive
Saccades" are important features of oculomotor behavior and should be examined in more details.

4.2.3.1 Encoding > Retrieval
NV group average pattern indicated that only right hippocampus activated marginally at
t=2.17, p=0.072. Concussion group showed activation in left hippocampus, right lingual gyrus

53
and left precentral gyrus. Compared to NV, concussed subjects showed right cerebellum and left
hippocampus hyperactivation in the acute phase of injury.

Figure 4.5: Encoding > Retrieval. A) 7 Days average (p<0.05 FDR, k>10), B) 7 Days > NV (p<0.05
FDR, k>10), C) 7 Days > 30 Days (p<0.05 FDR, k>10)

Region

Coordinates Cluster
(mm)
Size
(Voxel)

t

P

16,-1,-22

10

2.17

0.072

-20,4,-24

28

3.95

0.026

NV average
Hippocampus (R)
7 Days average
Hippocampus (L)
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Lingual (R)
Precentral (L)
7 Days > NV
Cerebellum(R)
Hippocampus(L)
7 Days > 30 Days
Cerebellar Tonsil
Hippocampus(L)
Hippocampus(R)

26,-56,-4
-44,-6,18

45
14

4.35
3.09

0.015
0.045

32,-54,-40
-22,-30,-6

58
20

4.05
3.10

0.020
0.042

0,-50,-48
-16,42,6
20,-42,12

88
40
25

3.72
3.16
3.44

0.023
0.043
0.031

Table 4.9: Statistics of Encoding > Retrieval

In the NV group, the activation in few brain regions related to visual/spatial memory,
such as hippocampus (t=3.32, p=0.001), retrosplenial area (t=3.01, p=0.002) and putamen (t=3.61,
p=0.000) were observed (Fig. 10 & Table 6). Panel B in Figure 10 shows the hyperactivation in
bilateral Brodmann area 44 (t=3.78, p=0.001), which is part of the Broca's area. The left
hippocampus activation was observed (t=2.4, p=0.005), but the activation on the right side and
other areas was not present at day 30 post-injury.

4.2.3.2 Encoding > Reflexive Saccades
The contrast of encoding > reflexive saccades showed no significant findings in NV
group. Activations in precuneus, middle temporal gyrus and midbrain were detected in
concussion group average map in acute phase of injury. The scans in sub-acute phase yielded no
significant hyperactivation. The comparison between groups showed that concussed group had
higher activation in left FEF, precuneus and brainstem compared to normal controls.
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Figure 4.6: Encoding > Reflexive Saccades, A) 7 Days average (p<0.05 FDR, k>10), B) 7 Days > NV
(p<0.05 FDR, k>10).

Region

7 Days average
Mid Temporal
(L)
Midbrain
Precuneus (L)
Precuneus (R)
7 Days > NV
FEF (L)
Precuneus (R)
Brainstem

Coordinates Cluster
(mm)
Size
(Voxel)

t

p

-46,-14,-26

19

4.32

0.005

16,-16,-10
-4,-52,72
14,-58,68

12
11
12

4.09
3.58
3.90

0.007
0.038
0.021

-58,-14,44
12,-42,66
-2.-32,-28

19
40
73

4.12
3.71
3.24

0.002
0.005
0.017

Table 4.10: Statistics of Encoding > Reflexive Saccades
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4.2.4 Self-paced Saccades
The contrast "Self-paced Saccades > Reflexive Saccades" was produced for this task. As
one of the most distinguishable tasks in behavioral analysis, self-paced saccades involved
activation in left middle temporal gyrus which is located anterior to the V5/MT area. Acute
concussion pattern revealed more suprathreshold detections in cerebellum, midbrain, temporal
and frontal lobes compared to normal controls. The contrast concussion > NV revealed overall
hyperactivation in the oculomotor areas.
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Figure 4.7：Self-Paced Saccades > Reflexive Saccades, A) NV, B) 7 Days, C) 7 Days > NV (p<0.05 FDR,
k>10).

Region

NV average
Pons(R)
Fusiform(L)
Mid Temporal Gyrus(L)
Postcentral (L)
7 Days average
Cerebellum 8 (R)
Cerebellar Tonsil (R)
Cerebellum 8 (L)
Mid Temporal Gyrus(L)
Midbrain (L)
Midbrain (R)
V5/MT
Inf Temporal Gyrus (L)
Inf Frontal Gyrus (R)
ACC (R)
DL-PFC (L)
7 Days > NV
Cerebellum 8 (L)
Cerebellar Tonsil (L)
V5/MT (R)
Mid Temporal Gyrus(L)
BA 18&19 (L)
DL-PFC (R)
Mid Frontal Gyrus (R)
ACC
DL-PFC (L)

Coordinates Cluster
(mm)
Size
(Voxel)

t

p

8,-34,-30
-48,-44,-16
-62,-32,-4
-50,-18,24

36
17
121
36

3.10
3.66
5.01
3.46

0.026
0.009
0.001
0.013

20,-64,-50
40,-56,-48
-20,-54,-40
-52,-42,-16
-6,-32,-14
8,-26,-10
46,-66,-10
-46,-52,-6
48,10,2
10,24,28
-40,28,30

74
132
88
131
76
129
171
123
253
101
56

4.50
3.90
3.78
3.88
3.40
3.74
4.32
3.68
4.11
4.89
3.96

0.001
0.005
0.007
0.005
0.014
0.007
0.002
0.008
0.003
0.001
0.005

-32,-60,-50
-28,-50,-38
46,-64,-8
-36,-40,4
-12,-60,0
52,16,26
38,42,26
2,16,26
-44,24,28

33
37
169
166
26
198
77
90
79

4.38
3.64
4.47
5.22
3.20
3.81
3.54
3.54
5.08

0.002
0.011
0.002
0.000
0.028
0.008
0.014
0.014
0.000

Table 4.11: Statistics of Self-paced Saccades > Reflexive Saccades.

Overall, the contrast of 'S_Sac > R_Sac' has less positive voxels, but significant negative
activation areas in all the visual cortices. Significantly hyperactivated regions from the NV group
include bilateral fusiform gyri and right anterior cerebellum. In panel B of Figure 11, the showed
whole cerebellum, V2, BA 10, DL-PFC, anterior activation pattern and posterior cingulate. In the
30 days post-injury follow-up scan there was less contrast compare to NV, with only V5/MT still
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remained hyperactive. Within concussion group comparison between 2 consecutive scans
revealed that during 1st scan there was hyperactivation in cerebellum, precuneus, superior
temporal gyrus and postcentral gyrus compared to the follow-up scan.

Figure 4.8: Self-paced Saccades > Reflexive Saccades. A) NV, B) 7 Days> NV, C) 30 Days > NV, D) 7 Days> 30
Days (p<0.05 FDR).

