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ABSTRACT 

Title of Dissertation: An Investigation of the Default Mode Interference Hypothesis in 

Mild Traumatic Brain Injury 

Chandler Sours, Doctor of Philosophy, 2014 

Dissertation Directed by: Rao P. Gullapalli, PhD, MBA 

        Professor, Diagnostic Radiology and Nuclear Medicine 

        Program in Neuroscience 

        University of Maryland, Baltimore 

 

Traumatic brain injury (TBI) is a leading cause of death and lifelong disability 

throughout developed nations, resulting in an emotional burden on the patients and a vast 

financial burden on the nation. While the majority of these cases are mild in nature, 

current clinical imaging often fails to perceive the extent of this subtle injury, making it 

difficult to predict which of these individuals will go on to suffer from persistent post 

concussive symptoms. Through the use of resting state functional MRI (fMRI), resting 

state cerebral perfusion, and task based fMRI, we test the hypothesis that the diffuse 

neuronal damage associated with mild TBI (mTBI) interrupts large-scale network 

function resulting in cognitive and neuropsychological symptoms.  The Default Mode 

Interference Hypothesis suggests that the interactions within and between the Default 

Mode Network (DMN), Task Positive Network (TPN), and Salience Network (SN) are 

associated with cognitive performance. Therefore, we focused our investigation upon 

these three networks.   



Using resting state fMRI on prospectively collected data, our results demonstrate 

reduced resting state functional connectivity (rs-FC) within the DMN and TPN, but 

increased rs-FC between the three networks across the acute, sub-acute, and chronic 

stages of injury. Furthermore, the alterations noted in rs-FC are exacerbated in mTBI 

patients with persistent symptoms and are associated with reduced cognitive 

performance. Through the use of resting state cerebral perfusion, our findings 

demonstrate an altered balance in network perfusion of the DMN and TPN that is more 

prominent in mTBI patients with greater symptom severity.  Finally, through the use of 

task based fMRI during the N-back working memory paradigm, we note that mTBI 

patients reveal reduced deactivation of regions of the DMN, over recruitment of regions 

of the TPN, as well as regions of novel recruitment.  Further, mTBI patients demonstrate 

reduced segregation between the DMN and TPN during the most cognitively demanding 

task.  

These findings provide strong evidence for the Default Mode Interference 

Hypothesis in mTBI. Through lending support that altered communication within these 

large-scale neural networks contributes to the persistence of post concussive symptoms, 

we provide a potential avenue for therapeutic intervention to mitigate post concussive 

symptoms. 
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I. GENERAL INTRODUCTION	  

Traumatic brain injury (TBI) is a leading cause of death and lifelong disability among 

children and young adults throughout developed nations, resulting in a large emotional 

burden on the patients and their family members as well as a vast financial burden on the 

nation. The financial cost of TBI including both direct and indirect costs amounts to $60 

billion each year (Finkelstein et al., 2006). The Centers for Disease Control and 

Prevention (CDC) estimates that each year 1.7 million Americans suffer a TBI, and 

275,000 of these individuals are hospitalized (Faul et al., 2010) 

I-A. Classification of TBI 

Head injury can be categorized through level of severity, level of consciousness, or 

mental status following head injury. The most common way to classify head injury is to 

use the Glasgow Coma Scale (GCS) to divide patients into mild, moderate, and severe 

TBI (Teasdale and Jennett, 1974). While the GCS is generally accepted because it is easy 

to use and more or less correlates with the Glasgow Outcome Scale (GOS) and the 

Disability Rating Scale (DRS), the heterogeneous nature of the injury results in wide 

variability in patient outcomes (Thornhill et al., 2000). The majority of TBI cases (75%) 

are diagnosed as mild injuries which is characterized by the GCS between 13 and 15 

(Centers for Disease Control and Prevention, 2003).  Recently mild TBI (mTBI) has been 

subdivided into civilian, sports related, and explosive blast categories, all of which have 

unique features (Magnuson et al., 2012). While we focus our investigation on civilian 

mTBI, the hopes are that our findings can be used to further the knowledge of mTBI of all 

categories. Although attempts have been made to predict functional outcomes following 

TBI, due to the heterogeneous nature of this injury, it has been difficult to arrive at a 
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consensus on the best way to manage TBI patients based on conventional imaging 

methods 

I-B. Neurovascular Unit 

TBI often involves blunt impacts that cause sudden acceleration-deceleration forces on 

the brain tissue. This leads to a combination of linear, rotational, and angular shearing 

injuries, especially at the boundaries of gray and white matter This results in diffuse 

axonal injury (DAI) caused by axonal stretching (Ommaya et al., 2002; Povlishock et al., 

1983). The initial focal damage to the tissue is referred to as the primary injury.  However, 

this damage can lead to myriad molecular events referred to as the secondary injury 

including edema, vascular dysregulation, ischemia, inflammation, disruption in plasma 

membrane and neurotransmitter release, mitochondrial dysfunction, production of reactive 

oxygen species, altered anaerobic metabolism and lactic acidosis.  Together, all of the 

above conditions often lead to necrotic or apoptotic cell death contributing to long-term 

cognitive impairment (Nemetz et al., 1999; Lye and Shores, 2000).  

I-C. Post Concussive Syndrome  

It is believed that a significant fraction (~40%) of mTBI patients will remain impaired 

for at least 3 months, and a substantial fraction of these patients will show deficits up to 

one year after injury leading to lost productivity and resultant socioeconomic 

consequences (Centers for Disease Control and Prevention, 2003; Alves et al., 1993; 

Bazarian et al., 1999). Post concussive symptoms include fatigue, deficits in attention, 

executive function and working memory, reduced information processing speed, 

headaches and chronic pain, sensory perception disorders, language, difficulty with 

socializing, depression, and anxiety (Chaumet et al., 2008; Makley et al., 2008; 
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Nampiaparampil, 2008; Immonen et al., 2009; Menzel, 2008; McAllister et al., 2006; 

McDowell et al., 1997; Miotto et al., 2010; Johansson et al., 2009; Hillary et al., 2010). 

Furthermore, these post concussive symptoms can be divided into three main classes; 

somatic, cognitive and neuropsychological (Dischinger et al., 2009).  

TBI patients who suffer from persistent symptoms are classified as having post 

concussive syndrome (PCS).  The International Classification of Disease tenth revision 

(ICD10) symptom criteria defines PCS as the presence (self-report rating > 0) of three of 

more of following symptoms: headaches, dizziness, changes in sleep, trouble 

concentrating, fatigue, memory problems, and irritability last longer than three months 

following injury (World Health Organization., 2010). Furthermore, a recent study 

suggested that at one year post injury, 82% of mTBI patients still reported suffering from 

one or more symptoms (McMahon et al., 2014). It is currently unclear based on 

conventional imaging at the acute stage as to whom among the injured mTBI patients will 

develop chronic PCS; therefore, prognosis remains a challenge for health care 

professionals. 

While the management of each of the symptom classes individually provides a 

challenge to clinicians, many patients experience a unique combination of symptoms 

making the creation of treatment plans exceedingly difficult. However, while the structural 

and functional damage produced by the trauma is diverse, it is plausible that the patients 

suffering form similar symptoms will share similarities in the location and extent of 

injury.  While we have a general interested in the association between functional network 

disruption and the development of post concussive symptoms, we are especially interested 

in the cognitive deficits associated with this functional disruption.  
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I-C1. Computerized Cognitive Assessments 

There has been a recent emphasis in clinical research to use computerized cognitive 

batteries to measure cognitive impairments in patient populations. Computerized cognitive 

assessments are more clinically feasible than traditional neuropsychological assessments 

because they can be administered and scored quickly by a trained examiner. In addition, 

computerized assessments have the advantage of being able to detect subtle changes in 

processing speed, which is a common cognitive deficit associated with TBI. However, 

while computerized cognitive assessments do have many advantages over traditional 

neuropsychological assessments, it is crucial to note that there are some drawbacks to 

these assessments. For example, there is greater variability in effort in performance of the 

test as well as the additional complication of advanced technology, which may be 

challenging to older participants. 

I-C2. Automated Neuropsychological Assessment Metrics (ANAM) 

One example of a computerized battery is the Automated Neuropsychological 

Assessment Metrics (ANAM) (Kane et al., 2007). There is strong concordance between 

the cognitive domains assessed with the ANAM and results of traditional 

neuropsychological assessments especially in the domains of processing speed, working 

memory, and attention (Kabat et al., 2001; Bleiberg et al., 1997).  

The ANAM has been effective in detecting cognitive deficits in multiple patient 

populations including multiples sclerosis (Pellicano et al., 2013), Alzheimer’s Disease 

(Levinson et al., 2005), and Parkison’s Disease (Hawkins et al., 2012). The concordance 

with traditional neuropsychological assessments and success in characterizing multiple 
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patient populations renders the ANAM well suited for studies assessing cognitive deficits 

associated with TBI. With respect to TBI, the ANAM has been most widely used with 

military populations (Ivins et al., 2009; Roebuck-Spencer et al., 2012; Vincent et al., 2012; 

Vincent et al., 2008) and with sports concussions (Brown et al., 2007; Gysland et al., 

2012) but rarely with civilian TBI.  However, based upon this previous research, we 

selected the ANAM to characterize the cognitive deficits and possible recovery of 

cognitive performance in a civilian mTBI population.  

I-D. Overview TBI and Imaging 

Currently, Computed tomography (CT) acts as the primary diagnostic tool used to 

classify patients who arrive at the hospital with TBI into those with a negative CT, those 

with focal injuries, and those who present with a diffuse pattern of parenchymal injury 

(Zimmerman, 1999; Cihangiroglu et al., 2002). While an initial admittance CT does 

provide immediate information to the patient’s clinical team, it should be noted that the 

clinical presentation often does not match the presence of abnormalities seen on CT. This 

is likely due to the fact the CT scanning often does not have the sensitivity to detect DAI.  

I-D1. Conventional Clinical MR Imaging 

A conventional MRI for trauma related injuries often consists of T1-weighted images 

to assess presence of focal injury, T2-weighted images to determine the extent of 

contusions and hemorrhages, FLAIR (fluid attenuated inversion recovery) images for 

parenchymal integrity, cortical surface lesion, brain stem and ventricular hemorrhage, a 

proton-density weighted image to assess white matter abnormalities, and a susceptibility-

weighted image (SWI) to asses the presence of micro-hemorrhages. In the past a T2*-

weighted image was used to localize micro-hemorrhages; however, in recent years it has 
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been replaced by SWI, a 3D technique, that is more sensitive to micro-hemorrhages 

resulting from DAI (Reichenbach et al., 1997; Haacke et al., 2004; Ashwal et al., 2006). 

For example, in a pediatric population of severe TBI patients, the extent of SWI lesions 

correlated with initial GCS, length of coma as well as neurologic impairments in memory 

and attention (Tong et al., 2004). Furthermore, the clinical utility of SWI in an mTBI 

population demonstrated a correlation between the aggregate SWI lesion volume and 

measures of clinical severity (Benson et al., 2012). Conventional MRI has proven superior 

to CT imaging for detection of DAI. Nevertheless conventional MRI can also fail to detect 

subtle DAI suggesting that additional research in the classification of trauma using 

neuroimaging is needed (Adams et al., 1991). 	  

In recent years several advanced imaging techniques have been introduced that can 

probe the microstructural and cerebrovascular changes that eventually lead to changes in 

cellular metabolism and changes in cortical and sub-cortical function.  It is our hope that 

these advanced techniques applied during the acute stage will eventually have prognostic 

ability in determining long-term outcomes.   

I-D2. Advanced Structural MR Imaging 

Following TBI, there is often an overall cerebral atrophy characterized by loss of 

cerebral volume and enlargement of ventricles. Structural imaging using high-resolution 

T1-weighted magnetization prepared-rapid acquisition gradient echo (T1-MPRAGE) 

sequence is used to assess the time course of these volume changes. Volume loss is most 

prominent in the chronic stages of injury and includes both cortical and sub-cortical 

regions (Warner et al., 2010a; Warner et al., 2010b). Regional volume loss has been 

shown to correlate with tests of neurocognitive functioning, including a positive 
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association of thalamic volume with processing speed, and hippocampal volume with 

memory and learning (Warner et al., 2010a). In addition, whole brain and regional 

volumes are predictive of long-term disability as measured by the extended Glasgow 

Outcome Scale (GOSE)  (Warner et al., 2010b) and are able to differentiate among levels 

of injury severity (Levine et al., 2008). However, while this cerebral atrophy is often 

visually apparent in severe TBI populations, it is often much more subtle in mTBI 

populations suggesting that more sensitive techniques to assess structural damage may 

provide additional information in mild populations. 

I-D3. Diffusion Tensor Imaging 

Diffusion tensor imaging (DTI) is used to assess changes in white matter structural 

integrity making it one of the leading ways to assess DAI.  DTI entails measuring water 

diffusion in at least six directions to obtain an appropriate representation of the orientation 

of an axon by measuring the preferred direction of water diffusion. Measurements such as 

mean diffusivity (MD), radial diffusivity (RD), apparent diffusion coefficient (ADC), and 

fractional anisotropy (FA) can be measured from such an acquisition.  Intact axons have 

high anisotropy while damaged axons have reduced anisotropy.  Alterations in diffusion 

parameters following TBI have been found both at the whole brain level and region 

specific level and have shown to improve prognostic models of severe TBI (Betz et al., 

2012). 	  

Based on evidence from the literature it is largely believed that axonal injury leads to 

decreased FA and increased MD, indicative of loss of axonal integrity. However, many 

groups have found increased fractional anisotropy (FA) and decreased MD or RD values 

in the acute stages of injury in various regions including the corpus callosum (Mayer et al., 
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2010; Bazarian et al., 2007). These changes have been attributed to axonal swelling as an 

early aspect of axonal injury. The exact time course of the primary and secondary injury 

associated with mild TBI and the effects of diffusion parameters remain an active area of 

research.	  

While DTI is now widely used to assess damage in white matter regions, it has had 

little utility in assessing alterations in gray matter structures following TBI. Recently, the 

ability of diffusion kurtosis imaging (DKI) to study the heterogeneity of the 

microenvironment of a tissue has gained significant attention.  This technique overcomes a 

limitation of DTI, which assumes water diffusion in tissue to have a Gaussian distribution. 

By introducing the non-Gaussian distribution of water diffusion into the estimation model, 

DKI is able to provide a sense for the heterogeneity of water diffusion, which indirectly 

represents the local microstructural conditions in the tissue.  In addition to estimating the 

standard DTI parameters, DKI is able to assess alterations in gray matter structures 

(Jensen and Helpern, 2010). In an animal model of TBI, DKI measures were found to be 

sensitive to reactive astrogliosis (Zhuo et al., 2012). In addition, in chronic TBI, DKI 

parameters such as mean kurtosis (MK) in the thalamus and internal capsule positively 

correlate with cognitive measures of attention and processing speed (Grossman et al., 

2012). While the DKI method is relatively new, it is quite promising as it allows for the in 

vivo analysis of microstructural changes in both gray and white matter.	  

I-E. Functional Magnetic Resonance Imaging	  

Functional MRI (fMRI) is a valuable tool as it can identify the deficits in neural 

networks associated with various cognitive processes.   fMRI provides an indirect means 

to measure brain activation and is based on the signal differences between deoxygenated 
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blood and oxygenated blood.   When specific neurons are recruited for a given task and 

fire, there is an increase in freshly oxygenated blood to the local tissue to keep up with the 

increased neuronal activity. This change from deoxygenated blood to oxygenated blood in 

the activated region causes a change in the tissue signal as the local tissue changes from a 

predominantly paramagnetic state to diamagnetic state. It is this change that is measured 

in fMRI and is called the blood oxygen level dependent (BOLD) signal.  There are 

currently two main types of fMRI data acquired in a research setting; task based fMRI and 

resting state fMRI (rs-fMRI).  

I-E1. Task Based fMRI 

Task based fMRI studies in TBI have focused primarily on frontal lobe damage and 

executive functioning deficits noted in TBI. Multiple fMRI studies on patients with TBI 

have shown alterations in BOLD responses during tasks designed to probe spatial memory 

(Slobounov et al., 2011), working memory (Christodoulou et al., 2001; McAllister et al., 

2001; Sanchez-Carrion et al., 2008; Turner and Levine, 2008), executive function (Soeda 

et al., 2005), and sustained attention (Maruishi et al., 2007). Results in regard to increased 

or decreased activations and cluster size have been contradictory and may be related to 

differences in study design. The disparities between the studies include variability in 

severity of injury in sample populations, inconsistency in time since injury, and the wide 

range in difficulty of tasks chosen between studies. For example, McAllister and 

colleagues (2001) found that in an auditory N-back task, chronic mTBI patients had 

increased activations during a moderate working memory load but had decreased 

activations during a highest working memory load suggesting that mTBI populations have 

differing compensatory mechanisms based on level of task difficulty or cognitive load. 
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Therefore, the impact of cognitive load on alterations in neural processing may provide 

variable BOLD responses leading to disparate conclusions regarding the cognitive effects 

following TBI.  