Region

NV average

Coordinates Cluster
(mm)
Size
(Voxel)

t

p
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Cerebellum(R)
Fusiform(R)
Fusiform(L)
7 Days> NV
Cerebellum(L)
Fusiform(R)
BA 30
V2(R)
BA 10 (R)
DL-PFC(R)
ACC
PEF(L)
30 Days > NV
V5/MT
7 Days > 30 Days
Cerebellum(L)
Cerebellum(R)
Precuneus
Sup Temporal
Gyrus(L)
Postcentral(L)

44,-46,-40
42,-10,-28
-38,-10,-26

15
37
26

3.18
3.46
2.66

0.002
0.001
0.007

-26,-82,-44
50,-70,0
-12,-68,6
12,-90,14
36,56,20
52,16,26
-2,28,26
-40,-42,62

108
74
81
76
31
31
41
31

4.63
4.11
3.70
4.27
3.74
3.39
3.38
3.85

0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.000

40,-76,0

35

4.37

0.000

-34,-46,-32
14,-58,-36
10,-72,48
-56,-4,-4

113
70
28
17

3.56
3.59
3.90
3.47

0.001
0.001
0.000
0.001

-42,-26,52

10

3.03

0.002

Table 4.12: Cluster activations for contrast 'Self-pace Saccades > Reflexive Saccades'.

4.2.5 Smooth Pursuits

4.2.5.1 Circular vs. Sinusoidal
No significant activation was observed in the NV group. In concussion group, insula
activation was observed. The significant difference in concussion > NV contrast includes
PCC/precuneus, insula and bilateral visual cortices.
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Figure 4.9: Circular SP > Sinusoidal SP, A) 7 Days, B) 7 Days > NV (p<0.05 FDR, k>10).

Region

7 Days average
Insula (L)
7 Days > NV
BA 18&19 (L)
PCC
Precuneus(R)
Precuneus(L)
Insula (L)
BA 18 (R)

Coordinates Cluster
(mm)
Size
(Voxel)

t

p

-30,20,18

82

5.38

0.003

-16,-72,-12
8,-58,2
12,-58,14
-8,-58,26
-30,20,18
14,-68,-10

296
27
42
48
20
19

6.31
4.38
3.90
4.08
4.57
3.83

0.001
0.023
0.064
0.044
0.016
0.074

The contrast presented is the "C_Pur > S_Pur", may be an addition of a vertical cosine
wave motion. As shown in Figure 13A, the inferior frontal gyrus/insula area(t=3.92, p=0.01) and
cerebellum (t=3.78, p=0.02) are activated during the circular pursuits as compared to sinusoidal
pursuits. The 7 days pattern had its maximum in V5/MT area(t=4.56, p=0.00) and broad
activation at inferior precuneus (t=3.94, p=0.02). But the 30 days pattern showed activation in
insula area (t=4.25, p=0.00) and cerebellum (t=4.01, p=0.01) similar to NV's.
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A

B

C
Figure 4.10: Circular SP > Sinusoidal SP. A) NV, B)7 Days, C) 30 Days(p<0.05 FDR).
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4.2.5.2 Sinusoidal vs. Random (Predictable vs. Random)
NV group utilized most of the frontal oculomotor network and DLPFC resources to plan
the predictable sinusoidal eye movement. The concussion patients had parietal lobe involvement
and also higher subcortical activations, which was validated by the SPM comparison. The
concussion > NV contrast revealed strong difference in the superior frontal area.
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Figure 4.11: Sinusoidal SP > Random SP, A) NV, B) 7 Days, C) 7 Days > NV (p<0.05 FDR, k>10).

Region

Coordinates Cluster
(mm)
Size
(Voxel)

t

p

Cerebellum(R)
BA 18&19 (R)
BA 42 (R)
Precuneus

18,-64,-24
16,-58,-2
-62,-32,16
0,-72,16

5.17
4.41
4.64
4.59

0.005
0.022
0.014
0.015

NV
71
60
76
33

64
Postcentral(L)
Precentral(L)
Cingulate Gyrus(L)

-62,-18,26
-46,2,26
-12,-30,34

33
31
23

4.71
5.52
4.82

0.012
0.002
0.009

10,-98,-2
42,-56,-22
-44,-80,-18
64,-20,6
14,2,8
-2,14,40
-32,-54,62

53
78
34
40
56
23
36

4.31
4.31
3.88
4.04
3.82
3.90
4.17

0.027
0.027
0.066
0.047
0.075
0.063
0.036

-16,46,24
-46,-52,30
26,18,38
-22,2,40

31
30
20
42

3.86
4.17
3.56
3.91

0.007
0.004
0.013
0.006

7 Days
BA 17 (R)
Fusiform(R)
BA 18&19 (L)
Sup Temporal Gyrus(R)
Caudate (R)
ACC
Precuneus (L)
7 Days > NV
DL-PFC(L)
Angular Gyrus(L)
Mid Frontal Gyrus (R)
Sub-Gyral

Table 4.13: Statistics of Sinusoidal SP > Random SP.

This random smooth pursuit task is to track the unpredictable motion of the visual target
in a horizontal line. Therefore, the "S_Pur > R_Pur" contrast is the main focus of the BOLD
signal examination. Surprisingly, the random tracking induced lower BOLD signal than the sine
wave pursuit. The activated areas include left FEF (t=3.75, p=0.03) and left DL-PFC (t=4.02,
p=0.01) in the NV group average map. The brain map of day 7scan had more activated area in
right BA 18/19 (t=4.17, p=0.01), parietal lobe (t=3.88, p=0.03) and left precentral gyrus(t=4.05,
p=0.02). The activation pattern of the follow up 30-day session has less neural activation. The
activation of the left precentral areas near FEF (t=4.22, p=0.00) and bilateral insula (t=4.07,
p=0.01) was present during the task.
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NV

Concussion

7 Days

30 Days

Figure 4.12: Activation maps of Sinusoidal SP > Random SP in 7 Days and 30 Days phases (p<0.05,
k>10).

4.2.6 Percent BOLD Signal Change
The activation of the left FEF was examined by percent BOLD signal change during the
task under study. The posterior FEF controls smooth pursuits, so it is normal to have negative
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percent signal changes for the 3 smooth pursuit conditions. The tasks which have significant
effect of group were shown in the following figure.

Figure 4.13 Percent BOLD signal change of the left FEF of 4 conditions. These 4 conditions all have
significant altered signal intensities between NV and concussion scan 1 (p<0.05), also significant drop between
concussion scan and the follow-up.

First, the 7 Days scan revealed the greater BOLD signals compare to NV in reflexive
saccades and all three smooth pursuit tasks (p<0.05). Second, the differences between postconcussion scan (7 days post-injury) and the follow-up scan (30 days post-injury) reached
statistical significance (p<0.05). Third, the concussion follow-up signals returned to a magnitude
similar to NV's in reflexive saccades and sinusoidal pursuit, but did not recover to the similar
level in the more demanding tasks: circular and random pursuits. Overall, the recruitment of this
ventral FEF area was surely disrupted by a concussive blow. Another point to be noted is that the
concussion group has larger standard deviations of the % signal change even at day 30 post
injury.
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In sum, the fMRI results are capable of tracking the evolution of the recovery from
concussion. For easier tasks, the contrast '30 Days > NV' almost meets the null hypothesis,
indicating the recovery of oculomotor network around 30 days post injury. But findings of
antisaccades and self-paced saccades tasks overall remained the same for test sessions. Therefore,
these two tasks are more sensitive in detecting residual deficits in oculomotor behavioral after
concussion. The alteration of BOLD signal was most pronounced at left FET areas around 7 days
post-injury.

4.3 Deactivation of DMN during Memory-Guided Saccades
The average correlation coefficients within DMN were plotted into colored matrix to
present the brain connectivity architecture. The threshold for the valid connection was set at
correlation coefficient r > 0.5. Thus, any elements with color warmer than green in the matrices
are considered as valid connections.
In the NV group, the within DMN connectivity is weak (r ≤ 0.5) during the memoryguided saccades, which is a sign of the deactivation of DMN. The DMN connectivity matrices
from concussed subjects exhibit correlation coefficients greater than 0.6 in most of the
connections. Therefore, the concussion group failed to deactivate DMN induced by memoryguided saccades. Due to large standard deviations, the two-sample t-test comparing each
connection between groups showed no significant difference except the MPFC-LLP connection
(t=2.8, p=0.04).
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NV, 9 subjects
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0.7
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0.2
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Concussion, 9 subject at day 7 post-injury
Figure 4.14: DMN connectivity of the 1st scan (9 subjects).
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The results shown in the following figure were generated from 7 concussed subjects with
follow-up scans and their matching NV's. There are two major points of interest: 1) Compared to
the NV's, concussion group showed stronger connectivity within DMN during the memoryguided saccade task; and 2) the DMN connectivity during task decreased in the concussion group
at day 30, which may indicate the recovery from disrupted functional connectivity.
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A. NV, first scan
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B. NV, follow-up scan
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C. Concussion group, 7 days.
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D. Concussion, 30 days
Figure 4.15: Within-DMN Connectivity of Memory Guided Saccades (7 subjects).

4.4 Graph Theory Analysis
The results of graph theory analysis are shown in table 4.12. The measures were
calculated from each subject's whole brain 127-ROI network and averaged across the subjects.
The standard deviations are relatively small compared to the mean values. Therefore, the stability
of those measures are acceptable.
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Global
Efficiency
Mean 0.547
NV
SD
0.023
Mean 0.530
7 days
SD
0.025
Concussion
Mean 0.537
30 days
SD
0.044

Local
Efficiency
0.637
0.049
0.615
0.050
0.645
0.090

Cost
0.141
0.013
0.140
0.022
0.152
0.039

Average
Path Length
2.031
0.062
2.102
0.108
2.087
0.394

Clustering
Coefficient
0.378
0.028
0.368
0.035
0.411
0.058

Table 4.14: Graph theory measures of the whole brain functional networks.

According to the ANOVA results, there was a non-significant trend that concussed
subjects have lower efficiencies, longer average path and lower clustering coefficient compared
to normal controls in sub-acute phase of injury. Significant session effect (p<0.05) was labeled by
bold font. The major findings can be summarized into the following statements:
1) Concussed subjects have a non-significant trend of less network efficiency and smallworldness at acute phase. This measure returned back to a similar or higher level at 30 days post
injury.
2) The average clustering coefficient from concussion group increased and was
comparable to NV's at the follow-up scan.
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Chapter 5
Discussion

For the first time in concussion research, functional images were acquired during
oculomotor tasks. We characterized BOLD activation patterns associated with multiple
oculomotor tasks during the acute and the subacute stages of concussion. Once again, stronger
and additional activated areas as the sign of compensatory recruitment were confirmed. The
DMN deactivation analysis was barely used in concussion study but showed unexpected
sensitivity. Finally, we made an attempt to explain the impaired eye movements with the graph
theory perspective. This study provides new insight into the oculomotor deficits caused by
concussion and takes one step closer to developing a reliable, specific and highly sensitive
assessment tool for concussion.

The experiment design implemented seven neurologically validated oculomotor tasks that
combined eye movement with inhibition, working memory, and motor initiation. In order to
track the recovery, follow-up scans within 30 days post-injury were performed in addition to the
first scans during the acute phase of injury. Our major findings showed that the most sensitive
behavioral differences come from anti-saccades and self-paced saccades tasks. Furthermore, the
neuroimaging results support our major hypothesis that concussion induces higher and broader
brain activations to compensate behavioral output. The analysis of DMN during memory-guided
saccades demonstrated the failure of DMN deactivation in the concussion group within the subacute stage of injury. In addition, the whole brain network showed slight fluctuation in efficiency

74
and small-worldness due to injury. These results will be discussed with respect to existing
literature in the following sections.

5.1 Behavioral Results
Generally, the behavioral results of this study are consistent with the existing clinical
literature that some deficits are persistent at 30 days post concussion. However, oculomotor
functions are very underappreciated in current concussion management guidelines. Our findings
show that concussed patients have slower latencies, lower accuracy and higher error rate in
antisaccades and memory-guided saccades tasks at the acute and the subacute stages of
concussion. The numbers of self-paced saccades within 30 seconds from the concussion group
was less than those from the control group. Our results also showed that latencies, error rates,
primary saccade gain and position errors of antisaccades and the number of self-paced saccades
had significant difference between the two scans within the concussion group. Based on these
results, we propose that oculomotor performance, especially antisaccades and self-paced saccades
can be used as sensitive test tools for the assessment of concussion, even in the subacute stage.
On the other hand, it is also suggested that the current 7 to 10-day return-to-sports guideline may
be premature, considering the concussed athletes still have poor eye movement control at least 30
days post-injury.

As mentioned in chapter 2.2, the ENG test contains oculomotor evaluation, which serves
as a neurological screening test for cerebellar disorders. Without contaminating effects such as
patient cooperation, visual acuity or drug influence, saccadic abnormalities at a certain level are
suggestive of central nervous system pathology (Tilikete and Pelisson, 2008). The results from
the patient group did not reach that diagnostic level of lesions or severe disorders; they
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nevertheless differed from healthy controls' average values in particular tasks. Therefore, the
observed under-performance reflects the residual neurological disturbance by the injury. The
oculomotor network consists of the FEF, SEF, PEF, MT/V5, cerebellum and midbrain(Lynch and
Tian, 2006) so that it is a whole-brain scale network that may be interfered easily by partial
injury(Capo-Aponte et al., 2012). The deeper reasons for those deficits were briefly discussed by
the neuroimaging part of this study (chapter 5.2).

Our behavioral results are consistent with the majority of current literature including
Heitger et al. (2004), who have studied oculomotor deficits in mild closed head injury (mCHI)
subjects. Their definition of mCHI is within the range of the current consensus of sports-related
concussion, but leaning to the severe end (McCrory et al., 2009). Their major findings are as
follows: (1) mCHI patients showed more directional errors, larger positional errors and
hypermetria in final position during memory-guided saccades (Heitger et al., 2002); (2) mCHI
impairs volitional saccades, but does not impair visually-guided (reflexive) saccades, since
reflexive saccades are more subcortically controlled (Heitger et al., 2005); (3) oculomotor deficits
can be detected even one year after injury (Heitger et al., 2006); and (4) oculomotor function may
be of value in predicting the development of post-concussion syndrome (Heitger et al., 2009).
Conclusions 1 and 2 match the findings obtained in this study, but 3 and 4 are longitudinal
findings that cannot be verified by our experiment design. The results from another study are also
consistent with our findings, indicating the significant longer saccadic reaction time when the
temporal gap between saccades was short in concussed subjects from two days to one week post
injury (Drew et al., 2007).