While the use of task based fMRI is difficult to perform during the acute stages of 

severe TBI, research in the chronic stage has led to many new insights in severe TBI.  

Kasahara and colleagues (2011) found that chronic TBI patients had reduced performance 

and reduced activations during a working memory task indicating a failure of TBI patients 

to adequately activate the parietal regions of this task positive network (TPN) (Kasahara et 

al., 2011). Furthermore, the default mode network (DMN) is a group of regions often 

deactivated during task related activities while remaining active during rest (Raichle et al., 

2001; Greicius et al., 2003). MTBI patients in the sub-acute stage (Mayer et al., 2012) and 

severe TBI patients in the chronic stage who failed to deactivate the DMN demonstrated 

impairments of attention (Bonnelle et al., 2011). Furthermore, this failure to deactivate the 

DMN has been associated with damage in white matter tracts connecting the right anterior 

insula to other nodes of the Salience Network (SN) (Bonnelle et al., 2012). However, 

these studies did not vary attentional demands systematically, suggesting that further 

research investigating altered deactivation patterns in mTBI patients is needed to fully 

understand this phenomenon. 	  

I-E2. Resting State fMRI	  

There currently is an increased interest in looking into resting state brain networks to 

understand the interaction between global brain regions across disparate structural 

locations.   Here participants are instructed to lay in the MRI scanner and are not required 

to participate in a task.  Referred to as resting state functional connectivity (rs-FC), this 
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method measures the strength of functional interactions between brain regions (Sporns, 

2011; van den Heuvel and Hulshoff Pol, 2010). Early work in this field (Biswal et al., 

1995) demonstrated that the resting state temporal fluctuations across the motor network 

had similar spatial organization to networks found in fMRI activation studies. This work 

has paved the way for numerous studies using rs-fMRI to address questions regarding 

efficiency and strength of numerous large-scale neuronal networks in the absence of a 

task.  However, this technique does not provide information on structural connections 

between various regions, which is information that is acquired though the use DTI. It is 

our hope that an understanding of the differences in neural network communications 

related to post concussive symptoms among mTBI patients will provide valuable 

information on the mechanisms of these deficits.  

I-E2.1. Benefits of Resting State for TBI population 

The disparities between the task based fMRI studies may be due to variability in 

severity of injury in sample populations, inconsistency in time since injury, and the wide 

range in difficulty of tasks chosen between studies. More importantly, task evoked 

functional BOLD techniques have limited clinical utility during the acute stage on a TBI 

patient.  A proposed solution is the use of resting state BOLD techniques that are both 

independent of cognitive load as well as easily administered during all stages of TBI. The 

ability of rs-fMRI to acquire functional information in the acute stage of TBI when task 

evoked functional BOLD techniques may be limited is of great clinical value in a TBI 

population. 

I-E2.2. Resting State Networks 
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Resting state networks (RSN) are consistently replicated across studies and often 

include networks that are associated with sensory systems (auditory, visual, 

somatosensory, and motor) as well as networks associated with higher order cognitive 

processes (Raichle, 2010). The DMN is a widely studied RSN and consists of regions that 

are consistently “turned off’ during task related activities while remaining more active 

during rest (Raichle et al., 2001). It represents internally directed, self-reflective processes 

(Gusnard et al., 2001) and includes lateral parietal cortex, posterior cingulate cortex 

(PCC), anterior cingulate cortex (ACC), medial temporal lobe (MTL), and medial frontal 

cortex (Greicius et al., 2003; Fox et al., 2005). On the other hand, a network that is often 

activated during goal directed behaviors such as working memory is the task positive 

network (TPN), which includes the bilateral dorsolateral prefrontal cortex (DLPFC) and 

posterior parietal cortex (D'Esposito, 2007). There is great variability in labeling task 

positive networks across various studies including the fronto-parietal control network or 

executive network. However, for simplicity we will refer to this network as the TPN. 

I-E2.3. Default Mode Interference Hypothesis 

Ideally the DMN and the TPN are anti-correlated (negatively correlated) at rest (Fox et 

al., 2005) and the interaction between the two networks is proposed to be crucial for 

cognitive functioning (Hampson et al., 2010). Furthermore, it has been suggested that the 

failure of the TPN to adequately suppress the activity of the DMN during a goal directed 

task could lead to lapses in attention and, therefore, reduced performance on the task 

(Sonuga-Barke and Castellanos, 2007). Support for this theory, termed the Default Mode 

Interference Hypothesis, comes from neuroimaging studies in healthy volunteers where 

momentary lapses in attention were associated with reduced task induced deactivations of 
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the DMN (Weissman et al., 2006). Further support comes from single unit recording 

studies in macaque monkeys where a reduction in the suppression of firing rates in the 

PCC during a task predicted increased errors and increased reaction times (Hayden et al., 

2009).    

Additional data suggest that the modulation of the TPN and DMN is mediated by a 

third network, the Salience Network (SN) (Seeley et al., 2007; Sridharan et al., 2008; 

Menon and Uddin, 2010). In addition, this balance between activation of the TPN and 

deactivation of the DMN during a task has been shown to be disrupted in multiple 

conditions including aging (Prakash et al., 2012; Sambataro et al., 2010), sleep deprivation 

(De Havas et al., 2012), schizophrenia (Woodward et al., 2011), and attention deficit and 

hyperactivity disorder (Castellanos et al., 2009). It has been shown that as cognitive load 

increases, there is an increased activation of the TPN (Perlstein et al., 2004), particularly 

in the left posterior parietal (Smith and Jonides, 1997), and increased deactivation of the 

DMN (Esposito et al., 2009). 

A greater anti-correlation between the TPN and DMN is associated with decreased 

reaction time during the current trial of a task (Prado and Weissman, 2011), better 

performance during a working memory task (Sala-Llonch et al., 2012), and reduced intra-

individual variability (Kelly et al., 2008).  Data also suggests that the functional 

connectivity increases between the TPN and DMN (the two networks have reduced anti-

correlations) during rest compared to task (Bluhm et al., 2011). Functional connectivity 

between the TPN and DMN has also been found to decrease with increasing cognitive 

load, indicating the two networks are increasingly anti-correlated at higher cognitive loads 

(Newton et al., 2011). 
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I-E2.4. TBI and Functional Connectivity  

TBI has been shown to alter rs-FC in multiple RSNs including the motor network 

(Kasahara et al., 2010), TPN (Hillary et al., 2011; Mayer et al., 2011), the DMN (Mayer et 

al., 2011; Hillary et al., 2011; Johnson et al., 2012b; Zhou et al., 2012; Sharp et al., 2011; 

Bonnelle et al., 2011), and thalamo-cortical connectivity (Tang et al., 2011). Recent 

reports demonstrate reduced interhemsipheric functional connectivity (IH-FC) among TBI 

participants following severe TBI (Marquez de la Plata et al., 2011), as well as sports 

related mTBI (Slobounov et al., 2011). Furthermore, damage to the corpus callosum as 

measured by magnetic resonance spectroscopy (1H-MRS) was found to be associated with 

reduced IH-FC in a population of mTBI participants (Johnson et al., 2012a).	  

I-F. CBF and ASL Background 

CT perfusion has been used clinically for years; however given the high dose of 

ionizing radiation, use of this methodology is limited in research.  A relatively new MRI 

technique, arterial spin labeling (ASL), has gained significant popularity because it is able 

to measure CBF using endogenous blood contrast by MRI.  It is likely that the application 

of ASL as an important prognostic tool in determining patient outcomes will be widely 

used in the future as it has implications for metabolic integrity of the tissue which may 

eventually lead to changes in microstructure of the tissue. 

I-F1. Neurovascular Coupling  

However, one must be careful in the interpretation of rs-fMRI changes in mTBI 

populations because changes noted in connectivity measures may be the result of vascular 

changes or alterations in neurovascular coupling (Liu, 2013).  Recent evidence suggests 
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that sub-acute mTBI patients have altered hemodynamic response function (HRF) 

compared to control participants (Mayer et al., 2013). Specifically, they note a faster time 

to peak and reduced magnitude of the post stimulus undershoot. Possible mechanisms that 

may contribute to this altered HRF include vascular changes which may be induced by 

breakdown of the blood brain barrier breakdown known to occur after TBI (Pop and 

Badaut, 2011). Furthermore, the secondary injury cascade associated with TBI including 

reduced energy and glucose metabolism, increased inflammatory response, increased 

oxidative stress(Pop and Badaut, 2011), and the diffuse reactive astrogliosis (Zhuo et al., 

2012) will all potentially have an influence on perfusion values. 

I-F2. CBF and TBI 

Therefore, information from resting state CBF changes in the mTBI population can 

potentially assist in the interpretation of information obtained from fMRI analyses, both 

during resting state and active state.  For example, using SPECT imaging, it has been 

shown that symptomatic mTBI patients demonstrate reduced regional CBF in the frontal, 

pre-prefrontal, and temporal cortices in the chronic stage of injury (greater than two years 

post injury) (Bonne et al., 2003). While CT perfusion, SPECT imaging, and dynamic 

susceptibility contrast perfusion imaging (Liu et al., 2013) has been used in TBI research 

for years, ASL perfusion MRI has only recently been applied to TBI in both human 

populations and animal models of TBI. Since ASL uses water in the arterial blood as an 

endogenous contrast agent eliminating the need for an exogenous contrast such as 

gadolinium, it is an ideal technique for research.  	  

For instance, in a rodent lateral fluid percussion model of TBI, Hayward and 

colleagues noted increased regional CBF in the thalamus at the chronic stage that was 
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positively correlated with increased vessel density in this region (Hayward et al., 2010).  

This increased vessel density within the thalamus was associated with reduced 

performance on the Morris water maze, indirectly suggesting that altered regional 

perfusion influences cognitive performance.  Furthermore, severe TBI patients show a 

global hypoperfusion at rest including regions of the PCC, thalamus and disperse frontal 

regions(Kim et al., 2010). Similarly, mTBI patients demonstrate reduced resting CBF in 

the thalamus, which was noted to be positively correlated with measures of neurocognitive 

functioning (Ge et al., 2009; Grossman et al., 2012).  
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II. GOALS, HYPOTHESIS, AND SPECIFIC AIMS 

This chapter provides an overview of the overarching hypothesis that the diffuse 

neuronal damage associated with mTBI interrupts large-scale network function resulting 

in the disruption of cognitive and sensory processing.  We test this hypothesis through the 

use of advanced MRI techniques to interrogate and characterize the disrupted neural 

networks and determine how the alterations and subsequent reorganization of these 

networks are associated with cognitive deficits and post concussive symptoms among 

patients following injury. It is critical to have a good understanding of the subtle changes 

in the networks following injury in order to arrive at appropriate strategies to improve 

this network function either with pharmacological or behavioral interventions to 

ultimately improve the quality of life for these patients and allow them to continue to be 

productive members of the society. With this ultimate goal in mind, we derive several 

specific aims to aid in the characterization of altered functional networks following 

mTBI. 

II-A. Specific Aim 1: Resting State Functional Connectivity  

Resting state BOLD techniques provide information regarding functional network 

interactions that are independent of cognitive load, not constrained by patient 

participation, training, or performance on a given task, and are easily administered in an 

acute clinical setting.   Due to the great potential for clinical use, our first line of 

investigation was to determine if rs-FC was sensitive enough to measure the subtle 

functional disconnection induced by DAI in mTBI populations. Furthermore, our goal 

was to determine how these disrupted neural networks relate to the development of 

persistent post concussive symptoms. There are similarities in the cognitive deficits 
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associated with mTBI and the cognitive deficits associated with an imbalance between 

the DMN and TPN (referred to as the Default Mode Interference Hypothesis). Therefore, 

we predicted that that altered rs-FC within and between the DMN and TPN would be 

associated with both reduced cognitive performance and increased post concussive 

symptom severity.  

II-B. Specific Aim 2: Resting State Cerebral Perfusion  

While rs-FC measures provide us with invaluable information regarding large-scale 

neural network processing following mTBI, the findings must be interpreted in the 

context of the limitations of this methodology.  Alterations in the BOLD signal which we 

experimentally measure represents an indirect measure of neural activity and is based on 

the neurovascular coupling, and not a direct measure of neural activity. Changes noted in 

connectivity measures may be the result of vascular changes, alterations in neurovascular 

coupling, or modified hemodynamic responses due to the various secondary injury 

mechanisms (Liu, 2013). Therefore, in addition to investigating alterations in BOLD rs-

FC, we examined alterations in resting state CBF using the Arterial Spin Labeling (ASL) 

technique to ascertain whether a deficit in regional perfusion influences the changes 

noted in BOLD.  Our first goal was to investigate whether mTBI patients exhibit altered 

regional perfusion values to determine if the potential vascular alterations occur on a 

whole brain level or on a network level.  

II-C. Specific Aim 3: Task based fMRI  

Resting state techniques, whether measuring functional connectivity via fMRI or CBF 

via ASL, initally provided us with evidence for subtle (yet behaviorally disruptive) 

alterations in the neural network communication following mTBI.  However, this 
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information provides us with a limited understanding of neural processing following 

injury since it does not provide evidence as to trauma induced alterations in neural 

processing which unfold when a patient is cognitively taxed. Furthermore, intermittent 

task execution relies on transitions between exogenously driven, effortful states and 

endogenously driven, non-effortful states, which are associated with large-scale network 

interactions that are possibly absent from the pure resting-state. These transition periods 

likely provide critical insight into the true nature of the injury. Since our initial results 

suggest an imbalance between the DMN and TPN at rest, we predicted that this increased 

functional connectivity between the two networks will persist (if not be exacerbated) by 

performance of a task with increasing cognitive load.  We investigated this network 

imbalance through analyzing task based recruitment patterns as well as functional 

connectivity measures.  
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III. GENERAL METHODS 
 
III-A. Recruitment 
 

All mTBI patients were prospectively recruited from the Adam Cowley Shock 

Trauma Center at the University of Maryland Medical Center as part of the MagNeT 

Study (Magnetic Resonance Imaging of Neurotrauma Study), a larger imaging protocol 

using a combination of advanced MR imaging and neuropsychological assessments. For 

each visit, all MR imaging and neuropsychological assessments were performed on the 

same day. Neurologically intact subjects were recruited to serve as the control population. 

All participants were over the age of 18. Patients were screened and excluded for history 

of neurological and psychiatric illness, history of stroke, history of brain tumors or 

seizures, and contraindications to MR. In addition, control participants were screened and 

excluded for history of any TBI (mild, moderate or severe). TBI participants were 

screened and excluded for any history of moderate or severe TBI.  

While the MagNeT Study recruits TBI participants of all severities (mild, moderate 

and severe), only those patients who were classified as mild were included in this study. 

MTBI was defined as an admission GCS of 13-15 and mechanism of injury consistent 

with trauma were included in this study. In addition, participants were included based on 

one of two sets of criteria: (1) positive head CT or (2) loss of consciousness and/or 

amnesia and evidence of facial trauma consistent with TBI.  Based on the inclusion 

criteria, this study included participants classified as complicated mTBI (positive head 

CT) and uncomplicated mTBI (negative head CT). MTBI patients included in this 

analysis received advanced imaging and neuropsychological testing at up to three time 

points. Visits include an initial stage (referred to as acute stage) within 10 days of injury, 
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a sub-acute stage of approximately 1 month post injury, and a chronic stage 

approximately 6 months post injury. 

III-B. Neuropsychological Testing 

Clinical condition permitting, patients underwent neuropsychological assessment at 

each visits.  For each visit, the neuropsychological testing and MRI evaluation occurred 

on the same day.  

III-B1. Traditional Neuropsychological Testing 

The level of cognitive functioning was assessed by the administration of the Mini 

Mental State Exam (MMSE)  (Folstein MF, Folstein SE, McHugh PR., 1975) and 

Military Acute Concussion Evaluation (MACE)  (McCrea et al., 2000) at each visit. 

Patient outcome was assessed by the Glasgow Outcome Scale Extended (GOSE)  

(Teasdale et al., 1998) and Disability Rating Scale (DRS)  (Gouvier et al., 1987) at 6 

months. 

II-B2. ANAM Battery 

The ANAM battery selected for this study consists of seven subtests assessing 

processing speed, memory, and attention. The ANAM subtests have been described in 

detail in a previous publication (Reeves et al., 2006). See Table 3.1 for list of subtests, 

abbreviations, and cognitive domains they assess.  