On the other hand, two relevant studies by Kraus et al. (2007, 2010) using chronic mild
TBI patients reported no residual deficits during reflexive saccades, although moderate and
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severe TBI patients had longer latencies and reduced accuracy. They also found that concussed
patients showed impaired performance primarily in antisaccades (Kraus et al., 2007). The results
are consistent with our findings that reflexive saccades did not have a significant group effect,
and that antisaccades were more sensitive to concussion. On the contrary, Crevits et al. tested
antisaccades and memory-guided saccades using infrared-oculography within 24 hours postinjury and found no statistical difference in performance compared with normal controls (Crevits
et al., 2000). The possible reasons why the results are inconsistent with ours are (a) different
subjects’ population and (b) problems with statistical analysis. The subjects in Crevits study
showed normal clinical neurological examination within 24 hours after the trauma and were 26.9
± 11.8 years old, whereas our patients were collegiate athletes aged 19.6 ± 1.6 years old. In
addition, Crevits et al. used the Kruskal-Wallis test and found significant group effect in the
latency of remembered saccades and the error rate of antisaccades, but the post-hoc MannWhitney U test found no significant difference, which is self-contradictory. The inconsistency
may also be due to the problems with eye-tracking technology, timing methods, and subject
inclusion criteria. It will be beneficial to establish a standard protocol administering the
oculomotor tests.

Although oculomotor studies in the concussed population provided controversial findings,
studies in other neurological disorders showed consistent results of poor oculomotor performance.
Reduction in memory-guided saccadic performance was also seen in the research of ADHD
(Landgraf et al., 2008, Mahone et al., 2009, White et al., 2013a) and schizophrenia (Landgraf et
al., 2008). Fewer and/or slower self-paced saccades were also observed in aging (Abel and
Douglas, 2007), Parkinson's disease (Winograd-Gurvich et al., 2006), schizophrenia (Matsui and
Kurachi, 1995) and Niemann-Pick disease type C (Abel et al., 2012). Alterations of smooth
pursuit eye movements were reported in anxiety, schizotypy (Smyrnis et al., 2007) and
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autism(Takarae et al., 2004). Recent advancement in genetic medicine even linked deficient
antisaccades and smooth pursuit eye movements with a neuregulin 1 genotype which is a leading
candidate gene of schizophrenia (Schmechtig et al., 2010). It should be noted that oculomotor
functions can be observed from mild to devastating disorders. All of the above findings
emphasize the applicability and sensitivity of oculomotor tests in neuropathology. Therefore,
more attention to oculomotor deficits is beneficial to concussion research.

More importantly, oculomotor evaluation is a blind spot in the clinical management of
sport-related concussion. Currently, the most popular assessment tool is the Sport Concussion
Assessment Tool 3 (SCAT3), which was adopted by multiple international sport associations. But
concussed patients will only listen to the instructions and speak out the responses for cognitive
assessment. It should be noted that neither direct oculomotor examination nor tests based on
reading were included in SCAT3. Other common assessment tools are neuropsychological tests
and their computerized subsets such as ImPACT (http://www.impacttest.com/). However, eye
movement is still neglected, although reading is involved in NP tests. The objectivity, reliability,
and sensitivity of NP tests were still questionable (Randolph et al., 2005). With both SCAT3 and
ImPACT adopted by most colleges and high schools, 7 to10-day post-injury is a recognized
estimation of return-to-play time. The oculomotor test without imaging data is sufficient to show
evident residual deficits longer than NP tests do. So sensitivity is the main strength of oculomotor
tests, while their reliability and validity need more work to investigate. In brief, oculomotor
evaluation fills a gap in concussion assessment and raises the objectivity greatly.
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5.2 fMRI Discussion
Our fMRI data are in line with behavioral results and support our major hypothesis that
concussed patients have stronger and broader hyperactivation in BOLD maps than healthy
controls when performing oculomotor tasks. These findings add to the evidence of neurological
disruption behind the behavioral deficits. In our previous fMRI study of working memory, we
demonstrated widespread increased BOLD activation and the ability of the concussed patients to
successfully complete the navigation task within 30 days post-injury (Slobounov et al., 2010).
Although similar compensatory recruitment was observed in oculomotor tests, antisaccades and
self-paced saccades still showed poor performance in both acute and subacute scans. A bold
guess is that the extra brain resource could not fully compensate the functional loss in those tasks,
but slowed down the processing speed of the oculomotor network, especially when inhibition and
fast motor initiation were involved. In addition, none of the subjects reported ocular muscle injury
or other secondary injury that could affect oculomotor performance. Therefore, it can be
extrapolated that the patients had residual neurological impairment at 30 days post injury. The
conventional 7 to10-day return-to-play guideline is once again challenged by evidence from
functional neuroimaging.

5.2.1 Reflexive Saccades
In this study, behavioral alteration was not observed in reflexive saccades, but fMRI
pattern difference was detected within seven days post-injury. Common areas involved into
reflexive saccades include the FEF, SEF, PEF and visual cortex; and concussion patients had
additional activation in the insula cortex and DL-PFC in the acute stage. According to multiple
articles, FEF, SEF, intraparietal sulcus (PEF) and precuneus are the cortical areas associated with
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both saccades and smooth pursuits (Lee et al., 1996, Berman et al., 1999, Miller et al., 2005). It is
not just a coincidence that both behavioral and fMRI results of the subacute phase were nearly the
same as those of the NV group. This also induced a possibility that fMRI patterns changing back
to a level similar to the NV template could be a sign of recovery.

Between the two additional activated areas, the insular cortex is implicated in a wide
range of functions including perception, motor control, self-awareness, cognitive functioning, and
interpersonal experience(Menon and Uddin, 2010). A PET study did not find insula activation in
reflexive saccades, but it did in remembered saccades (Anderson et al., 1994). It is reported that
posterior insula activation in addition to typical saccade-related eye fields during a gazecontingent shift task (Blurton et al., 2012). Therefore, the insula involves into saccadic tasks with
higher difficulty. Moreover, insula is associated with motor recovery from stroke(Frackowiak et
al., 1991). The fact that insula was activated additionally in the concussion group is probably the
result of the impaired oculomotor network, so compensatory mechanism recruited additional
brain resources related to motor control in order to keep the behavioral performance optimal.

The other additional activated area, the DLPFC is recognized as a high level command
center of complex motor planning and learning(Mars and Grol, 2007). After summarizing the
literature investigating DLPFC and oculomotor control, it was deduced that DLPFC plays a major
role in the decisional processes governing oculomotor behavior (Pierrot-Deseilligny et al., 2005).
Our previous study of spatial navigation of concussion patients also demonstrated additional
activation in DLPFC compared with healthy controls during spatial encoding (Slobounov et al.,
2010). The additional recruitment of DLPFC in this study is consistent with the previous findings,
and indicated higher volitional effort for the concussed patients.
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5.2.2 Antisaccades
In the NV group, the antisaccades > reflexive saccades contrast showed activation in the
right FEF and the right primary motor area, which are common findings from other literature
(Ford et al., 2005, Sweeney et al., 2007). Additional areas the cerebellum, V5/MT, and BA18
were confirmed by acute > NV comparison, and V5/MT and BA18 were hyperactivated in
subacute > NV contrast. In other words, acute concussion patients had these three regions more
activated than NV did, where V5/MT and BA18 were still hyperactivated in the subacute phase.
This novel finding supports the neuroimaging evidence that a concussed brain is still abnormal
after clinically assessed as asymptomatic. Besides the TBI research, antisaccade is considered a
test of inhibitory control, and its performance is strongly correlated with neuropsychological tests
of executive function in multiple diseases, including schizophrenia (Lee and Williams, 2000,
Hutton et al., 2004), Alzheimer's disease (Kaufman et al., 2010) and frontotemporal degeneration
(Boxer et al., 2012). The observation in the present study uncovered the neural substrates of the
impaired saccadic control and provided superior sensitivity over conventional methods.

Pieces of literature about antisaccades in both healthy and neurological populations are
compared with our study. In the healthy population, one article studied antisaccades with prestimulus visual cue in 10 human subjects about 28 years old, and found positive results of
antisaccades > reflexive saccades contrast in the late preparatory period but not in the stimulusresponse period (Ford et al., 2005). Possible reasons why their results are not consistent with our
NV group result are that the time intervals in our stimulus presentation were random without
preparatory hint and that they used Bonferroni correction, which is more conservative than FDR
correction we used. Another study reported broad activation in the bilateral FEF, ACC, bilateral
IPS, precuneus, bilateral central sulcus and the left caudate for the randomized antisaccades >
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prosaccades contrast in 10 healthy volunteers (Brown et al., 2006). The inconsistency may result
from their statistical inference at p < 0.01 uncorrected with a cluster size threshold larger than
1,096 cubic millimeters.

Besides the literature about the healthy neural process associated with antisaccades, a few
articles discussed the imaging results of antisaccades in schizophrenia and aging. Delayed and
prolonged hemodynamic responses for antisaccades in schizophrenia suggest that the functions
necessary for the successful antisaccades performance take longer to implement and are more
persistent (Dyckman et al., 2011). Damage to regions of the frontal cortex dramatically increases
error rates (Walker et al., 1998). Those frontal areas related to reflex inhibition were not observed
in our control and patient groups, although the error rates had a strong group effect. One possible
explanation is that the injury impedes the cooperation between inhibitory control and oculomotor
networks. Another point is that the impairment from concussion is not as disturbing as
schizophrenia and the CT-visible lesions.

The brain areas of the greatest interest are the hyperactivated areas revealed by statistical
contrasts. First, the cerebellum, while once and is still considered the region involved in motor
control and coordination, is increasingly becoming associated with a range of neuropsychological
and neuropsychiatric presentations, including visuospatial functioning, learning and memory,
executive functioning and so on (Theriault et al., 2011). A recent hypothesis is that cerebellum
activation represents the need to optimize the movements (Reeber et al., 2013). Hence, the higher
involvement of cerebellum in the concussion group means a higher effort for the patients to
perform well. Second, the hyperactivation of visual cortices from V2 to V5/MT reflects that the
brain works harder to process the illustration and directional selectivity (Bartels et al., 2008). One
popular explanation of higher and broader BOLD activation is the hypothesis of compensatory
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mechanism. This hypothesis was originally tested by the fact that functional recovery after
surgical resection of certain brain areas was reported to be within months (Duffau et al., 2003). Its
validity in TBI cases is also supported by the reported increase in BOLD activation and resting
connectivity during the recovery from severe TBI (Kohl et al., 2009, Hillary et al., 2011) and
mild TBI (Slobounov et al., 2010, Johnson et al., 2012). It can be assumed that the
aforementioned three additional regions should be the latent resource for the brain to accomplish
demanding tasks.

Considering the significant decrease in the behavioral performance and activation pattern
change in the brain together, it can be deduced that inhibition and executive control are impaired
by concussion even at 30 days post-injury, despite the attempt of the brain to implement a
strategy to get desired outcome of the task goal. Without an effective inhibitory control, athletes
could be easily fooled by faint moves and make wrong decisions, which may lead to secondary
injury. Athletes may be asymptomatic according to the current assessment standard, but the
compromised functional networks still leave them vulnerable injuries targets. The combined
fMRI and behavioral test of antisaccades can serve as a better standard for returning the players to
the fields.

5.2.3 Memory-Guided Saccades
Lesion and neuroimaging studies in healthy population showed that the left DL-PFC and
the ACC are activated besides the ocular areas during memory-guided saccades(PierrotDeseilligny et al., 1993, Ozyurt et al., 2006). But we did not observe the hyperactivation in ACC
or DL-PFC in either encoding > fixation or retrieval > fixation. The encoding > retrieval contrast
showed hyperactivation in cerebellum and hippocampus in the acute group compared to the NV

83
group. No obvious trend was found in contrasts between the NV and the subacute groups. The
fMRI results were not fully correlated with the behavioral performance, which may be due to the
lack of statistical power. Although memory-guided saccades had the longest duration in the trial,
the number of saccades was less than those of other saccadic tasks.

Nevertheless, there is no similar TBI study examining the BOLD patterns of memoryguided saccades, probably because of the difficulty to implement eye tracking and fMRI together.
Only a series of neurological studies attempted a memory-guided saccades task in fMRI for the
offspring of schizophrenic parents. Decreased BOLD activation in the DLPFC and the inferior
parietal cortex and abnormal behavioral performance were observed in subjects at genetic risk for
schizophrenia compared with healthy controls (Keshavan et al., 2002). The findings indicate the
alteration of brain activation in other neurological populations during memory-guided saccades,
although no topological similarity in BOLD patterns was seen between the previous and the
present findings.
Cerebellar vermis activation was reported in memory-guided saccades (Nitschke et al.,
2004). The hippocampus plays an important role in spatial memory encoding (Toepper et al.,
2010). The hyperactivation in the cerebellum and the hippocampus for acute concussed patients
observed in this study reflects a higher effort for the brain in the working memory and
visuospatial control of saccades. These objective findings also suggest that the recovery of spatial
memory function takes substantially longer than seven days.