The ANAM records reaction time and accuracy for each subtest, as well as a 

throughput score which is a single measure encompassing both accuracy and reaction 

time.  The exception to this is that the accuracy of the SRT and SRT2 subtests (simple 

reaction time tests) is set by default to 100%; therefore, the throughput scores for these 

two subtests represent only a measure of reaction time. The throughput score is a ratio 



	  

22	  

between the number of correct answers and overall reaction time and has been shown to 

have greater sensitivity and reduced variability compared to reaction time or percent 

correct alone (Thorne D.R., 2006). Specifically the ANAM calculates the throughput 

score as the number of correct responses per the total time that the participant took to 

respond each time the stimulus appeared on the screen for each of the subsets (number 

correct response/minute) (Ivins et al., 2009). A higher throughput score indicates a faster, 

more accurate performance. Finally, a weighted throughput (WT-TH) was computed 

(previously referred to as the Index of Cognitive Efficiency), which is a weighted 

summary of the throughput scores from each of the subtests (Reich et al., 2005).   The 

weighting was done so that the throughput score from each subtest contributed equally to 

the overall score. The precise equation used in this analysis is: 

 WT-TH= (CS*4.35+CSD*5+MTS*6.63+MATH*8.37+PRT*2.18+SRT+SRT2)/7. 

Mood and fatigue will also have an influence on cognitive performance. Therefore, in 

addition to completing the cognitive portion of the ANAM, participants also completed 

the Sleepiness Scale and the Mood Scale portions of the ANAM battery.  The Sleepiness 

Scale is a self reported measure of fatigue based on a 7-point scale (1-7 with higher 

values representing increased fatigue). The Mood Scale details a self-reported measure of 

mood based on a 7-point scale (0-6 with higher values representing increased strength of 

emotion) for vigor, restlessness, depression, anger, fatigue, anxiety, and happiness.  

Results for the Sleepiness Scale and the Mood Scale are reported as mean score for each 

representative group.  
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Table 3.1. Explanation of ANAM Subtests 

Subtest Abbreviation Cognitive Domains 

Simple Reaction Time SRT Processing speed 

Code Substitution CS Visual search, sustained attention, 
working memory, processing speed 

Procedural Reaction 
Time 

PRT Processing speed 

Math MATH Computational skills, concentration, 
working  memory 

Match to Sample MTS Spatial processing, visuospatial 
working memory 

Code Substitution 
Delayed 

CSD Sustained attention, working memory, 
short term memory and learning 

Simple Reaction Time 
Repeat 

SRT2 Cognitive fatigue, processing speed 

 

III-B3. Modified Rivermead Post Concussion Questionnaire  

Self-reported symptoms were collected using the Modified Rivermead Post-

Concussion Symptoms Questionnaire (RPQ) (King et al., 1995).  The RPQ asks 

participants to rate a series of common symptoms following TBI on a scale of 0-4.  The 

symptoms can be divided into three main categories: (1) Somatic (2) Cognitive (3) 

Neuropychological. See Table 3.2 for specific symptom groupings. Based on the 

International Classification of Disease tenth revision (ICD10) symptom criteria for PCS 

we defined PCS as reporting 3 or more of the following symptoms lasting for greater than 

three months: headaches, dizziness, sleep, trouble concentrating, fatigue, memory 

problems, and irritability (World Health Organization., 2010). 
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Table 3.2: Post Concussive Symptom Categories 

 

III-C. MR Imaging Acquisition 
 
All imaging was performed on a Siemens Tim-Trio 3T MRI scanner using a 12 

channel receive only head coil. 

III-C1. Structural MRI 

A high-resolution T1-weighted-MPRAGE (TE = 3.44 ms, TR = 2250ms, TI = 900ms, 

flip angle = 9º, resolution = 256 × 256 × 96, FOV = 22 cm, sl. Thick. = 1.5 mm) was 

acquired for anatomic reference with slices parallel to the anterior and posterior 

commissure points (AC-PC). 

III-C2. Resting State fMRI 

For the rs-fMRI scan, T2*-weighted images were acquired using a single-shot EPI 

sequence (TE = 30 ms, TR =2000 ms, FOV = 230 mm, resolution = 64 × 64) with 36 

axial slices (sl. thick. = 4 mm) over 5 min 42 s that yielded 171 volumes. During the rs-

fMRI scan extraneous auditory and visual stimuli were removed (with the exception of 

scanner noise), and the participants were instructed to rest peacefully with eyes closed.  
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III-C3. Arterial Spin Labeling (ASL) 

The perfusion scan used the pulsed arterial spin labeling (PASL) technique based on 

single-shot EPI (TE=11ms, TR=2500ms, FOV=230mm, resolution 64×64) with 16 slices 

(sl. th.=5mm with 1mm gap) to cover the central portion of the brain with the spatial 

location of these slices matching the structural images. Forty-five pairs of labeled and 

control volumes were taken over 3 min and 57 seconds. During the resting state ASL 

scan, extraneous auditory and visual stimuli were removed, and the participants were 

instructed to rest peacefully with eyes closed.  

III-C4. N-back fMRI 

The task based functional imaging session included three N-back functional scans 

(T2*-weighted images using single-shot EPI: TE = 30 ms, TR =2300 ms, FOV = 230 

mm, resolution = 96 × 96, 36 4-mm thick axial slices).   

III-D. Resting State fMRI Processing  

Preprocessing of the rs-fMRI imaging data was performed in SPM 8 

(http://www.fil.ion.ucl.ac.uk/spm). Preprocessing included motion correction of the time 

series, slice timing correction, band pass filtering (.009Hz < f < .08Hz), and registration 

of all the 171 volumes to the first volume of the time series. The resting state series were 

then registered to the individual’s T1-MPRAGE images and spatially normalized to 

standard space using the Montreal Neurological Institute (MNI) template available in 

SPM 8. The data were resampled to a spatial resolution of 2.0 mm isotopic.  Spatial 

blurring was then applied to the resting state data using a 6mm Gaussian kernel.  

Individual T1-MPRAGE images in MNI space were segmented into white matter (WM), 

gray matter (GM) and cerebral spinal fluid (CSF) using SPM8 default settings.  The 
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segmented masks thus created were used to account for time series variance from the 

non-neuronal contributions of CSF and WM.  

The CONN-fMRI Functional Connectivity toolbox v13.h 

(http://www.nitrc.org/projects/conn) was used to process the resting state data (Whitfield-

Gabrieli and Nieto-Castanon, 2012). The mean BOLD signal time series from the WM 

mask, CSF mask, and the 6 motion correction parameters were included in the model as 

nuisance regressors to remove the variance related to non-neuronal contributions and 

motion.  

For each network, within group rs-FC maps were created, The mean BOLD time 

series from the ROI for each seed region was extracted and correlated with the mean time 

series with the time series of each voxel in the entire brain. Correlations were converted 

to normalized z-scores within the CONN-fMRI Functional Connectivity toolbox prior to 

further analysis. Specific network processing methods will be discussed for each chapter 

individually. 

III-E. Resting State ASL Processing 

Following motion correction of ASL images, CBF maps were generated using in-

house MATLAB program based on (Wang et al., 2003). ROIs generated in standard MNI 

space were transformed from MNI space to native space via a two-step process in AFNI. 

First the ROIs were transformed to original space and registered to the T1-MPRAGE. 

Second the individual T1-MPRAGE in original space was registered to the ASL data via 

registration using SPM8. All registrations were visually assessed to ensure proper 

registration. A GM mask from segmentation of the T1-MPRAGE was used to mask each 

ROI from which the GM CBF values were obtained for each ROI. 
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III-F. N-back fMRI  

The N-back paradigm is a commonly used fMRI paradigm to assess working 

memory.  

III-F1. N-back Paradigm 

The N-back working memory task was administered at different levels of cognitive 

load (0-back, 1-back, or 2-back). Participants were shown a stream of letters and were 

asked to detect the letter “X” (0-back condition); if the letter matched the previously 

presented letter (1-back condition); or if the letter matched the one presented two letters 

before (2-back condition) (Figure 3.1). The tasks were given in order of increasing 

cognitive load. Training was performed prior to MRI scanning to ensure that all 

participants had full understanding of the task. The task was presented inside the scanner 

using Eprime 2.0 software (Psychology Software Tools, Pittsburgh, PA).  

A block design was used consisting of 5 blocks of 48.3 seconds of task followed by 

23 seconds of fixation. This format was the same for all scans. Prior to the beginning of 

the first block, 11.5 seconds (5 TRs) of instructions about the task were provided to the 

participant. The task consisted of the presentation of a sequence of letters, each of which 

was presented for 1.8 seconds followed by 0.5 second inter-stimulus interval. Participants 

responded with a two-button MR compatible response box. Accuracy and average 

reaction time for correct responses were calculated for each N-back condition. 
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Figure 3.1: N-back working memory paradigm.  
Participants were shown a stream of letters and were asked to detect the letter “X” (0-
back condition; not shown); if the letter they saw matched the previous letter (1-back 
condition; not shown); or if the letter they say matched two letters before (2-back 
condition). 
 
III-F2. N-back Processing 

Preprocessing was performed with tools from the AFNI software package (Cox, 

1996) except skull stripping, which employed the SPM toolbox. Volumes were slice-time 

corrected using Fourier interpolation such that all slices were aligned to the first 

acquisition slice. Six-parameter rigid-body motion correction was performed with Fourier 

interpolation, spatially registering all volumes to the last functional volume which was 

acquired closest in time to the high-resolution anatomical scan (Cox and Jesmanowicz, 

1999). Each subject’s high-resolution T1-MPRAGE anatomical volume was spatially 

registered to the “TT_N27” template (in Talairach space, (Talairach and Tournoux, 

1988)) using a 12-parameter affine transformation. This same transformation was then 

applied to the functional data so that all data were in standard space and resampled to 2 
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mm isotropic voxels. All volumes were spatially smoothed using a Gaussian filter (6 mm 

FWHM). Finally, the signal intensity of each voxel was scaled to a mean of 100 

(separately for each scan), which allowed the interpretation of the estimated regression 

coefficients in terms of percent signal change. Excessive motion volumes (1 mm or 

higher frame-to-frame displacement) were censored from analysis. Only voxels with a 

25% or higher likelihood of being gray matter were considered in the subsequent analysis 

(utilizing the “TT_N27_GW” atlas available in AFNI (Eickhoff et al., 2005; Eickhoff et 

al., 2006; Eickhoff et al., 2007)). The first 5 volumes were excluded per run from further 

analysis (accounting for scanner equilibrium effects, and as the instruction period was of 

no interest). 

Each participant's fMRI data were analyzed using multiple linear regression within 

AFNI. The design matrix contained 13 regressors:  a box-car covering the entire block 

period and 12 nuisance regressors: 6 motion-related regressors; 4 slow-drift regressors 

(constant, linear, quadratic, and cubic terms); and 2 transient regressors to model block 

onsets and block offsets (1 second duration each). The box-car and the transient 

regressors were convolved with a model of the canonical hemodynamic response (Cohen, 

1997). 

III-F3. Network Selection 

III-F3.1. Node Definition      

We analyzed network-level properties of functional connectivity, which was 

performed on a set of ROIs generated automatically using a spatially constrained 

clustering algorithm (Craddock et al., 2012). The method operated only on voxelwise 

correlations among neighboring voxels, ignoring long-distance correlations and thus 
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producing a set of spatially contiguous ROIs. To ensure a minimum separation of one 

voxel between ROIs, “touching” voxels were removed. The clustering method requires 

that one specify a target number of ROIs; we chose 50 to provide good coverage of the 

regions involved. The results were relatively insensitive to the settings as long as the 

resulting ROIs were “reasonably sized” (e.g., small enough to ensure that they were not 

functionally too heterogeneous). Because we were interested in potential changes 

involving the typical task-positive and task-negative networks, ROI generation was 

restricted to those voxels that showed a difference between 2-back vs. baseline 

(voxelwise t test; p<.005 uncorrected and 5 voxel cluster extent) in control participants 

(Figure 3.2). Two groups of nodes, one within the space of activated voxels and one 

within the space of deactivated voxels were used to define task-positive and task-negative 

clusters, respectively. For consistency with the modularity analysis, clustering was 

performed on voxel time series of 2-back data that were orthogonalized with respect to all 

13 regressors described above.  

 

Figure 3.2: Nodes used in the graph-theoretical analysis.  
Visualization of 50 task-positive and task-negative regions of interest (ROIs) used in the 
modularity analysis. ROI generation was restricted to those voxels that showed a 
significant difference between 2-back vs. baseline in control participants (P < .005, 
uncorrected, and a 5-voxel cluster extent). ROIs are displayed on a surface projection of 
the TT_N27 template of the AFNI package. 
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III-F3.2. Edge Definition 

For each ROI, the average residual time series across voxels was extracted and 

correlated to each other. Network analysis was conducted on the residual time series, 

namely, once all 13 specified regressors were accounted for. This is an important step and 

was performed to avoid potential correlations of no interest due to the predictable task 

structure. In particular, block onsets and offsets could have artifactually inflated 

correlations at these time points simply due to correlated increases and decreases of 

activation (for related strategies, please refer to (Fox et al., 2007)). We used a robust 

measure of correlation to mitigate the potential impact of “extreme” points that frequently 

distort non-robust measures of linear association (Wilcox, 2005). 
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IV. RESTING STATE FUNCTIONAL CONNECTIVITY AND MEMORY 

DEFICITS 

IV-A. Introduction 

Deficits in memory are often reported following mTBI (McDowell et al., 1997; 

McAllister et al., 2006; Miotto et al., 2010). It is currently unclear as to who among the 

injured mTBI patients will develop memory deficits and who will continue on to make a 

full recovery, which makes prognosis difficult.  Advanced functional neuroimaging 

techniques, specifically rs-fMRI may shed some light on the disruptions in large-scale 

neural networks involved in memory and their association with memory deficits among 

mTBI populations. Furthermore, the Default Mode Interference Hypothesis suggests that 

the failure to deactivate the DMN during a goal directed task could lead to lapses in 

attention and reduced cognitive performance (Sonuga-Barke and Castellanos, 2007; 

Weissman et al., 2006). This imbalance between the DMN and TPN can be interpreted as 

a reduced anti-correlation (increased rs-FC) between these two networks at rest (Kelly et 

al., 2008). Therefore, understanding of the differences in resting state memory related 

networks among mTBI patients who present with memory deficits and those who do not, 

may provide valuable insights into causes of persistent memory deficits and information 

regarding possible mechanisms for compensation.    

IV-A1. Objectives 

 Specifically, we examined a group of mTBI patients with and without memory 

complaints in the sub-acute stage of injury to determine (a) if mTBI patients with 

memory complaints exhibit reduced rs-FC within the DMN and the TPN; (b) whether 

mTBI patients who report memory complaints exhibit more robust rs-FC (or a reduction 
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in anti-correlations) between nodes of the DMN and TPN compared to those who do not; 

and (c) whether an association exists between individual memory performance and the 

strength of rs-FC between the DMN and TPN.  

IV-B. Participants 

Twenty-three mTBI patients (39.5+/-16.4yrs, 11M:12F) were prospectively recruited. 

Fourteen neurologically intact subjects (37.1+/-14.3yrs, 8M:6F) served as a control 

population. Patient demographic information for all participants is shown in Appendix 

Table 1. All mTBI patients received rs-fMRI in the sub-acute stage of approximately 1 

month post injury (average 36 days, range 25-58 days) and the control participants 

received rs-fMRI at one time point. Based on clinical CT and MR scans, 5 out of the 23 

mTBI patients had evidence of injury.  

IV-B1. Participant Characterization 

Based on self-reported symptoms from the RPQ administered at the sub-acute stage, 

the group of mTBI was subdivided into those who self-reported memory problems 

(N=13) and those who did not self-report memory problems (N=10). The RPQ asks 

participants to rate a series of common symptoms following TBI on a scale of 0-4.  

Patients were included in the memory complaints group if they self-reported memory 

problems to any degree on the RPQ (score 1-4).  

IV-C. Specific Methods 

IV-C1. Traditional Neuropsychological Assessment 

All patients underwent neuropsychological assessment. Level of cognitive 

functioning was assessed by the administration of the MMSE and the MACE (McCrea et 

al., 2000), and patient outcome was determined by the GOSE (Teasdale et al., 1998).  In 
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addition to the total score on the MACE mental status section, we also assessed 

individual scores for each of the four subtests of the MACE (Orientation, Immediate 

Memory, Concentration, and Delayed Recall).  

IV-C2. ANAM Battery 

The ANAM was administered, and it consists of seven subtests assessing various 

aspects of processing speed, memory, and attention (see Table 3.1). However, given our 

focus on memory deficits in the mTBI population, we constrained our analysis to the two 

subtests of the ANAM assessing memory functioning, the match to sample (MTS) and 

code substitution delayed (CSD) subtests. The MTS assesses spatial working memory 

and the CSD assesses short-term memory. The throughput score for each of the two 

subtests which is a single measure encompassing both accuracy and reaction time was 

used for further analysis. 

IV-C3. Resting State fMRI Processing 

For the DMN, the reference time series was selected from a 10 mm spherical ROI in 

the posterior cingulate cortex (PCC) centered at (-5,-53, 41) on the MNI template based 

on (Fox et al., 2005). For the TPN, we selected two reference time series from bilateral 

10 mm spheres in the DLPFC centered at (-42,34,20) and (44,36,20) on the MNI 

template. The mean BOLD time series for the above seed ROI’s were extracted and 

correlated with the time series of each voxel of the entire brain. For the TPN, the time 

series from the right and left DLPFC were averaged before correlating with each voxel’s 

time series from the entire brain. Due to preliminary results, we also created a RSN of the 

SN using a reference time series from a right anterior Insula (R AIn) seed based on the 

coordinates from Seeley et al., 2007. In addition, the mean BOLD time series from the 
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WM mask, CSF mask, and the 6 motion correction parameters were included in the 

model as regressors to remove the variance related to non-neuronal contributions.  

Within group rs-FC maps of the DMN and TPN were created using SPM8.   Positive 

rs-FC maps were thresholded at voxel-wise p-value of 0.001 (uncorrected) and cluster 

extent threshold of p-value of 0.001 using a family wise error correction for multiple 

comparisons. Separate anti-correlated rs-FC maps were created using SPM for regions 

negatively correlated with the seed ROIs for each network. The anti-correlated rs-FC 

maps were thresholded at voxel wise p-value of 0.005 (uncorrected) and cluster extent 

threshold p-value of 0.05 using a family wise error correction for multiple comparisons. 

Between group rs-FC maps included both positive and negative rs-FC and were 

thresholded at voxel-wise p-value of 0.005 (uncorrected) and cluster extent threshold of 

p-value of 0.05 using a family wise error correction for multiple comparisons.  

In addition to the voxel based analysis, ROI analysis was performed between the 

three groups. To assess within network rs-FC differences between the three groups, 

10mm spherical ROIs were created around the peak correlated voxels from the control 

group for the DMN and TPN (Supplemental Table 1 and 2, (Sours et al., 2013)). 

Additional ROIs were chosen based on the between group contrast maps obtained 

between mTBI patients with and without self reported memory complaints as described 

above for both the DMN and TPN. For each significant cluster, a 5mm spherical ROI was 

created centered on the peak voxel, and the mean BOLD time series was extracted. For 

each participant, the individual mean BOLD time series for each ROI was correlated with 

the mean BOLD time series of the PCC node of the DMN and the average of the mean 

BOLD time series of the two DLPFC nodes of the TPN.  
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IV-C4. Statistical Analysis 

Group differences were tested using One Way ANOVAs and post hoc tests were 

corrected for multiple comparisons using Fisher’s Least Significant Difference (LSD) 

test. However, there was a non-significant trend in difference in mean years of education 

years (p = 0.064) and age (p=0.070) across the three groups. To address the possible 

difference in education and age between the three groups, partial correlations between the 

cognitive results and rs-FC measures were computed to correct for the effect of education 

and age.  

IV-D. Results 

IV-D1. Participants 

Patient demographic information for all participants is shown in Table 4.1. There was 

no difference in GCS (p = 0.85), time since injury (p = 0.88) or incidence of positive 

head CT (p = 0.40) between the two mTBI groups. There was no significant difference in 

gender (p = 0.10) among the three groups. However, there was a non-significant trend in 

difference in mean years of education years (p = 0.064) and age (p=0.070) across the 

three groups. 
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Table 4.1: Demographics of mTBI Patients with and without Memory Complaints 
and Control Participants. 
 

Patient ID N GCS Age Sex Education Days 
Post 

Injury 

Positive 
Head 
CT 

Memory 
Problems 

13 14.9+/-0.3 44.8+/-16.7 7M:6F 13.1+/-2.7 36.0+/-7.9 4 

No Memory 
Problems 

10 14.9+/-0.3 32.5+/-13.9 9M:1F 15.6+/-2.8 35.5+/-8/4 1 

Control 14 NA 37.1+/-14.3 8M:6F 14.1+/-2.0 NA NA 

P-value* NA 0.85 0.070 0.10 0.064 0.88 0.40 

* Group differences were tested using One Way ANOVAs  

IV-D2. Neuropsychological Assessment 

All three groups performed similarly on the MMSE and no significant differences 

were found (p = 0.368) suggesting that the overall level of cognitive functioning was 

similar across the groups. There were also no significant differences in memory scores 

from the ANAM between the control group and either of the mTBI groups (all p > 0.05). 

MTBI patients with memory complaints performed significantly worse than the control 

group only on the Delayed Recall Subtest of the MACE (p=0.032). However, MTBI 

patients with memory complaints scored worse on the GOSE than those without memory 

complaints although the difference failed to reach statistical significance (p = 0.062). As 

predicted, compared to those without memory complaints, mTBI patients who reported 

memory complaints performed significantly worse on the total score of the MACE (p = 

0.034), and on the throughput score of Match to Sample (MTS) (p = 0.023) and Code 

Substitution Delayed (CSD) (p = 0.018) subtests of the ANAM (Figure 4.1). This is in 

concordance with the self-reported memory complaints provided by the patients on the 

RPQ.  
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Figure 4.1 Performance on Memory Assessments  
Cognitive scores from the two subtests of the ANAM and from the MACE.  For the 
ANAM the throughput score for code substitution delay (CSD) and match to sample 
(MTS) represents summary score that incorporates information from the reaction time as 
well as accuracy. * p < 0.05. 
 

IV-D3. Resting State Voxel-based Analysis 

Visual inspection of RSNs for both the DMN and TPN (See Figure 4.2) demonstrated 

that the connectivity maps were consistent with prior reports in the literature of control 

populations (Fox et al., 2005; Raichle et al., 2001; Greicius et al., 2003). 
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Figure 4.2: Group functional connectivity maps  
Comparison of resting state networks for mTBI patients with and without memory 
complaints and control group (a) DMN (b) TPN. Maps were thresholded at voxel wise p-
value of 0.001 (uncorrected) and cluster extent threshold of p=.001 using a family wise 
error correction for multiple comparisons for the regions positively correlated with the 
seed ROI within each network. 
 
 
 
DMN: Within the DMN rs-FC map, control participants demonstrated positive rs-FC 

with the anterior prefrontal cortex, PCC/precuneus, bilateral angular gyrus, bilateral 

middle temporal gyrus, left premotor and right dorsal frontal cortex. Patients without 

memory complaints demonstrated positive rs-FC with the anterior prefrontal cortex, 

PCC/precuneus, bilateral angular gyrus, and left middle temporal gyrus. Similar regions 
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of connectivity were observed in mTBI group with memory complaints but also included 

the right middle temporal gyrus and left dorsal frontal cortex (Figure 4.2A).  

In control participants, DMN anti-correlated rs-FC maps demonstrate negative rs-FC 

with the bilateral insular cortex, left premotor, and bilateral supramarginal gyrus.  None 

of these regions demonstrated significantly anti-correlated rs-FC with the DMN in either 

mTBI group with or without memory complaints (Figure 4.3A) 

Between group rs-FC maps noted significantly increased rs-FC with the left inferior 

frontal gyrus (L IFG) and the right superior parietal lobule (R SPL) in the mTBI group 

reporting memory complaints compared to the group without memory complaints (Figure 

4.4 A-B). There were no regions of increased rs-FC in the mTBI group without memory 

complaints compared to those with memory complaints.  In addition, significantly 

increased rs-FC with the left superior temporal gyrus/ insular cortex (L In) and the left 

dorsolateral prefrontal cortex (L DLPFC) was noted in the mTBI group reporting 

memory complaints compared to the control group (Figure 4.4 C-D), while significantly 

reduced rs-FC with the right angular gyrus was noted in the mTBI group without memory 

complaints compared to the control group.  
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Figure 4.3: Anti-correlated group functional connectivity maps 
Comparison of anti-correlated resting state functional connectivity (rs-FC) maps for 
mTBI patients with and without memory complaints and control group (a) DMN (b) 
TPN. Maps were thresholded at voxel wise p-value of 0.005 (uncorrected) and cluster 
extent threshold of p=0.05 using a family wise error correction for multiple comparisons 
for the regions negatively correlated with the seed ROI within each network. 
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Figure 4.4: Between group functional connectivity maps  
Between group correlation maps of the DMN demonstrating clusters with increased 
functional connectivity (rs-FC) with DMN in mTBI patients with memory complaints 
compared to mTBI patients without memory complaints (A-B) and control group (C-D). 
(A) Left inferior frontal gyrus (L IFG). (B) Right superior parietal lobule (R SLP). (C) 
Left insula (L In). (D) Left dorsolateral prefrontal cortex (L DLPFC). Between group 
correlation maps of the TPN demonstrating clusters with increased rs-FC connectivity 
with TPN between mTBI patients with and without memory complaints (E-G). (E) 
Supplemental motor area (SMA). (F) Right anterior insula (R AnI). (G) Left 
supramarginal gyrus (L SMG). Maps were thresholded at voxel wise p-value of 0.005 
(uncorrected) and cluster extent threshold of p=.05 using a family wise error correction 
for multiple comparisons for regions positively correlated with the seed ROI. 

 

TPN: Within the TPN rs-FC maps, control participants demonstrated positive rs-FC with 

the bilateral DLPFC, bilateral supramarginal gyrus, bilateral inferior temporal gyrus, 

bilateral premotor, dorsal anterior cingulate cortex, and right somatosensory association 

area. Within the TPN rs-FC map, patients without memory complaints demonstrated 

positive rs-FC with the bilateral DLPFC, bilateral supramarginal gyrus, bilateral inferior 

temporal gyrus, and L orbitofrontal cortex. Similar regions of connectivity were observed 

in mTBI group with memory complaints with the addition of the bilateral premotor, right 

insular cortex, left associative visual cortex, and dorsal anterior cingulate cortex (Figure 

4.2B).  
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In control participants as well as mTBI patients without memory complaints, TPN 

anti-correlated rs-FC maps demonstrate negative rs-FC with the dorsal posterior cingulate 

cortex (dPCC). However, in the mTBI patients with memory complaints there were no 

regions that were significantly anti-correlated with the TPN (Figure 4.3B)  

Between group rs-FC maps noted significantly increased rs-FC with the right anterior 

insula (R AIn), left supramarginal gyrus (L SMG), and supplemental motor area (SMA) 

in the mTBI group reporting memory complaints compared to the group without memory 

complaints (Figure 4.4E-G). There were no regions of increased rs-FC in the mTBI group 

without memory complaints compared to those with memory complaints. In addition, 

there were no regions of increased or decreased rs-FC between either mTBI group and 

the control group for the TPN rs-FC maps.  

SN: It has been suggested that the Salience Network (SN) is involved in coordinating the 

switching between the DMN and the TPN (Menon and Uddin, 2010; Seeley et al., 2007; 

Sridharan et al., 2008). Therefore, we also investigated rs-FC within the SN. Within the 

SN rs-FC maps, all three groups demonstrated positive rs-FC with the bilateral Insula, 

dorsal anterior cingulated cortex, bilateral supramarginal gyrus, and bilateral premotor 

area (Figure 4.5). Based on voxel wise analysis, there were not regions of significantly 

different rs-FC between the three groups. 
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Figure 4.5: SN Group functional connectivity maps 
Comparison of the SN resting state networks for mTBI patients with and without memory 
complaints and controls Maps were thresholded at voxel wise p-value of 0.001 
(uncorrected) and cluster extent threshold of p=.001 using a family wise error correction 
for multiple comparisons for the regions positively correlated with the seed ROI within 
the network. 
 

IV-D4. Cross Network ROI Analysis  

DMN: ROI analysis demonstrated a significant difference across the three groups in 

within DMN rs-FC for the right dorsal frontal cortex (R DFC) only (F = 3.797, p = 

0.032). Post-hoc tests demonstrate that mTBI patients with and without memory 

complaints have reduced rs-FC within the R DFC compared to the control group (p = 

0.020 and p = 0.032 respectively) (Supplemental Figure 2, (Sours et al., 2013)). In 

addition, ROI analysis confirmed a significant difference in the strength of rs-FC across 

the three groups with the DMN in the L IFG (F = 7.969; p = 0.001) and the R SLP (F = 

6.262; p = 0.005). No difference in connectivity between the DMN and the R AIn, L 

SMG, or SMA was observed between the three groups (Figure 4.6A).   Post-hoc tests 

demonstrate that mTBI patients with memory complaints have increased rs-FC with the 

DMN in the L IFG (p < 0.001) and the R SPL (p = 0.001) compared to mTBI patients 

without memory complaints.  Furthermore, mTBI patients with memory complaints 
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demonstrated a positive rs-FC (representing a positive correlation) with the L IFG and R 

SLP indicating that these regions are part of the DMN among these patients. On the other 

hand, the mTBI patients without memory complaints demonstrated a negative rs-FC 

(representing a negative correlation) between the L IFG and R SLP and the DMN 

indicating that these regions are part of an anti-correlated network.  

In addition, ROI analysis confirmed a difference in strength of rs-FC between the 

DMN and the L In and L DLPFC across the three groups (F = 14.34, p < 0.001; F = 

11.21, p < 0.001) (Figure 4.6B).  Post hoc tests indicate that mTBI patients with memory 

complaints have increased rs-FC between the DMN and L In compared to controls (p 

<0.001), but mTBI patients with and without memory complaints demonstrated increased 

rs-FC between the DMN and the L DLPFC compared to the control group (p < 0.001, p 

=0.023 respectively). 

TPN: ROI analysis of within TPN rs-FC failed to demonstrate any significant differences 

across the three groups. ROI analysis confirmed significant differences in rs-FC with the 

TPN across the three groups in the R AIn (F = 3.907; p = 0.030), L SMG (F = 8.347; p = 

0.001), and SMA (F = 10.84; p < 0.001). No difference in connectivity with the L IFG 
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Figure 4.6: ROI analysis of functional connectivity within each network 
 (A) Resting state functional connectivity (rs-FC) between the DMN (PCC seed) and the 
five selected ROIs  including the left inferior frontal gyrus (L IFG), right superior parietal 
lobe (R SPL), right anterior insula (R AIn), left supramarginal gyrus (L SMG) and the 
supplementary motor area (SMA).  (B) rs-FC between the DMN (PCC seed) and the left 
Insula (L In) and the left dorsolateral prefrontal cortex (LDLFPC) (C) rs-FC between the 
TPN (bilateral DLPFC seed) and the same five ROIs. Group differences were tested 
using Student’s t-tests and corrected for multiple comparisons using Bonferroni 
correction.  * p < 0.05 and ** p < 0.001. 
 
 

and R SPL between the two groups was observed (Figure 4.6C).  Post-hoc tests 

demonstrate that mTBI patients with memory complaints have increased rs-FC between 

the TPN and the R AIn (p = 0.009), L SMG (p = 0.002), and SMA (p = 0.001) compared 

to those without memory complaints. Furthermore, mTBI patients with memory 
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complaints demonstrate a positive rs-FC with these three regions indicating that these 

regions are part of the TPN among these patients.  

IV-D5. Relationship between Cognitive Function and Functional Connectivity 

To test the hypothesis that memory deficits in the mTBI population may be associated 

with the disruption in the balance between the TPN and DMN, we examined correlations 

between the memory-related cognitive tests (MTS and CSD) and the rs-FC of each RSN 

with both the SMA and the R AIn, which are regions associated with the SN due to its 

proposed role in modulating the interaction between the DMN and TPN. After correcting 

for the differences in age and educational levels between the three groups, a significant 

negative correlation remained between rs-FC with the TPN and the R AIn and the CSD 

throughput score (R=-0.391, p = 0.022) when all data was used as shown (Figure 4.7).  

 

 

Figure 4.7: Association between ANAM and functional connectivity 
Partial correlation for all mTBI patients between the throughput scores of the code 
substitution delayed (CSD) subtest of the ANAM and rs-FC between the TPN and the R 
AIn after correcting for age and level of education. 
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IV-E. Discussion 

Given the association between the DMN, the TPN, and memory performance in both 

healthy controls and patient populations, we predicted that rs-FC may be a sensitive 

measure to help distinguish mTBI patients who have memory deficits from those who do 

not. Based on our findings we arrive at three main conclusions. First, the results of this 

study do not provide support to previous findings that there is reduced rs-FC within the 

DMN or the TPN in our patient population; however, this is likely due the small sample 

size of this pilot study. Second, the results support the idea that there is increased rs-FC 

between the nodes of the DMN and the nodes of the TPN among mTBI patients with 

memory related deficits compared to healthy controls and compared to mTBI patients 

with no memory related deficits. Patients with memory complaints demonstrated positive 

correlation between the DMN and several regions of the TPN and the L In of the SN. 

(Figure 4.3).   Furthermore, the TPN of the affected group also included the SMA and R 

AnI which are regions generally included within the SN (Seeley et al., 2007) (Figure 4.6).  