5.2.4 Self-Paced Saccades
Patients with concussion generated fewer self-paced saccades than controls, which is
consistent with Heitger et al. (2004). Under the scope of fMRI, a previous imaging study

84
demonstrated activation in bilateral FEF, left PEF and right cerebellum for self-paced voluntary
saccades > fixation contrast and found positive detections in the areas above for reflexive
saccades > self-paced saccades (Schraa-Tam et al., 2009). In our study, reflexive saccades also
have higher general activation than self-paced saccades in visual and saccadic areas. The selfpaced saccades > reflexive saccades contrast was targeted in this study and found stronger
activation in V5/MT, precuneus and cerebellum in acute patients compared with NV. The fMRI
pattern of the subacute phase was marginally the same as the NV pattern, which explained the
behavioral result of a significant recovery trend (p < 0.05), and 7 Days > 30 Days contrast
showed higher activation in cerebellum, precuneus, superior temporal gyrus, and postcentral
gyrus. To date, there is no similar fMRI study that can form a comparison with this study.

New findings are that multiple cerebral and cerebellar regions were recruited, but
concussion patients in the acute and the subacute phases still could not reach a high performance
level. The results indicate that the patients need longer time to initiate saccades than healthy
controls, although reserved brain resources were involved. It could reflect that deficits in motor
planning and initiation are still present around 30 days post-injury, which may also affect other
motor functions for concussed athletes. Though, behavioral result of self-pace saccades task was
sensitive even in the subacute phase (~30 days post-injury), the fMRI patterns then were very
similar to the NV template. So, the fMRI and behavioral results didn't correlate well. On the one
hand, fMRI can imply the reduction of functional efficiency by the injury within seven days. On
the other hand, because of some unknown reason, the brain might abandon additional recruitment
in the subacute phase with behavioral difficulty present. Although fMRI did not demonstrate
sensitivity in the subacute phase, a close check of self-paced saccades should be implemented
into the neuropsychological test before claiming symptom-free and return-to-play for concussed
athletes.
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5.2.5 Smooth Pursuits
Smooth pursuits demonstrated only marginally longer temporal lag during random
pursuit in patients with concussion, compared with the performance of NVs. Brain areas
associated with smooth pursuits include FEF, SEF, PEF, precuneus and V5/MT, an replication of
saccadic network (Tanabe et al., 2002, Kimmig et al., 2008), which is consistent with present
findings. Despite the visual and ocular areas, cerebellum and precuneus are more active in
sinusoidal than random smooth pursuit in the NV group. The concussion group has higher
activation in the left DLPFC, the left IPS and the middle frontal gyrus, where DLPFC may
indicate a higher need in spatial working memory and motor planning. Meanwhile, fMRI
comparison between saccadic tasks and smooth pursuits elicited a fact that saccadic tasks
required higher activation. The subregion of FEF was reported to be in charge of pursuits rather
than saccades (Petit et al., 1997), which can be used to explain why percent BOLD signal analysis
in FEF showed an opposite trend from saccadic and pursuit tasks. It is another evidence of
diverse functional projection within the FEF. The equipment constraints of the eye tracking range
and vertical precision limited our capability to study circular or vertical smooth pursuit in an
acceptable precision. To date, there is no literature about the brain imaging of random smooth
pursuit. The comparison between sinusoidal and random smooth pursuit may indicate that
predictable smooth pursuit demands more brain resource than passive tracking. Overall, the
smooth pursuit function is so fundamental that it is resilient to concussion.
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5.3 Functional Connectivity and Graph Theory

5.3.1 DMN Deactivation
The DMN failed to fully disengage during the memory-guided saccades task in the acute
scan. In the follow-up scan, the within DMN connectivity is still higher than that of the healthy
template, but lower than that of the acute scan, indicating the recovery of DMN modulation.
These findings are consistent with a recent study that found that mTBI patients failed to exhibit
task-induced deactivation of DMN with high visual attention load during the semi-acute stage
(mean days post-injury = 11.90 ±5.42) of concussion (Mayer et al., 2012). Again, these imaging
studies showed evidence that some cognitive functions were still compromised after the average 7
to 10-day return-to-play period. Its potential as a biomarker and an objective marker of treatment
response is genuine but still to be realized.
The task-induced deactivation is the definitive feature of DMN. The failure of DMN
deactivation has been documented in many other disorders, including multiple sclerosis (Petsas et
al., 2013), dementia (Hafkemeijer et al., 2012), early psychosis (Fryer et al., 2013) and autism
(Spencer et al., 2012). A recent review pointed out that the lack of DMN suppression was
reported in schizophrenia and depression, and hypothesized that successful DMN suppression
enhances cognitive functions by reducing goal-irrelevant functions supported by the DMN
(Anticevic et al., 2012). It is also documented that successful DMN deactivation is correlated to
good working memory task performance in a recent EEG study (White et al., 2013b) and two
fMRI studies (Anticevic et al., 2010, Chai et al., 2014). Thus, it can be summarized that the
greater task-induced DMN deactivation is, the better the cognitive performance and mental health
are. Our findings add the oculomotor aspect and concussion to this line of research. The
mechanism of this relationship is still unknown. Our postulation is that concussion impaired the
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network switching modulation. The brain networks can be conceptualized as a complex
dynamical system where the healthy state of each network is allocated with all the necessary
resources (Anticevic et al., 2012). If unconstrained during certain goal-oriented processes, DMN
signals could interfere with task-related functions, which may be exacerbated in neuropsychiatric
conditions presenting with functional impairment.

5.3.2 Graph Theory
In this study, the graph theory analysis found a significant increase in clustering
coefficient within the concussion group from the acute to the subacute phase and non-significant
trends of reduced clustering coefficient and efficiency of the concussion group in the acute phase.
A higher clustering coefficient indicates higher "small-worldness", which is considered a healthy
property of brain network(Yu et al., 2008). Although existing literature is limited, the departure
from small-world-like network during the subacute phase of concussion was documented by two
EEG studies (Cao and Slobounov, 2010, Tsirka et al., 2011). In addition, severe TBI studies
showed the increasing small-worldness months post-injury (Nakamura et al., 2009, Pandit et al.,
2013). These studies support the recovering small-worldness trend found in the present study.

As of today, there are only two more articles about graph theory and TBI. One of them
focused on the intrinsic functional network of the thalamus and found significant differences
between groups for clustering coefficient, efficiency, density, degrees and characteristic path
length in the right thalamus only (Nathan et al., 2012). The other study scanned mTBI patients
with or without post-concussion syndrome (PCS) in the subacute (8-21 days) and late (6 month)
phases. Their results showed only one significant difference in modularity between the PCS and
the non-PCS groups (Messe et al., 2013). The first article studied the regional network within
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thalamus, so it has no cross-point with the present study, whereas the second one did a very
similar whole-brain analysis. Many reasons may contribute to the difference between their
findings and ours. The most important factor is the construction of networks. Messéet al. also
used AAL to segment the brain regions, but their threshold for effective connection is determined
by a t-test of all the connections (p < 0.05 FDR corrected). Instead, this study and many similar
graph theory studies used a correlation coefficient greater than 0.4 - 0.7 as the standard for valid
connection to avoid the overkill of connectivity. This difference in thresholding is but one
example of the current problem faced by graph theory analysis in neuroscience. Without a
standardized procedure to construct networks, it is almost impossible to compare the results of
different studies. Moreover, new methods to compute connectivity is emerging, when there is still
no consensus on the old method. Another factor of the inconsistency should be the task difference.
As a dynamic system, the brain enters various states of networks when engaged into different
tasks. That state change definitely alters the observation of fcMRI. Thus, studies with a different
experiment design is almost not comparable, despite the abstract deductions.