This is further substantiated by the fact that a negative correlation was observed between 

the rs-FC with the TPN and R AIn and the throughput scores on the CSD subtest of the 

ANAM, indicating that individuals with a stronger positive correlation between the TPN 

and SN performed worse on this test of memory (Figure 4.7).  Third, the results of this 

study suggest that in mTBI there is a reduction in anti-correlated networks for both those 

with and without memory complaints for the DMN, but only a reduction in the anti-

correlated network in mTBI patients with memory complaints for the TPN (Figure 4.3). 
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IV-E.1. Implications of Altered Functional Connectivity in the Context of the 

Default Mode Interference Hypothesis 

The mTBI patients within this study with memory deficits, similar to previous 

reports on a general mTBI populations (Mayer et al., 2011) exhibited an increased rs-FC 

between the DMN and the nodes of the TPN (L IFG, L DLPFC, and R SPL). The L IFG 

is located near Broca’s Area (BA 44) and this region is commonly activated during verbal 

working memory task and has been thought to be involved in sub vocal rehearsal (Smith 

and Jonides 1998). In addition, it has been noted that as working memory load increases, 

there is an increased rs-FC between nodes of the DMN and the L IFG (Bluhm et al., 

2011). This parametric increase in activation of the L IFG was absent in severe TBI 

patients during and N-back working memory task (Perlstein et al., 2004) In conjunction 

with the results presented in our study which demonstrate increased rs-FC between the L 

IFG and the DMN, this indicates that TBI patients may have difficulty recruiting 

additional neural resources as task difficulty increases because they are unable to separate 

the functions of the DMN and the TPN (Figure 4.8).  

Altered rs-FC among mTBI patients between the PCC and the R SPL was 

observed with the affected mTBI group demonstrating an increased rs-FC compared to 

the mTBI group with no memory complaints. While verbal working memory is found to 

be left hemisphere dominant, spatial working memory is found to be right hemisphere 

dominant and includes parts of the right posterior parietal cortex. This region has been 

proposed to be involved in the storage component of working memory  (Esposito et al., 

2007, Smith and Jonides 1998). Kasahara and colleagues (2011) found that chronic TBI 

patients had reduced activations of the L inferior parietal gyrus on a verbal N-back 
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working memory task and made more errors during higher working memory loads than 

controls (Kasahara et al., 2011) Their results indicate a failure of mTBI patients to 

adequately activate the parietal regions of the TPN during a working memory task. Our 

observation of the inability of mTBI patients with memory complaints to properly 

disengage the parietal regions from the DMN are in support of their observations. 

 

 

Figure 4.8: Summary figure of network interactions 
The diagram represents significant positive and negative functional connectivity between 
nodes of the DMN, TPN, and SN. Arrows included represent group correlations that were 
significantly different than zero (p<0.05, uncorrected for multiple comparisons). Positive 
functional connectivity represented by black arrows. Negative functional connectivity 
represented by white arrows (A) Networks functional connectivity in mTBI patients 
without memory complaints. (B) Network functional connectivity in mTBI patients with 
memory complaints. 
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In this study, the mTBI population with memory complaints demonstrated 

increased rs-FC between the TPN nodes (L IFG, L DLPFC, and R SPL) and the PCC 

node of the DMN. Rs-FC between the regions of DMN and TPN have been shown to 

increase and scale with the difficulty of a cognitive task (Bluhm et al., 2011). The finding 

that these regions are strongly correlated during the resting state might indicate the 

inability of mTBI patients with memory complaints to adequately separate the functions 

of the DMN and TPN.  In line with the Default Mode Interference Hypothesis, the mTBI 

patients with memory deficits may have difficulty in accommodating tasks with increased 

difficulty because of the inability to adequately deactivate the appropriate regions of the 

DMN during such a task resulting in interference of DMN activities during goal directed 

behavior.  

Further supporting the Default Mode Interference Hypothesis, the mTBI 

population with memory deficits demonstrated positive rs-FC with the TPN (the R AIn, L 

SMG, and SMA) while the same regions are anti-correlated with the TPN for the mTBI 

group without memory complaints. This once again argues for the hypothesis that there is 

increased rs-FC between the TPN and DMN in mTBI patients with memory complaints.  

IV-E.2. Implications of Altered Functional Connectivity and Possible Role of SN in 

Memory Deficits 

The mTBI population with memory complaints demonstrated increased rs-FC of 

the TPN and DMN with nodes of the salience network (SN).  The SN consists of nodes in 

the dorsal anterior cingulate cortex (dACC), supplementary motor area (SMA), and the 

anterior insula (AnI) (Seeley et al., 2007). The proposed role of the SN is to detect salient 

sensory stimuli and coordinate the switching between the TPN and DMN based on this 
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stimuli (Menon and Uddin, 2010)  Using Granger causality and a visual attention task, 

Sridharan and colleagues suggested that the SN modulates the activations and 

deactivations of the DMN and TPN (Sridharan et al., 2008) Recent work in chronic TBI 

population found that the failure to adequately deactivate the DMN was associated with 

damage in white matter tracts connecting the R AIn to other nodes of the SN (Bonnelle et 

al., 2012), providing further support that the damage to the fiber tracts connecting the SN 

may be partially responsible for the inability to separate the DMN and the TPN.  

However, at least one resting state study, did not find any associations between TPN rs-

FC with the SN and white matter disruption within tracts of the SN (Bonnelle et al., 

2011). 

The increased rs-FC between the TPN and the SN (specifically the SMA and R 

AIn) observed in this study could represent a compensatory mechanism among mTBI 

patients with memory deficits due to an increased need for the TPN to have top down 

control in suppressing the DMN. We postulate this may be necessary in these patients to 

prevent interference of internally directed thoughts during goal-oriented behavior. In 

addition to altered rs-FC between the SN and TPN, we note altered rs-FC between the SN 

and DMN, suggesting a disruption in the balance between all three networks. While this 

cannot be directly ascertained from the present data, further research in this area 

including simultaneous acquisition of both resting state fMRI and working memory task 

related fMRI may elucidate the mechanisms for this increased rs-FC that leads to 

memory impairments following mTBI.  

 Finally, results demonstrate a reduction in the anti-correlated network of the 

DMN in mTBI patients regardless of memory deficits, but only a reduction in the anti-



	  

53	  

correlated network of the TPN in the mTBI patients with memory deficits.  These 

findings not only support the Default Mode Interference Hypothesis in all mTBI 

populations, but also points to a specific deficit in the anti-correlated network of the TPN 

in mTBI patients with memory problems that in the future may help to predict who will 

develop these impairments in the months following a mTBI. 

IV-E.3. Conclusion 

In conclusion, our data suggests a disruption of the segregation of the DMN and the 

TPN at rest through two possible pathways, (a) through increased rs-FC between various 

nodes of these two networks and (b) through an indirect pathway that links the TPN and 

DMN through nodes of the SN. This study supports the idea that disruption of the balance 

between the DMN and TPN is detrimental to memory performance.   In particular, an 

increased rs-FC between the TPN and the R AIn node of the SN network appears to be 

associated with poorer performance on cognitive tests that assess short-term memory. 

Further investigation is needed to see if such a disruption will have an impact on the 

long-term outcome of patients that exhibit memory deficits in the sub-acute stage.   
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V. COGNITIVE CHARACTERIZATION AND ASSOCIATIONS WITH 

INTERHEMISPHERIC FUNCTIONAL CONNECTIVITY 

V-A. Introduction 

The work presented in Chapter IV provides evidence of unique alterations in 

network level rs-FC patterns specifically in mTBI patients with self-reported memory 

complaints. This initial investigation assessed only memory related cognitive deficits in 

mTBI patients by limiting our analysis of the ANAM to the two subtests which assess 

memory related processing (MTS and CSD subtests).  However, we noted that patients 

who reported memory complaints, often reported many other post concussive symptoms. 

Therefore, for our next step, we were interested in further characterizing the cognitive 

deficit associated with mTBI.    

It is once again our hope that recent advances in MR imaging are able to characterize 

functional and structural alterations induced by mTBI ultimately aiding tclinicians in 

accurate diagnosis and assisting in the prediction of participant outcome following 

mTBI.  Previous evidence suggests that rs-FC is reduced following mTBI including 

within the DMN (Zhou et al., 2012; Johnson et al., 2012b; Mayer et al., 2011) and the 

TPN (Mayer et al., 2011; Shumskaya et al., 2012) as well as between the two networks 

(Chapter IV). However, since many previous studies report damage to the corpus 

callosum following mTBI (Kumar et al., 2009; Warner et al., 2010a; Bazarian et al., 

2007; Mayer et al., 2010) our goal was to specifically assess if this reported damage to 

structural connections between the two hemispheres would have an effect on the 

interhemispheric functional networks that are likely involved in cognitive and sensory 

processing.  Therefore, in this study we specifically chose to focus on inter-hemispheric 
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resting state functional connectivity (IH-FC) and its association with cognitive deficits 

as measured using the ANAM. Recent reports demonstrate reduced IH-FC among TBI 

participants following severe TBI (Marquez de la Plata et al., 2011), as well as sports 

related mTBI (Slobounov et al., 2011). Furthermore, damage to the corpus callosum as 

measured by magnetic resonance spectroscopy (1H-MRS) was found to be associated 

with reduced IH-FC in a population of mTBI participants suggesting a direct link to 

structural damage to the corpus callosum and IH-FC (Johnson et al., 2012a). 

Similar to the aforementioned studies, we chose to examine IH-FC within the 

dorsolateral prefrontal cortex (DLPFC), the thalamus, lateral parietal lobe, and medial 

temporal lobe (MTL).  We selected the DLPFC for its role in attention and executive 

processing (task positive processing), the thalamus because of it’s role in the brain as a 

relay system for modulating in sensory, the lateral parietal lobe which is part of the 

DMN (a network often associated with cognitive performance (Hampson et al., 2006)), 

and the MTL for its role in memory consolidation.  

V-A1. Objectives 

Our aim in this chapter is to investigate the associations between ANAM measures 

and IH-FC during the acute and sub-acute stages of injury in a civilian mTBI population.  

We hypothesized that mTBI participants will perform worse than a control population 

on the ANAM and that this performance will be associated with reduced IH-FC. 

Furthermore, we hypothesized that mTBI participants with a higher number of post 

concussive symptoms will perform worse on the ANAM and show greater reductions in 

functional measures compared to those with low symptoms and controls. 
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V-B. Participants 

Forty-one mTBI participants (43.7+/-17.0yrs, 30 M) were prospectively recruited. 

For each visit, all MR imaging and neuropsychological assessments were performed on 

the same day. Data from the sub-acute stage of a subset of these participants (N=13) was 

included in the analysis conducted in Chapter IV.  Thirty neurologically intact subjects 

(38.7+/-18.1yrs, 16 M) who completed neuropsychological assessments at two time 

points and MR imaging at one time point served as a control population. Seven mTBI 

participants reported previous mild “concussions” but none of which occurred in the past 

10 years. 

Mechanisms of injury included 10 motor vehicle accidents, 8 assaults, 7 ground-

level falls, 7 bicycle accidents, 3 sports related accidents, 2 above ground-level falls, 2 

accidents of other mechanisms, and 2 accidents of unknown mechanism.  The average 

GCS of the participants was 14.7, and 9 out of the 41 mTBI participants (22.0%) had 

evidence of injury based on the clinical CT as read by a board certified trauma 

radiologist. Based on the clinical CT, on four of these participants there were small 

cortical contusions, four participants had subarachnoid hemorrhage and two of them had 

subdural hematomas (one participant had a small contusion and subarachnoid 

hemorrhage). Since conventional MR imaging (T1, T2, FLAIR, and SWI) is more 

sensitive than conventional CT for detecting subtle abnormalities (Yuh et al., 2013) our 

radiologist also examined the conventional MR images. MRI was positive on two 

participants who did not exhibit trauma related injuries based on conventional CT. These 

findings included a small cortical contusion, and one case of subarachnoid hemorrhage. 
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This results in a study population containing 11 participants (27%) with either positive 

CT or positive MR findings.   

V-B1. Participant Exclusion 

Due to participant motion during rs-fMRI (greater than 3mm translation or 3 degree 

rotation), rs-fMRI data from 3 control subjects, 5 mTBI participants (2 in the low 

symptom group/ 3 in the high symptom group) at the acute stage, and 1 mTBI 

participant (high symptom group) at the sub-acute stage was excluded from analysis. 

Therefore, the analysis presented for IH-FC is based on data from 27 control subjects, 36 

mTBI patients at the acute stage and 40 mTBI patients at the sub-acute stage. 

V-B2. Patient Characterization 

Data was further analyzed to assess the difference in ANAM performance and 

imaging measures between mTBI participants with high and low levels of post 

concussive symptoms. The level of post concussive symptoms was determined by the 

scores obtained on the RPQ during the one month follow up (King et al., 1995). The  

ICD10 criteria for PCS requires symptoms lasting longer than three months following 

injury (World Health Organization., 2010). However, since the participants in this study 

were evaluated at less than 3 months post injury and do not satisfy all of the criteria for 

PCS as established in the DSM-IV-TR criteria, we will refer to them as high symptoms 

group (three or more of the above RPQ symptoms) and low symptoms group (less than 

three of the above RPQ symptoms) at the sub-acute stage. Therefore, for further 

analysis, the mTBI participant group was subsequently divided into two cohorts 

consisting of a high symptom group (n=26) and a low symptom group (n=15) based on 

the RPQ. See Table 5.1 for demographics for participant populations.  
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Table 5.1 Demographics of mTBI Patients and Control Participants 

 Control  
mTBI 

p-value 
Control vs 

mTBI a 

Low 
Symptom 

mTBI 

High 
Symptom 

mTBI 

p-value High 
vs Low 

Symptom b 

N 30 41  15 26  

Age (yrs) 38.67 ± 
18.11 

43.68 ± 
16.98 

0.236 41.80 ± 
20.38  

44.77 ± 
14.98 

0.627 

Education 
(yrs) 

15.10 ± 
2.02 

14.32 ± 
2.72 

0.192 15.27 ± 
2.94 

13.77 ± 
2.49 

0.090 

GCS NA 14.73 ± 
0.59 

NA 14.87 ± 
0.35 

14.65 ± 
0.69 

0.199 

Gender 
(M) 

16 30 0.086 13 17 0.146 

Positive 
CT 

NA 9 (22.0%) NA 4 (26.7%) 5 (19.2%) 0.591 

Days Since 
Injury 
Acute 

NA 7.66 ± 
2.36 

NA 6.67 ± 2.58 8.23 ± 
2.07 

0.039** 

Days Since 
Injury Sub-
acute 

NA 36.00 ± 
8.18 

NA 39.20 ± 
10.96 

34.15 ± 
5.49 

0.113 

MMSE 
Acute 

29.80 ± 
0.61 

29.28 ± 
0.82  

0.003** 29.43 ± 
0.76 

29.19 ± 
0.85 

0.389 

MMSE 
Sub-acute 

29.40 ± 
0.93 

29.34 ± 
1.02 

0.805 29.60 ± 
0.63 

29.19 ± 
1.17 

0.155 

MACE 
Acute 

27.40 
±1.85 

25.93 ± 
4.22 

0.053 26.67 ± 
1.50 

25.48 ± 
5.21 

0.294 

MACE 
Sub-acute 

28.07 ± 
1.58 

27.02 ± 
3.51 

0.099 27.13 ± 
2.59 

26.96 ± 
4.00 

0.883 

DRS  
Sub-acute 

NA 0.41 ± 
0.91 

NA 0.03 ± 0.13 0.63 ± 
1.09 

0.010** 

GOSE 
Sub-acute 

NA 6.71 ± 
1.72 

NA 7.40 ± 1.12 6.31 ± 
1.89 

0.026** 

 

V-C. Specific Methods 

V-C1. Traditional Neuropsychological Assessment 

All participants underwent neuropsychological assessment at each time point. Level 

of cognitive functioning was assessed by the administration of the MMSE (Folstein MF, 
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Folstein SE, McHugh PR., 1975) and MACE (McCrea et al., 2000) Participant outcome 

was determined at the sub-acute by the GOSE (Teasdale et al., 1998) and DRS (Gouvier 

et al., 1987). In addition, the total score on the RPQ was determined and used as an 

overall measure of self-reported symptoms. Furthermore, the symptoms were divided 

into three broad classes including cognitive, somatic and neuropsychological 

(Dischinger et al., 2009). See Table 3.2 for specific symptoms classes. Total score in 

each symptom class was assessed. 

V-C2. ANAM Battery 

The ANAM battery selected for this study consists of seven subtests assessing 

processing speed, memory, and attention (See Table 3.1). The throughput score from 

each subtest as well as the WT-TH was analyzed individually.  

Mood and fatigue will also have an influence on cognitive performance (Reeves et 

al., 2007). Therefore, in addition to completing the cognitive portion of the ANAM, 

participants also completed the Sleepiness Index Scale and the Mood Scale portions of 

the ANAM battery. Results for the Sleepiness Index Scale and the Mood Scale are 

reported as mean score for each representative group.  

V-C3. Resting State fMRI Processing 

To calculate IH-FC, 5mm spherical ROIs were placed in the left and right thalamus 

centered at (+/-11, 18, 8), left and right lateral parietal centered at (-37, -62, 29) and (41, 

-62, 29), left and right MTL centered at (-20, -12, -20) and (22, -12, -20), and 10 mm 

spheres in the DLPFC centered at (-42,34,20) and (44,36,20) on the MNI template 

(Figure 5.1). While the IH-FC within the thalamus, likely does not depend on the 

structural integrity of the corpus callosum, previous groups have reported altered rs-FC 
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with the thalamus following mTBI (Tang et al., 2011). The mean BOLD time series 

from the left ROI of each region was extracted and correlated with the time series of 

each voxel of the entire brain. Correlations were converted to normalized z-scores 

within the CONN-fMRI Functional Connectivity toolbox prior to further analysis. The 

average z-score of all voxels with the right ROI was extracted using the Rex toolbox 

within SPM to measure of IH-FC for the DLPFC, thalamus, lateral parietal and MTL. 

To visualize alterations in IH-FC, within group rs-FC maps were created by using the 

average time series of the left hemisphere seed for the DLPFC, thalamus, lateral parietal, 

and MTL. Within group rs-FC maps were thresholded at voxel-wise p-value of 0.001 

(uncorrected) and cluster extent threshold of p-value of 0.001 using a family wise error 

correction for multiple comparisons.  To test for voxel-wise difference in rs-FC between 

the three groups, between group rs-FC maps were calculated using the average time 

series of the left hemisphere seed for the DLPFC, thalamus, lateral parietal, and MTL 

and were thresholded at voxel-wise p-value of 0.001 (uncorrected) and cluster extent 

threshold of p-value of 0.05 using a family wise error correction for multiple 

comparisons. 
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Figure 5.1: ROIs used in interhemispheric functional connectivity analysis 
Visualization of regions of interest (ROIs) used to calculate average network 
interhemispheric functional connectivity (IH-FC). (A) dorsolateral prefrontal cortex 
(DLPFC) (B) thalamus (C) medial temporal lobe (MTL) and (D) lateral parietal lobe.  
ROIs are overlaid on MNI template. 
 
 
V-C4. Statistical Analysis 

Statistical analysis was performed using SPSS (SPSS Inc. Released 2007. SPSS for 

Windows, Version 16.0. Chicago, SPSS Inc). Group differences in demographic data, 

Sleepiness Index Scale, and Mood Scale were tested using independent t-tests (either 

between controls and mTBI participants or between high symptom mTBI and low 

symptom mTBI).  Within the control group, paired t-tests were used to determine within 

subject variability or practice effects for each ANAM subtest. A two-way mixed-design 

analysis of covariance (ANCOVA) model, which took into account age, and years of 
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education was used to compute group differences in ANAM throughput scores.   We 

included the two visits as a repeated measures within subject variable and group as the 

between subjects variable. We repeated the ANCOVA for both control versus mTBI and 

high symptom mTBI versus low symptom mTBI.   

To determine differences in IH-FC we used a separate One-Way ANCOVA 

accounting for differences in age between groups at each time point to assess group 

differences between control, high symptom mTBI, and low symptom mTBI. Fisher’s 

least significant difference (LSD) test was used to correct for multiple comparisons. 

Pair-wise associations within the mTBI population between IH-FC and WT-TH were 

calculated using Pearson’s partial correlations correcting for age and years of education 

at each time point (acute and sub-acute stage separately). In an additional exploratory 

analysis we investigated pair-wise associations between IH-FC in different regions and 

each of the individual ANAM subtests using Pearson’s partial correlations correcting for 

age and years of education at each time point.  Correlations shown are uncorrected for 

multiple comparisons.   

V-D. Results 

V-D1. Participants 

There was no difference in age (p=0.24) or education (p=0.19) between mTBI 

participants and control subjects; however there was a trend in gender with mTBI 

participants having a greater percentage of males (p=0.086) (Table 5.1). There was no 

difference in age (p=0.627), gender (p=0.146), education (p=0.090) or GCS between 

high symptom and low symptom mTBI. There was no significant difference in 

percentage of mTBI participants with intracranial bleed seen by CTs between the high 
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and low symptoms mTBI groups (p=0.590). There was a significant difference between 

the mTBI groups in time since injury at the acute stage, with the average time delay in 

testing being longer for high symptom group post-injury (8.23d +/-2.07) than for the low 

symptom group (6.67d +/-2.58; p=0.04). Time since injury at the sub-acute stage was 

not significantly different between the two mTBI groups (p=0.11).  

V-D2. Traditional Neuropsychological Assessment 

There was a significant difference in performance on the MMSE between mTBI 

participants and controls at the initial time point (p=0.003), but not at the sub-acute stage 

(p=0.389) (Table 5.1). There was a trend towards reduced performance among the mTBI 

participants on the mental status section of the MACE at the acute stage (p=0.053) and 

sub-acute stage (p=0.099). We observed no significant difference on the MMSE or 

MACE between high and low symptom mTBI participants at either time point.  

However, there was a significant difference in participant outcome measures of GOSE 

and DRS with the high symptom mTBI participants demonstrating reduced GOSE score 

(p=0.026) and increase DRS score (p=0.010).  The high symptom mTBI participants 

scored higher on self-reported symptoms for all three symptom domains (cognitive, 

somatic, and neuropsychological) (all p values <0.01 for acute stage and p <0.001 for 

sub-acute stage) (see Table 5.2).  
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Table 5.2: Mean Rivermead Scores 

 High Symptom 
mTBI 

Low Symptom 
mTBI 

p-value  

RPQ Total Acute 23.4+/-18.8 6.6+/-8.1 0.002 

Somatic Total Acute 11.8+/-10.5 2.8+/-3.7 0.005 

Cognitive Total Acute 5.1+/-4.3 1.5 +/-2.6 0.005 

Neuropsyc Total Acute 6.5+/-5.2 2.2+/-2.7 0.003 

RPQ Total Sub-acute 22.2+/-15.1 2.47+/-3.0 < 0.001 

Somatic Total Sub-acute 8.9+/-7.9 0.9+/-2.0 < 0.001 

Cognitive Total Sub-acute 6.2+/-3.8 0.5+/-1.0 < 0.001 

Neuropsyc Total Sub-acute 7.2 +/-3.8 1.0+/-1.9 < 0.001 

 

The results of the analysis of the Mood Scale during the acute stage suggests that 

compared to control subjects, mTBI participants tended to report reduced vigor and 

happiness and increased restlessness, depression, and anxiety. At the sub-acute stage, 

mTBI participants report increased restlessness, depression, and anxiety.  No differences 

between the groups were noted on the Sleep Index score.  During the acute stage, the 

high symptom mTBI participants reported reduced vigor and increased restlessness. At 

the sub-acute stage, high symptom mTBI participants continued to report reduced vigor 

and but also happiness.  At both time points high symptom mTBI participants report an 

increased Sleep Index score suggesting increased fatigue among these participants 

(Table 5.3).  
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Table 5.3: Mood Scale and Sleepiness Index Scale 

 
 

Control mTBI p-value 
Control 
vs mTBI 

a 

Low 
Symptom 

mTBI 

High 
Symptom 

mTBI 

p-value 
High vs 

Low 
Symptom 

b 

Acute        

Vigor 3.7 +/- 1.2 2.9+/-1.3 0.014* 3.6+/-1.0 2.5+/-1.3 0.006* 

Restlessness 0.6 +/- 0.4 1.1 +/- 1.1 0.006* 0.6+/-0.7 1.3+/-1.2 0.038* 

Depression 0.3 +/- 0.5 0.7 +/- 1.0 0.023* 0.4+/- 0.7 0.9 +/-1.2 0.166 

Anger 0.3 +/- 0.7 0.6 +/- 1.0 0.106 0.3+/- 0.4 0.8+/- 1.7 0.083 

Fatigue 1.4 +/- 0.7 1.9 +/- 1.4 0.096 1.4+/- 1.2 2.1+/- 1.4 0.104 

Anxiety 0.3+/-  0.5 0.8 +/- 1.0 0.006* 0.6+/- 0.6 1.0+/- 1.2 0.282 

Happiness 4.3+/-  1.1 3.7 +/- 1.3 0.035* 4.1+/- 1.1 3.4+/- 1.4 0.096 

Sleep Index 2.4 +/-  1.0 2.3 +/- 1.3 0.703 1.7+/-0.6 2.6+/-1.4 0.030* 

Sub-Acute        

Vigor 3.1 +/- 1.3 3.0 +/- 1.3 0.588 3.7+/-1.3 2.6+/-1.2 0.006* 

Restlessness 0.4 +/- 0.6  1.0 +/- 1.1 0.024* 0.6+/- 0.8 1.2+/- 1.3 0.081 

Depression 0.3 +/- 0.5 0.7 +/- 1.0 0.033* 0.4+/- 0.4 0.9+/- 1.1 0.096 

Anger 0.3 +/- 0.4 0.6 +/- 0.8 0.077 0.3+/- 0.5 0.7+/- 1.0 0.078 

Fatigue 1.9 +/- 1.3 1.6 +/- 1.3 0.339 1.1+/- 1.1 1.8+/- 1.4 0.082 

Anxiety 0.3 +/- 0.6 0.8 +/- 1.0 0.028* 0.4+/- 0.7 1.0+/- 1.1 0.069 

Happiness 4.3 +/- 0.9 3.8 +/- 1.3 0.117 4.5+/-1.1 3.4+/-1.3 0.008* 

Sleep Index 2.5 +/- 1.3 2.5 +/- 1.3 0.968 1.9+/-0.9 2.9+/-1.3 0.013* 
a Based on t-tests between control and mTBI groups. 
b Based on t-tests between high symptom mTBI and low symptom mTBI groups.  
 

V-D3. ANAM Battery 

No significant differences in performance on any of the ANAM subsets or WT-TH 

between the two visits (all p values > 0.05) were noted among the control group 

suggesting no practice effects on the ANAM over a six month follow up period.   
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ANAM performance (as measured by the weighted throughput score at the initial 

stage) was negatively correlated with age (R=-0.625, p < 0.001) and years of education 

(R= 0.291, p= 0.015); therefore, age and years of education were included as covariates 

in analysis of ANAM measures. Based on the results of the two-way mixed-design 

ANCOVA, MTBI participants performed significantly worse than control subjects on 

the CSD (p=0.032) and WT-TH (p=0.067) (Table 5.4).  In addition, there was a non-

significant trend in the within subjects factor (between visits) for the MTS subtest 

(p=0.064) suggesting an improvement in performance of this subtest between visits.  

 

Table 5.4: ANAM Results mTBI versus Control 

 Control V1 Control 
V2 

mTBI 
Acute 

mTBI 
Sub-acute 

B/n 
Subjects 
p-value 

a 

W/in 
Subjects 
p-value 

a 

CS 51.3+/-15.0 52.1+/-13.7 43.9+/-14.7 45.8+/-11.9 0.185 0.121 

CSD 43.6+/-18.9 48.2+/-17.8 31.6+/-13.8 38.8+/-17.0 0.032 0.506 

MTS 33.9+/-11.9 32.9+/-10.7 27.2+/-11.0 30.0+/-8.7 0.354 0.064 

MATH 24.7+/-7.7 23.5+/-8.5 20.9+/-6.6 21.0+/-6.9 0.262 0.469 

PRT 100.0+/-17.5 98.1+/-17.8 89.8+/-17.1 97.9+/-16.2 0.759 0.244 

SRT 221.9+/-37.9 220.3+/-46.8 199.3+/-53.9 211.8+/-42.4 0.521 0.106 

SRT2 219.5+/-45.3 225.8+/-47.3 202.2+/-47.8 210.8+/-36.2 0.525 0.214 

WT-TH 218.7+/-46.4 220.2+/-46.9 184.0+/-41.3 200.5+/-36.2 0.067 0.511 
 

a Based on results of the two-way mixed-design ANCOVA which included the two visits 
as a repeated measures within subject variable and group (mTBI vs control) as the 
between subjects variable. Age and years of education were included in the model as 
covariates.  
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Furthermore, results between high symptom and low symptom mTBI participants 

demonstrate that high symptom mTBI participants perform worse than the low symptom 

mTBI participants on the CSD (p=0.017), CS (p=0.012), SRT2 (p=0.031), and WT-TH 

(p=0.009). In addition, both the mTBI groups demonstrated recovery in the MTS 

(p=0.034) and CSD (p=0.025) performance between the acute and sub-acute visits 

(Table 5.5).  None of the interaction terms between any of these subsets were 

significant. 

 
Table 5.5: ANAM Results High Symptom mTBI versus Low Symptom mTBI 

 High 
Symptom 

Acute 

High 
Symptom 
Sub-acute 

Low 
Symptom  

Acute 

Low 
Symptom 
Sub-acute 

B/n 
Subjects 
P-value 

a 

W/in 
Subjects 
p-value 

a 

CS 40.6+/-13.8 42.2+/-10.2 49.7+/-14.8 51.9+/-12.6 0.012 0.259 

CSD 21.8+/-12.3 33.6+/-14.6 37.7+/-14.5 47.9+/-17.5 0.017 0.025 

MTS 24.3+/-10.3 27.8+/-8.7 32.2+/-10.5 33.7+/-7.8 0.112 0.034 

MATH 20.6+/-6.8 20.5+/-7.5 21.4+/-6.4 21.9+/-5.8 0.650 0.804 

PRT 87.3+/-15.5 93.6+/-16.9 94.3+/-19.3 105.2+/-12.3 0.128 0.656 

SRT 189.9+/-56.2 205.2+/-47.4 215.6+/-47.0 223.4+/-30.1 0.258 0.185 

SRT2 188.9+/-51.4 200.0+/-35.7 225.4+/-30.3 229.6+/-29.5 0.031 0.525 

WT-TH 172.7+/-41/2 188.3+/-32.8 203.6+/-34.7 221.6+/-32.8 0.019 0.504 
 

a Based on results of the two-way mixed-design ANCOVA which included the two visits 
as a repeated measures within subject variable and group (high symptom vs low 
symptom) as the between subjects variable. Age and years of education were included in 
the model as covariates.  
 

V-D4. IH-FC 

Based on the results of the one-way ANCOVA, there was no difference among the 

three groups (control, high symptom mTBI and low symptom mTBI) in IH-FC in 

DLPFC (F=1.411, p=0.252), thalamus (F=1.002, p=0.374), or MTL (F=1.035, p=0.361) 



	  

68	  

during the acute stage.  However, based on the results of the one-way ANCOVA, there 

was a significant difference between the three groups in the lateral parietal lobe 

(F=3.517, p=0.036). Post-hoc tests revealed low symptom mTBI participants had 

significantly lower IH-FC within the lateral parietal lobe compared to the control group 

(p=0.020).  There was also a trend in reduced IH-FC in the high symptom mTBI group 

compared to the control group (p=0.052) (Figure 5.2A). 

At the sub-acute stage, there was a significant group difference between the three 

groups in IH-FC in the DLPFC (F=3.759, p=0.029) but not in the thalamus (F=1.517, p= 

0.288), MTL (F=1.908, p=0.157), or the lateral parietal lobe (F=2.041, p=0.138). Post-

hoc tests revealed that high symptom mTBI participants have reduced IH-FC in the 

DLPFC compared to control subjects (p =0.013), while there is only a trend in reduced 

IH-FC in low symptom mTBI participants when compared to control subjects (p=0.061) 

(Figure 5.2B).  

V-D5. Correlations between Imaging and ANAM 

There were no significant correlations noted between IH-FC and ANAM WT-TH 

score within the control group or the mTBI participants at the acute stage. (Figure 5.2C).  