In brief, graph theory analysis showed high potential as the biomarker, since most of the
existing studies agree that mTBI affects the small-worldness of the brain. In the future, standard
approaches for network construction in brain research should be established for more scientific
applications of graph theory.

5.4 Limitation and Future Direction
First of all, the limited number of concussed patients confined the statistical power of our
results. Although we made attempts to recruit only freshly concussed subjects, two of the patients
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were reported to have multiple concussions history. This could contribute to the variation of the
results. Second, intense eye movements can cause physical and mental fatigue rapidly, which
limited the number of repetitions and duration of the scan. Third, gaze positional data were not as
reliable as previous studies, because the MRI-compatible eye tracker has compromised resolution
compared with average desktop models. In brief, subject recruitment and hardware are the two
major concerns in further development for this project.
According to the findings, future research should focus on the three more sensitive tasks
and expand to a larger population from subconcussive suspects to chronic TBI patients.
Longitudinal study should be done to track the evolution of recovery and the corresponding
neural circuits in the chronic stage. Thus, the question whether this combined test can serve as
biomarker or predict the outcomes of concussion will be answered. Another interesting point is
that many cognitive and balance tests, to some extent, rely on oculomotor functions to perform
well. So the relationship between oculomotor performance and those assessment battery scores is
worth exploring. Furthermore, functional connectivity has shown promising potential in detecting
subtle changes on both local and global levels. Multi-modal advanced imaging will lead to an
objective and comprehensive understanding of the oculomotor circuit in the long run.
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Chapter 6
Conclusion
Before this neuroimaging study, concussion researchers had to postulate neural pathology
of oculomotor deficits from circumstantial evidence. So, bold and inconsistent hypotheses were
made from the limited number of studies. This controversy cannot be terminated by this study
solely, but we managed to gain better understanding by imaging the impaired oculomotor
network up to 30 days post concussion. The findings formed a detailed documentation of the
neural substrates of abnormal oculomotor behaviors during seven tasks that covered most of the
aspects of eye movements. Besides conventional fMRI, functional connectivity analysis revealed
the inability of concussed patients to deactivate DMN when engaging in a task. The graph theory
calculations demonstrated that topological structure of the whole-brain functional network can be
impaired by concussion, although the injury is random and minor.

In summary, the oculomotor test is fast and capable of reflecting the integrity of the brain.
It helps eliminate subjective symptoms falsification and proves to be sensitive in the subacute
phase, compared with current neuropsychological testing. Although a series of future longitudinal
experiments is yet to be launched, in order to generate reliable meta-data templates for healthy
baseline, the deviation of the neural and behavioral measures from the healthy template showed
promising potential for the clinical management of concussion. More specifically, the results of
the antisaccades and the self-paced saccades tasks might be used as more precise return-to-play
indicators. A simple eye tracker test can also be used for sideline diagnosis. Therefore, with the
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development of eye-tracking and neuroimaging devices, the oculomotor tests can provide more
sensitive and objective protocols for concussion assessment.
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Appendix

Gaze Analysis Method

Viewpoint eye tracker exports the gaze time-series in ASCII-text format. During the scan,
the randomized stimuli were recorded as time stamps and visual target positions in one file per
task. The combination of the two sets of files provides the foundation for behavioral analysis. The
following section is a step-by-step description of the procedure.

1. A MATLAB script 'VPLoader.m' is used to load a set of gaze data.
Type "VPLoader" in the MATLAB command window. Select the Viewpoint raw output
file in the "Open raw data" dialogue.

Figure A1: Open raw data dialogue of VPLoader.m
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The gaze data will be saved into a "***_export.mat" file in the same folder as the raw
data. Load that file by double click it in the working directory.

2. Find the stimuli file and import it from the right-click menu.

Figure A2: Import stimuli data in MATLAB

Import the last set of the stimuli data by choosing the correct "Number of text header
lines". Finish the import wizard.
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Figure A3: Import wizard of stimuli data

Rename the variable "data" into "stimdata" to label it.

3. Type "gazeplot(gazedata, stimdata)" in command window will plot both the stimuli
and response in a same chart for an overlook. Whether the data acquired can be used or not can be
determined here. One may manually adjust the time stamps, if there is discrepancy in the time
synchronization.

4. Export the sequence of saccades and positions using the "DataAnalysis.exe"
application in the Viewpoint package. First select proper thresholds in the "Signal" tab to detect
saccades according to the timeplots of gaze positions. Since high gaze shifting speed indicates
saccades, red color in the velocity-time plot reflects the supra-threshold detection of saccades (Fig.
28). One should check the whole time span of the data to choose the accurate thresholds. Second,
select "Dump Events" from the "Data" menu. Save the saccadic events in a text file. Refer to the
manual provided by Arrington Research Inc. for more detail.
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Figure A4: Data analysis module of ViewPoint

It should be noted that 'S' marker in the event list means the start of the fMRI scanning.
Time synchronization with stimuli data should start with the 5 seconds after the 'S' time point
because there were 2 TR's dumped by the MRI scanner.

5. Compare the dumped event list with the stimuli data to check the latency time and
positional error by importing both data sets into Excel. Apply subtraction formula between
columns to get those results. The horizontal view angle of the goggles is 30°, so that 1°
corresponds to 1/30 of the normalized position readings (0~1 for the whole width).

Because the gaze signals are noisy and jumpy, each step should be well examined. Do not
rely on automated algorithms.
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MATLAB Scripts
1. VPLoader.m:
function [info, gazedata] = VPLoader()
%% Load pure gaze coordintaes data from a ViewPoint output file
%% (c) 2012 Kai Zhang, Penn State University, U.S.
disp('Please select the data file.')
[filename, pathname, filterindex] = uigetfile(｛'*.txt','Text File'}...
, 'Open raw data');
%% Determine where the start marker is and load data
%uiimport(strcat(pathname,filename));
fullfilename=strcat(pathname,filename);
All_data=importdata(fullfilename,'\t',30);
temp=length(All_data.data);
n_initiallines=temp+30
All_data=importdata(fullfilename,'\t',n_initiallines);
%% Delete useless columns. Time, Time Diff (ms), X, Y are the 4 columns.
gazedata=All_data.data(:,2:5);
gazedata(:,1)=gazedata(:,1)-gazedata(1,1); % Correct the time.
%disp(gazedata(1:5,:))
timepoints=length(gazedata);
%% Optional band pass filter to denoise the signals.
%d =
fdesign.bandpass('Fst1,Fp1,Fp2,Fst2,Ast1,Ap,Ast2',0.01,0.05,3,4,30,3,30
,60);
%Hd = design(d,'equiripple');
%gazedata(:,5:6) = filter(Hd,gazedata(:,3:4));
%gazedata(:,7:8)=[0,0];
info = strcat(num2str(timepoints), ' lines of data loaded
successfully.');
%strcat(fullfilename,'export.mat')
%% Save the gaze data into a file
save(strcat(fullfilename,'_export.mat'),'gazedata');
end
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2. gazeplot.m:

function gazeplot(gazedata,stimdata)
[x1,y1]=stairs(stimdata(:,1),stimdata(:,2)/800);
x2=gazedata(:,1);
y2=smooth(gazedata(:,3),5,'rlowess');
plot(x1,y1,x2,y2)
axis([0,30,0,1]);
end