In the exploratory investigation looking into associations between IH-FC and the 

individual subtests, mTBI patients demonstrated significant positive correlations 

between the IH-FC within the parietal lobe and the MATH throughput score (R=0.448, 

p=0.010) during the acute stage.  Positive correlations were found between the IH-FC 

within the DLPFC and the MATH throughput score (R=0.335, p=0.040) during the sub-

acute stage (Figure 5.2C).  
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Figure 5.2: ROI analysis of interhemispheric functional connectivityand 
associations with ANAM 
ROI analysis of group differences in interhemispheric functional connectivity (IH-FC) 
within the dorsolateral prefrontal cortex (DLPFC), thalamus, lateral parietal lobe, and 
medial temporal lobe (MTL). (A) Acute stage (B) Sub-acute stage. Significance 
assessed using separate One-Way ANCOVA accounting for differences in age between 
groups at each time point to assess group differences between control, high symptom 
mTBI, and low symptom mTBI. Fisher’s least significant difference (LSD) test was used 
to correct for multiple comparisons. # p <0.10, * p <0.05. (C) Correlations between rs-
FC and throughput scores of the MATH subtest of the ANAM during the sub-acute 
stage in mTBI participants only. Scatter plot between IH-FC DLPFC and MATH. 
Significance assessed Pearson’s partial correlations correcting for age and years of 
education. 
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V-D6. Between Group Functional Connectivity Maps 

There were no regions of significant differences in rs-FC for the DLPFC or MTL 

between any of the groups at either time point.  During the acute stage, an increased 

connectivity between the left lateral parietal in the control group compared to the high 

symptom group was observed in the left orbitofrontal cortex (Figure 5.3A). Increased 

connectivity was noted between the left lateral parietal in the control group compared to 

the low symptom group in the right lateral parietal (Figure 5.3B). No differences in rs-

FC with the left lateral parietal lobe were noted between the high symptom group and 

low symptom group. Interestingly, at the sub-acute stage, increased rs-FC between the 

left thalamus and cortical regions including the right insula, right primary somatosensory 

cortex, and right somatosensory association area was observed in the high symptom 

group compared to the low symptom group (Figure 5.3C).  
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Figure 5.3: Between group functional connectivity maps 
Visualization of the between group functional connectivity (rs-FC) maps for the left 
lateral parietal ROI (A-B) during the acute stage and (C) left thalamus ROI during the 
sub-acute stage. Warm colors represent regions of increased rs-FC in the control group 
compared to (A) the high symptom mTBI group and (B) the low symptom mTBI group. 
Warm colors represent regions of increased rs-FC in the high symptom mTBI group 
compared to the low symptom mTBI group (C). Rs-FC maps were thresholded at voxel-
wise p-value of 0.001 (uncorrected) and cluster extent threshold of p-value of 0.05 using 
a family wise error correction for multiple comparisons. Results are overlaid on MNI 
template. 
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V-D7. fMRI Motion Analysis  

Comparison of average motion parameters for each of the groups at each time point 

are shown in Figure 5.4. Significant difference in the average translation in the y 

direction (F=3.35, p=0.042) was observed during the acute visit. There were no 

statistically significant differences in the average motion parameters between the three 

groups during the sub-acute stage.  However, in order to further ensure that results 

reported in regards to differences in IH-FC between the three groups are not effected by 

this y-direction translation, Pearson’s correlations between the translation in the y 

direction and the IH-FC determined for each region were calculated. There were no 

significant correlations between IH-FC and translation in the y direction. Scatter plots 

for correlations are shown in Figure 5.5. 
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Figure 5.4 Comparison of average motion parameters 
Bar graphs of the mean of the 6 motion parameters for the three groups (control, low 
symptom mTBI, high symptom mTBI) for (A) the acute stage and (B) the sub-acute 
stage. Significance assessed using separate One-Way ANOVA between groups at each 
time point to assess group differences between the three groups.  * p <0.05. 
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Figure 5.5 Association between translation in y direction and DLPFC IH-FC  
Scatter plot of the mean translation in the y direction versus IH-FC within the 
dorsolateral prefrontal cortex (DLPFC), thalamus, lateral parietal lobe, and medial 
temporal lobe (MTL).  Data is shown for all rs-fMRI scans (control at one visit and high 
symptom mTBI and low symptom mTBI at the acute and sub-acute stages). Significance 
assessed Pearson’s bivariate correlations. 
 
 
V-E. Discussion 

In this chapter, we demonstrate that the ANAM is able to detect subtle changes in 

neurocognitive performance following mTBI, and that IH-FC is a sensitive measure to 

distinguish mTBI participants from a control population.  The results of our study lead 

to three main conclusions regarding mTBI and cognitive performance.  First, as a whole, 
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mTBI participants perform worse on measures of cognitive performance, specifically 

demonstrating deficits in immediate memory as measured by reduced performance on 

the CSD subtest. However, high symptom mTBI participants also noted unique deficits 

in measures of information processing and increased levels of cognitive fatigue as 

measured by reduced performance in the CS and SRT2 subtests respectively.  Second, 

mTBI participants exhibited reduced IH-FC in the lateral parietal lobe in the acute stage, 

but reduced IH-FC in the DLPFC during the sub-acute stage. Finally, associations 

between the reduced IH-FC and impaired cognitive performance on the ANAM was 

observed signifying an association between imaging measures and cognitive 

performance in mTBI participants. 

V-E1. Cognitive Characterization 

Results from this study demonstrate that as a whole mTBI participant have 

significantly lower scores on the CSD.  MTBI participants often report deficits in both 

sustained attention (Maruishi et al., 2007), short term memory, and working memory 

(McAllister et al., 2006; McDowell et al., 1997; Miotto et al., 2010), hence it is not 

surprising that mTBI participants in this study would show deficits in the CSD subtest 

which assess these cognitive domains. Furthermore, because the cognitive deficits 

following mTBI are often subtle, the WT-TH score may be an ideal measure to 

determine cognitive impairment following mTBI as it encompasses several aspects of 

the cognitive measure. 

Results from the ANAM demonstrate that in addition to deficits in memory 

performance, high symptom mTBI participants also have deficits in processing speed 

and visual attention as indicated by reduced performance on the CS subtest. In addition, 
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high symptom mTBI participants performed worse on the SRT2 subtest, which is 

administered towards the end of the computerized tests to obtain a measure of cognitive 

fatigue. Reduced information processing is a common symptom following mTBI 

(Johansson et al., 2009; Hillary et al., 2010), and may contribute to the cognitive fatigue 

noted on the high symptom mTBI participants in this study. Further, this is supported by 

other neuroimaging studies that have demonstrated that mTBI participants have 

increased activations during cognitive tasks indicating that mTBI participants must put 

forth greater mental effort to complete tasks, contributing to greater cognitive fatigue 

(McAllister et al., 2001). There are noted differences in the self reported Mood and 

Sleepiness Index Scales between the high symptom and low symptom groups. Since 

cognitive performance may be influenced by mood and levels of fatigue the results of 

this study must be interpreted in the context of this limitation.   

It is important to note that recent research has raised concerns that the ANAM fails 

to detect cognitive deficits in mTBI participants when assessed at greater than 10 days 

post injury (Coldren et al., 2012). While our results do demonstrate minimal cognitive 

deficits in the mTBI group within the one month post injury time frame with only 

reduced performance in the CS subtest, our results do show multiple cognitive deficits in 

mTBI participants who report high symptoms compared to those with low symptoms. 

This suggests that while the ANAM may not be sensitive enough to detect all of the 

subtle cognitive deficits associated with a mild head injury, the ANAM does appear 

sensitive enough to detect deficits present in mTBI participants with high symptoms. 
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V-E2. IH-FC 

MTBI has been shown to reduce rs-FC in multiple networks including IH-FC 

(Slobounov et al., 2011), the TPN (Shumskaya et al., 2012; Mayer et al., 2011), and the 

DMN (Mayer et al., 2011; Zhou et al., 2012; Johnson et al., 2012b), but simaltaneously 

increase rs-FC between network (Sours et al., 2013; Mayer et al., 2011). Our results are 

consistent with these findings of reduced IH-FC (Figure 5.2AB).  For example, our 

results extend those of Slobounov and colleagues who noted reduced IH-FC in the 

DLPFC networks in the initial stage (around 10 days post injury) in a population of 

concussed athletes. Unlike Slobounov and colleagues, our data did not show reduced IH-

FC within the MTL (or hippocampal network). However, based on our ROI analysis, our 

data does show reduced IH-FC within the lateral parietal lobe during the acute stage. 

This reduction in IH-FC within the lateral parietal lobe (Figure 5.2A) was confirmed by 

our between group rs-FC map during the acute stage (Figure 5.3B). Since the lateral 

parietal lobes in both hemispheres are main nodes of the DMN, this finding is also 

consistent with previous studies noting reduced rs-FC within the DMN (Mayer et al., 

2011; Zhou et al., 2012; Johnson et al., 2012b). Furthermore, these results suggests that 

the temporal pattern of altered rs-FC may vary among networks across the brain, with 

the lateral parietal lobe (associated with the DMN) showing some recovery by the one 

month follow up while alterations in the DLPFC IH-FC do not.  

The combination of the findings from the study in athletes and those from this study 

on civilian mTBI appear to suggest that the changes in RSNs are present across the first 

month following injury.  Furthermore, once the reduction in IH-FC within the DLPFC at 

the sub-acute stage is associated with reduced performance on the ANAM, this may 
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indicate that the alterations noted by Slobounov and colleagues in IH-FC are likely still 

present at one month following injury. This finding stresses the importance of future 

studies to longitudinally assess functional changes in mTBI participants and to examine 

how these changes are associated with post concussive symptoms and cognitive 

performance.  

While other groups have found alterations in thalamic rs-FC following mTBI (Tang 

et al., 2011) our participants did not demonstrate altered IH-FC within the thalamus. 

However, similar to previous results, our between group rs-FC maps do demonstrate 

increased rs-FC between the thalamus and the cortex, in the high symptom mTBI group 

compared to those with low symptoms (Figure 5.3C). Since many of the post concussive 

symptoms are somatic in nature, it is intriguing that those with more symptoms have 

increased thalamo-cortical connectivity. However, the thalamus consists of multiple 

nuclei with connections to various regions of the cortex and, therefore, cannot be 

considered a homogeneous structure. Further analysis is needed to determine if rs-FC 

within the thalamo-cortical connections of specific thalamic nuclei are altered, and how 

these alterations are associated with both cognitive performance as measured by the 

ANAM and somatic symptoms. 

V-E3. Conclusion 

 In conclusion, our results demonstrate that the ANAM is able to detect subtle 

cognitive deficits in a civilian mTBI population in the early stages of injury as well as 

able to detect specific cognitive deficits indicating reduced processing speed and 

increased cognitive fatigue in mTBI participants suffering from extensive post 

concussive symptoms.  Furthermore, our data demonstrate that the reductions in 
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cognitive performance noted in mTBI participants is associated with altered 

communication between neural networks. Furthermore, when taken in the context of the 

results from Chapter IV, these results provide further evidence for an association 

between reduced rs-FC within the DMN and TPN in mTBI patients.  These results stress 

the importance of monitoring the recovery of mTBI with both extensive cognitive 

evaluations and advanced neuroimaging methods to aid in the development of better 

prognostic markers for post concussive syndrome.   
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VI. LONGITUDINAL INVESTIGATION OF RESTING STATE FUNCTIONAL 

CONNECTIVITY 

VI-A. Introduction 

We have shown in the first two studies that the balance between the DMN and TPN is 

disrupted in mTBI patients with memory complaints in the sub-acute stage (Chapter IV) 

and that the IH-FC within the DMN (DLPFC) and TPN (lateral parietal lobes) is reduced 

in mTBI patients in the acute and sub-acute stages of injury (Chapter V).  In addition, we 

have shown that these alterations are associated with reduced cognitive performance as 

measured by the ANAM (Figures 4.6 and 5.2).  However, many patients continue to 

suffer from post concussive symptoms into the chronic stage of injury (greater than 6 

months post injury).  Therefore, we were interested in investigating how the imbalance in 

internally versus externally directed thought processes present during resting conditions 

may contribute to the development PCS experienced by a subset of the mTBI patients as 

well as examine the time course of network reorganization following a traumatic injury.  

VI-A1. Objectives 

Our main goal in this chapter was to monitor a group of mTBI patients across the 

acute, sub-acute, and chronic stages in order to investigate the effect of cross sectional 

changes in rs-FC within and between the DMN and TPN compared to control 

participants. An additional goal was to evaluate differences in the longitudinal changes in 

rs-FC between patients with and without chronic PCS and determine if these alterations 

are associated with the extent of the chronic post concussive symptoms that the mTBI 

patients are experiencing. 
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VI-B. Participants 

Twenty-eight mTBI patients (38.9+/-15.9yrs, 18M:10F) were prospectively recruited. 

Twenty-eight neurologically intact subjects that were age (39.25+/-17.2yrs, 16M:12F) 

and education matched served as the control population. Mechanisms of injury included 

10 motor vehicle accidents, 3 bicycle accidents, 4 assaults, 9 falls, and 2 sports related 

accidents.  The average GCS upon admission of the participants was 14.8.  Five out of 

the 28 mTBI patients had evidence of injury based on clinical CT while one patient had 

evidence of injury based on clinical MRI only as read by board certified trauma 

radiologist. All 28 mTBI patients received rs-fMRI at three time points. An initial stage 

(referred to as acute stage) within 11 days (average 6 +/-3 days, range 1-11 days), a sub-

acute stage of approximately 1 month post injury (average 36 +/-13 days, range 25-88 

days), and a chronic stage (average 198 +/-26 days, range 137-266 days). 

VI-B1. Patient Characterization 

The mTBI subjects were further subdivided into two cohorts at the chronic stage 

based on self-reported symptoms on the RPQ (King et al., 1995) into those with and 

without PCS. Based on the International Classification of Disease tenth revision (ICD10) 

symptom criteria for PCS we defined PCS as reporting 3 or more of the following 

symptoms lasting for greater than three months: headaches, dizziness, sleep, trouble 

concentrating, fatigue, memory problems, and irritability (World Health Organization., 

2010). Twelve of the mTBI patients qualified as having PCS at 6 months while 16 did not 

qualify as having PCS. The mTBI patients were subdivided at the earlier time points 

based on their classification in the chronic stage.  
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VI-C. Specific Methods 

VI-C1. Neuropsychological Assessment 

Patients underwent neuropsychological assessment at all three visits. However, due to 

the clinical condition of the patients, only 19 of the 28 mTBI patients at the acute stage 

and 27 out of the 28 mTBI patients at the sub-acute stage completed the 

neuropsychological assessment. One control participant declined participation in the 

neuropsychological assessment.  The level of cognitive functioning was assessed by the 

administration of the MMSE (Folstein MF, Folstein SE, McHugh PR., 1975) and MACE 

(McCrea et al., 2000) at each visit. Patient outcome was assessed by the GOSE (Teasdale 

et al., 1998) and DRS (Gouvier et al., 1987) at 6 months.  The TBI Military battery of the 

Automated Neuropsychological Assessment Metrics (ANAM) was administered to the 

participants. 

VI-C2. Resting State fMRI Processing 

For the DMN, the reference time series was selected from a 5mm ROI in the PCC 

centered at (-5,-53, 41) on the MNI template based on Fox et al., 2005. For the TPN, we 

selected two reference time series from bilateral 5mm spheres in the dorsolateral 

prefrontal cortex (DLPFC) centered at (-42,34,20) and (44,36,20) on the MNI template. 

ROIs were created using a 10mm sphere centered around each significantly correlated 

cluster for the DMN and the TPN based on group connectivity maps of the control group. 

The DMN includes ROIs within the PCC, medial prefrontal cortex (MPFC), bilateral 

lateral parietal (RLP and LLP), bilateral inferior temporal gyrus (R ITG and L ITG), and 

the bilateral parahippocampal gyrus (R PHG and L PHG) (Figure 6.1A).   The TPN 

includes ROIs in the bilateral DLPFC (R DLPFC and L DLPFC), Premotor Area (PM) 
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Figure 6.1: Location of Network ROIs 
(A) Default Mode Network (DMN) ROIs. 1) PCC 2) LLP 3) RLP 4) MPFC 5) L ITG 6) 
R ITG 7) L MTL 8) R MTL. (B) Task Positive Network (TPN) ROIs. 1) PM 2) L SMG 
3) R SMG 4) L DLPFC 5) R DLPFC. Networks consists of 10 mm spherical ROIs 
centered around the peak correlated voxel with the posterior cingulate cortex (PCC) for 
the DMN and the bilateral dorsolateral prefrontal cortex (DLPFC) for the TPN from the 
results of the control group.  

 

and bilateral superior marginal gyrus (R SMG and L SMG) (Figure 6.1B). For each ROI, 

the rs-FC with PCC node of the DMN, the L DLPFC node of the TPN, and the R DLPFC 

node for the TPN were extracted separately. 

We opted to analyze the strength of connectivity with the right and left DLPFC 

individually because there is evidence that the TPN is right lateralized, and we were 

interested in the effect of TBI on the strength of each hemisphere (Laird et al., 2011). The 

strength of rs-FC for each node was calculated for within network connectivity (DMN rs-

FC, RTPN rs-FC, and LTPN rs-FC). In addition, the strength of between network 

connectivity was calculated as well between the PCC node and the five TPN ROIs 



	  

84	  

(DMN-TPN rs-FC) and separately between the R DLPFC and L DLPFC nodes and the 

eight DMN ROIs (RTPN-DMN rs-FC and LTPN-DMN rs-FC respectively). The within 

network strength is defined as the mean rs-FC of the node with the rest of the nodes 

within the network while the between network strength is defined as the mean rs-FC of 

the node with the nodes of the other network (Lynall et al., 2010).  