3. Stimuli Presentation Script: A_Saccades.m

function A_Saccade
%

Initializing

doublebuffer=1;
screens=Screen('Screens');
screenNumber=max(screens);
[win, rect] = Screen('OpenWindow',screenNumber , 0,[0 0 800 600],
32);
center = [0 0];
black = BlackIndex(win);
white = WhiteIndex(win);
Priority(MaxPriority(win));
%
Parameter Setting
n_dot =15;
green=uint8([0 255 0]);
dot_r=0.75;
% in degrees
dotsize=800/30*dot_r;

%
%
%
%
%
%

%
Randomizing the positions and onset time
xy=zeros(n_dot,2);
xy(1:2:n_dot)=[400 400 400 400 400 400 400 400];
xy(2:2:n_dot)=[300 600 500 200 500 300 200];
for i=1:n_dot
temp=round(rand*4);
if temp==4
xy(i,1)=600;
elseif temp==3
xy(i,1)=500;
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%
%
%
%
%
%

elseif temp==2
xy(i,1)=300;
elseif temp<= 1
xy(i,1)=200;
end
end
% xy(1:n_dot,1)=(round(rand(n_dot,1)*6.5)+1)*100;
xy(1:n_dot,2)=300;
t_interval=rand(n_dot)*0.6 +1;
% Do initial flip...
vbl=Screen('Flip', win);
HideCursor
%while KbCheck; end % Wait until all keys are released.

%
while 1
%
% Check the state of the keyboard.
%
[ keyIsDown, seconds, keyCode ] = KbCheck;
%
%
% If the user is pressing a key, then display its code number
and name.
%
if keyIsDown
%
%
if keyCode(32)
%
break;
%
end
%
%
% If the user holds down a key, KbCheck will report
multiple events.
%
% To condense multiple 'keyDown' events into a single
event, we wait until all
%
% keys have been released.
%
while KbCheck; end
%
end
%
end
% Draw fixation spot to backbuffer:
winRect = Screen('Rect', win); slack = Screen('GetFlipInterval',
win)/2;
Screen('FillOval', win, green, CenterRect([0 0 20 20], winRect));
% Show fixation spot on next retrace, take onset timestamp:
t_onset = Screen('Flip', win);
%movie = Screen('CreateMovie', win, ['MyTestMovie.avi'], 800, 600,
60, ':CodecType=VideoCodec=x264enc speed-preset=5 bitrate=20000
profile=3');
for i=1:n_dot
% Draw prime stimulus image to backbuffer:
Screen('DrawDots', win, xy(i,:), dotsize, green, center, 1);
% Show prime exactly 500 msecs after onset of fixation spot:

99
t_onset = Screen('Flip', win, t_onset + t_interval(i) - slack);
%Screen('AddFrameToMovie', win, CenterRect([0 0 800 600],
Screen('Rect', screenNumber)), 'backBuffer');
% Check the state of the keyboard.
[ keyIsDown, seconds, keyCode ] = KbCheck;
% If the user is pressing a key, then display its code number
and name.
if keyIsDown
if keyCode(27)
break;
end
% If the user holds down a key, KbCheck will report
multiple events.
% To condense multiple 'keyDown' events into a single event,
we wait until all
% keys have been released.
%while KbCheck; end
end
end
%Screen('FinalizeMovie', movie);
t_onset
Priority(0);
ShowCursor
Screen('CloseAll');
end

4. Presentation Script: Sine_OSP.m

function sine_OSP
%
Initializing
doublebuffer=1;
screens=Screen('Screens');
screenNumber=max(screens);
[win, rect] = Screen('OpenWindow',screenNumber , 0,[0 0 800 600],
32);
Screen('BlendFunction', win, GL_SRC_ALPHA, GL_ONE_MINUS_SRC_ALPHA);
[center(1), center(2)] = RectCenter(rect);
fps=Screen('FrameRate',win);
% frames per second
ifi=Screen('GetFlipInterval', win);
if fps==0
fps=1/ifi;
end;
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%

% Make a new data file in Viewpoint
vpx_SendCommandString('dataFile_NewName “pilot02.txt”');
black = BlackIndex(win);
white = WhiteIndex(win);
Priority(MaxPriority(win));
%
Parameter Setting
green=uint8([0 255 0]);
dot_r=1;
% in degrees
dotsize=800/30*dot_r; %in pixels
t=0:1/60:10;
n_frame=length(t);

%
Set the sine wave motion
xy=zeros(n_frame,2);
xy(1:n_frame,1)=200* sin(2*pi*0.7*t);
xy(1:n_frame,2)=0 ;
t_interval=1/60;
% Do initial flip...
vbl=Screen('Flip', win);
HideCursor
while KbCheck; end % Wait until all keys are released.
while 1
% Check the state of the keyboard.
[ keyIsDown, seconds, keyCode ] = KbCheck;
% If the user is pressing a key, then display its code number
and name.
if keyIsDown
if keyCode(32)
break;
end
% If the user holds down a key, KbCheck will report
multiple events.
% To condense multiple 'keyDown' events into a single event,
we wait until all
% keys have been released.
while KbCheck; end
end
end
%

vpx_SendCommandString('dataFile_InsertMarker B');
% Draw fixation spot to backbuffer:
winRect = Screen('Rect', win); slack = Screen('GetFlipInterval',
win)/2;
Screen('FillOval', win, green, CenterRect([0 0 20 20], winRect));
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% Show fixation spot on next retrace, take onset timestamp:
t_onset = Screen('Flip', win);
time=zeros(n_frame);
movie = Screen('CreateMovie', win, ['MyTestMovie.avi'], 800, 600,
60, ':CodecType=VideoCodec=x264enc speed-preset=5 bitrate=20000
profile=3');
for i=1:n_frame
% Draw prime stimulus image to backbuffer:
Screen('DrawDots', win, xy(i,:), dotsize, green, center, 1);
Screen('DrawingFinished', win ); % Tell PTB that no further
drawing commands will follow before Screen('Flip')
t_onset = Screen('Flip', win);
time(i)=t_onset;
% Check the state of the keyboard.
[ keyIsDown, seconds, keyCode ] = KbCheck;
% If the user is pressing a key, then display its code number
and name.
if keyIsDown
if keyCode(27)
break;
end
% If the user holds down a key, KbCheck will report
multiple events.
% To condense multiple 'keyDown' events into a single event,
we wait until all
% keys have been released.
while KbCheck; end
end
end
%
vpx_SendCommandString('dataFile_InsertMarker E');
time
Priority(0);
ShowCursor
Screen('CloseAll');
end
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