VI-C3. Statistical Analysis 

Within group rs-FC maps of the DMN and TPN were created using SPM8.   Positive 

rs-FC maps were thresholded at a voxel wise p-value of 0.001 (uncorrected) and cluster 

extent threshold of p-value of 0.001 using a family wise error correction for multiple 

comparisons. Individual maps were made for the control group, and the mTBI groups at 

each stage of injury. In addition, individual maps were made at each stage of injury for 

the PCS and no PCS groups. Between group contrast maps were created and were 

thresholded at voxel wise p-value of 0.005 (uncorrected) and cluster extent threshold of 

p-value of 0.05 using a family wise error correction for multiple comparisons. 

Differences in demographic characteristics between the control group and mTBI 

group as well as between the mTBI groups with and without chronic PCS were 

determined using unpaired t-tests. Group differences in rs-FC measures between the 

control group and mTBI group were tested using unpaired t-tests at each time point 

(acute, sub-acute, and chronic) separately. Differences in longitudinal imaging measures 

between mTBI patients with and without PCS were determined using repeated measures 

analysis of covariance (ANCOVAs) controlling for age with group as the between 

subjects variable (with or without PCS) and visit as the within subject variable (acute, 

sub-acute, or chronic) implemented in SPSS. We chose to control for the effect of age in 
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our longitudinal analysis due to the fact the there was a significant differences in age 

between mTBI patients with and without PCS (p=0.03).  

VI-D. Results 

VI-D1. Participants 

There were no differences between the mTBI group and control group in age (p= 

0.98), sex (p= 0.59), or years of education (p= 0.19). There were no differences between 

the mTBI group with and without chronic PCS in sex (p= 0.18), education (p= 0.31), and 

days post injury (acute: p=0.50; sub-acute: p=0.83; and chronic p=0.75). In addition, the 

two groups had equal percentage of CT or MR positive patients (19% CT/MR positive in 

no PCS group vs 25% CT/MR positive in PCS group). However, the PCS group was 

significantly older (p=0.03) than the group without PCS.  

 

Table 6.1 Demographics of mTBI Patients and Control Participants 

 N Age Sex Edu Days 
Acute 

Days 
Sub-

Acute 

Days 
Chronic 

+CT 

Control 28 39.3+/-17.2 16M
:12F 

14.7+/-2.2 NA NA NA NA 

mTBI 28 38.9+/-15.9 18M
:10F 

13.9+/-2.7 6+/-3 36+/-13 198+/-26 5/28 

PCS 12 46.3+/-14.1* 6M: 
6F 

13.3+/-2.1 7+/-3 35 +/- 8 196+/-23 2/12 

No PCS 16 33.3+/-15.3* 12M
:4F 

14.3+/-3.0 6+/-3 36+/-15 199+/-29 3/16 

* Significant Difference between PCS and no PCS. 
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VI-D2. Neuropsychological Assessment 

Cross Sectional Analysis 

The control group and mTBI group at all three time points performed similarly on the 

MACE (acute: p= 0.49; sub-acute:  p= 0.73; chronic: p= 0.76). There were no differences 

in ANAM performance as measured by the WT-TH between the control group and mTBI 

group at any time point (acute: p= 0.12; sub-acute:  p= 0.40; chronic: p= 0.46).  

Longitudinal Analysis 

Based on the outcome measures at the chronic stage, the group with PCS had 

significantly worse long term outcome based on the GOSE (p=0.023) and DRS (p=0.035) 

compared to the group without PCS.  Furthermore, the PCS group performed worse on 

the MACE at the acute stage (p=0.011), but not the sub-acute stage (p=0.12) or the 

chronic stage (p=0.59). While the mTBI group as a whole performed similarly to 

controls, the PCS group performed significantly worse than those without PCS on the 

ANAM as measured by the weighted throughput score on ANAM (F=6.347; p=0.024). 

Post-hoc t-tests determine that this group difference is present at the acute stage 

(p=0.003), but not at the sub-acute or chronic stages (p=0.16 and p=0.15 respectively), 

suggesting subtle cognitive impairments in mTBI patients with PCS in the initial stages 

of injury.  However, there is no evidence to suggest that there are longitudinal changes in 

performance on the ANAM (F=0.103; p=0.903). 

VI-D3. Resting State fMRI: Voxel Based Analysis 

Cross Sectional Analysis 

Visual inspection of RSNs for both the DMN (Figure 6.2A) and TPN (Figure 6.2B) 

demonstrated that the connectivity maps were qualitatively consistent with prior reports 
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in the literature of control populations (Fox et al., 2005; Greicius et al., 2003; Raichle et 

al., 2001; van den Heuvel and Hulshoff Pol, 2010). 

 

 

Figure 6.2 Longitudinal group functional connectivity maps 
Longitudinal within group rs-FC maps for Controls, and mTBI patients across the three 
time points. (A) Default Mode Network (DMN). (B) Task Positive Network (TPN).  
Maps are thresholded at a voxel wise p-value of 0.001 (uncorrected) and cluster extent 
threshold of p-value of 0.001 using a family wise error correction for multiple 
comparisons. 
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Based on threshold of voxel wise p-value of 0.005 (uncorrected) and cluster extent 

threshold of p-value of 0.05 FWE corrected, mTBI patients did not demonstrate any 

differences in rs-FC within the DMN compared to the control group in the acute or sub-

acute stages. However, in the chronic stage mTBI patients revealed increased rs-FC 

between the PCC node of the DMN and regions associated with the TPN such the dorsal 

anterior cingulated cortex (dACC)/premotor area (PMA), bilateral insular cortex (In), and 

left DLPFC (Figure 6.3A), implying increased rs-FC between the DMN and TPN.  MTBI 

patients demonstrate reduced rs-FC between the PCC node of the DMN and other nodes 

of the DMN including the left supramarginal gyrus (L SMG) and dorsal posterior 

cingulated cortex (dPCC) (Figure 6.3A), suggesting reduced within DMN rs-FC.  Based 

on voxel wise analysis, mTBI patients did not demonstrate altered rs-FC with the TPN in 

the acute or sub-acute stages compared to the control group.  However, in the chronic 

stage mTBI patients demonstrate increased rs-FC with the TPN in the anterior prefrontal 

cortex and dPCC (Figure 6.3B), which are nodes associated with the DMN, once again 

suggesting increased between network rs-FC.  See Table 6.2 for location of voxel-wise 

differences.  
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Figure 6.3 Network functional connectivity differences between control and mTBI 
group 
Between group contrast maps for control versus mTBI group in the chronic stage.  (A) 
DMN (B) TPN.  Warm colors represent regions of increased rs-FC in the mTBI group 
and cool colors represent regions of reduced rs-FC in the mTBI group. Maps are 
thresholded at voxel wise p-value of 0.005 (uncorrected) and cluster extent threshold of 
p-value of 0.05 using a family wise error correction for multiple comparisons.  
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Table 6.2 Voxel-wise Group Differences 

 Region Abbreviation Coordinates Voxels 
DMN     
Chronic mTBI > 
Control 

Dorsal anterior 
cingulate/premotor 

dACC/PM 
 

(-4, 22, 34) 1034 
 

 Right Insula R In (46, 4, 2) 802 
 Left Insula L In (-40, 10, 6) 698 

 
Left dorsolateral 
prefrontal cortex 

L DLPFC 
 

(-32, 46, 36) 414 
 

Chronic mTBI < 
Control 

Dorsal posterior 
cingulate cortex dPCC 

(8, -52, 38) 
415 

 
Left supramarginal 
gyrus L SMG 

(-36, -64, 52) 
791 

Sub-acute PCS < 
no PCS 

Left angular gyrus 
 L AnG 

(-46, -74, 28) 
572 

Chronic PCS > 
no PCS 

Right dorsolateral 
prefrontal cortex 

R DLPFC 
 

(28, 58, 28) 468 
 

TPN     
Chronic mTBI > 
Control 

Anterior prefrontal 
cortex APFC 

(-4, 42, 0) 
559 

 
Dorsal posterior 
cingulate cortex dPCC 

(10, -36, 36) 
535 

Acute PCS > no 
PCS 

Right angular gyrus 
 R AnG 

(30, -68, 4) 
620 

 
Left associative visual 
cortex L VA 

(-28, -94, 0) 
367 

 
Left dorsolateral 
prefrontal cortex 

L DLPFC 
 

(-20, 56, 26) 324 
 

Sub-acute PCS > 
no PCS 

Right primary 
somatosensory cortex  

R SMC 
 

(56, -14, 54) 396 
 

Chronic PCS > 
no PCS 

Left dorsal posterior 
cingulate cortex 

L dPCC 
 

(-32, -72, 30) 739 
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Longitudinal Analysis 

MTBI patients with PCS did not show altered rs-FC with the DMN in the acute stage. 

However, mTBI patients with PCS demonstrate reduced rs-FC between the DMN and the 

left angular gyrus (L AnG) in the sub-acute stage (Figure 6.4B). In addition, mTBI with 

PCS exhibit increased rs-FC between the DMN and the R DLPFC in the chronic stage 

(Figure 6.4A) suggestive of an exaggerated increased between network rs-FC in mTBI 

patients with chronic PCS compared to those without PCS. See Table 6.2 for location of 

voxel-wise differences. 

 
Figure 6.4 Network functional connectivity differences between mTBI groups with 
and without PCS  
Between group contrast maps for mTBI with Post concussive syndrome (PCS) versus 
mTBI without PCS. (A-B) Default Mode Network (DMN) (C-E) Task Positive Network 
(TPN).  All contrasts are between mTBI patients with and without PCS. Warm colors 
represent regions of increased rs-FC in the mTBI with PCS and cool colors represent 
regions of reduced rs-FC in the mTBI group with PCS. A. Sub-acute. B. Chronic. C. 
Acute. D. Sub-acute. E. Chronic. Maps are thresholded at voxel wise p-value of 0.005 
(uncorrected) and cluster extent threshold of p-value of 0.05 using a family wise error 
correction for multiple comparisons.  
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In the acute stage, mTBI patients with PCS demonstrate increased rs-FC between the 

TPN and the right angular gyrus (R AnG), left associative visual cortex (L VA) and L 

DLPFC (Figure 6.4C). Compared to those without PCS, in the sub-acute stage mTBI 

patients with PCS demonstrate increased rs-FC between the TPN and right primary 

somatosensory cortex (R SMC) (Figure 6.4D). In the chronic stage mTBI patients with 

PCS demonstrate increased rs-FC between the TPN and the L dPCC in the chronic stages 

(Figure 6.4E).  

IV-D4. Resting State fMRI: ROI Based Analysis 

Cross Sectional Analysis 

There was no difference between strength of rs-FC in the mTBI group compared to 

the control group in acute or sub-acute stage. However, in the chronic stage mTBI 

patients have significantly reduced within network DMN rs-FC compared to controls 

(p=0.044) (Figure 6.5A). Compared to the control group, mTBI patients do not show 

altered strength of rs-FC within RTPN rs-FC or LTPN rs-FC or between the LTPN-DMN 

rs-FC or RTPN-DMN rs-FC at any time point. Although mTBI patients in the chronic 

stage demonstrated increased DMN-TPN rs-FC compared to controls this increase was 

not significant (p=0.055) (Figure 6.5B).  

Longitudinal Analysis 

Results of the repeated measures ANCOVAs fail to detect longitudinal differences or 

between group differences for the strength of rs-FC for the DMN, DMN-TPN, RTPN-

DMN, or LTPN-DMN. However, our results demonstrate that mTBI patients with PCS 

have significantly lower strength of rs-FC within the RTPN (F=12.868; p=0.001) and 

LTPN (F=7.710; p=0.010). However, there were no significant longitudinal differences 
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for the RTPN (F=0.383; p=0.684) or LTPN (F=0.277; p=0.759) (Figure 6.5CD). To 

determine which visits had significantly different rs-FC strength, we performed post-hoc 

independent sample t-tests between mTBI patients with and without PCS at each visit. 

Our results show that mTBI patients with PCS have reduced strength of rs-FC within the 

RTPN and LTPN during the acute (p=0.002; p=0.003, respectively) and sub-acute stages 

(p<0.001; p=0.007 respectively), but not during the chronic stage of injury (p= 0.084; 

p=0.639, respectively) (Figure 6.5CD).  

 

 

 

Figure 6.5. Longitudinal Plots of Network Strength 
Plots of average network resting state connectivity strength +/- standard error (SE) for 
control group and mTBI group across three time points. Average strength of network rs-
FC for the (A) Default Mode Network (rs-FC DMN) and (B) between DMN and Task 
Positive Network (rs-FC DMN-TPN). # p <0.1 ,* p <0.05 compared to the control group 
based on independent t-tests. Average strength of network rs-FC for mTBI patients with 
and without chronic post concussive syndrome (PCS) across three time points. (C) the 
right task positive network (rs-FC RTPN) and (D) left task positive network (rs-FC 
LTPN).  # p <0.1 ,* p <0.05 based on post-hoc independent sample t-tests.  
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VI-E. Discussion 

Given the association between rs-FC with the DMN and TPN and cognition in our 

initial studies (Chapters IV-V), we predicted that rs-fMRI would be a sensitive measure 

to help distinguish mTBI patients from a control group as well as to measure longitudinal 

changes between those with and without chronic PCS within the mTBI population. Here 

we demonstrate both shifts in network functioning common to all mTBI patients 

regardless of persistent symptoms, as well as adaptations in network function in mTBI 

populations specific to patients with PCS.   The findings of this study lead us to two core 

conclusions.  First, the results from this study suggest that when considered as a whole, 

the mTBI patients demonstrate increased rs-FC between the DMN and TPN and reduced 

strength in the rs-FC within the DMN at the chronic stage. Second, mTBI patients with 

chronic PCS demonstrate reduced strength of rs-FC within the TPN when compared to 

those without PCS.  

VI-E1. Cross Sectional Resting State Functional Connectivity   

While the mTBI patients performed similar to controls on all of the 

neuropsychological assessments across the three time points, we noted alterations in rs-

FC mainly during the chronic stage (Figure 6.3). As previously shown by other groups 

(Bonnelle et al., 2011; Zhou et al., 2012), mTBI patients demonstrated reduced rs-FC 

within the DMN at the chronic stage (Figure 6.5A).  Since DAI is considered a hallmark 

of TBI it is not surprising that there is a reduced rs-FC within the DMN likely due to loss 

of axonal integrity that occurs as part of the secondary injury cascade in the months 

following injury.  In contrast, unlike previous studies that have demonstrated significant 

reduction in rs-FC in TBI population shortly after injury (Mayer et al., 2011; Johnson et 
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al., 2012b), the mTBI patients in this study demonstrated a reduction in rs-FC that was 

not statistically significant at the acute or sub-acute stages of injury.  This may be due to 

differences in time since injury and the inclusion criteria chosen by the various studies as 

some studies only included mTBI patients with cognitive complaints or post-traumatic 

symptoms (Zhou et al., 2012). On the other hand, the mTBI group in this study 

demonstrated increased rs-FC between the DMN and TPN at the chronic stage at the 

voxel level and a trend in DMN-TPN rs-FC at the ROI level.  Based on the voxel-wise 

analysis there is increased rs-FC between the DMN and the L DLPFC node of the TPN as 

well as between the TPN and the MPFC and dPCC nodes of the DMN (Figure 6.3).  

Furthermore, based on the ROI analysis, we observed a trend of increased DMN-TPN rs-

FC.  

It is interesting to note that similar to what we reported in sub-acute mTBI patients 

with memory complaints (Chapter IV), the chronic mTBI patients demonstrated 

increased rs-FC between the DMN and the dorsal ACC and bilateral insula which are 

main nodes of the SN (Figure 6.3A). Since the proposed role of the SN is to modulate the 

transition between the TPN and DMN (Seeley et al., 2007; Menon and Uddin, 2010), the 

increased rs-FC between the DMN and regions associated with the SN in our patient 

population is intriguing. Again, this suggests an increased need of the SN to adapt 

activity of a disrupted DMN, leading us to postulate that this may be one of the causes for 

increased cognitive fatigue in these patients (Ponsford, 2013). 

VI-E2. Longitudinal Resting State Functional Connectivity 

To further test the relationship between rs-FC and post concussive symptoms, we 

divided our mTBI group in to those with and without chronic PCS (those still 
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experiencing significant symptoms at least 6 months following injury).  While the 

primary goal was to see how the disruptions between the DMN and TPN affected patient 

symptoms and cognitive performance, a secondary goal was to investigate alterations in 

these networks in the acute stage in patients with and without persistent symptoms to 

determine if changes in the networks at the acute stage had a predictive value.    While 

we failed to find neuropsychological deficits in our mTBI group as a whole, we do find 

that those with PCS perform worse on the ANAM compared to both the control subjects 

and those without PCS in the acute stage.  

MTBI patients with PCS demonstrate increased rs-FC between the DMN and TPN in 

the chronic stage (between DMN and R DLPFC and between TPN and PCC). In addition, 

mTBI patients with PCS demonstrate reduced rs-FC within the RTPN and LTPN in the 

acute and sub-acute stages suggesting that shortly after injury greater functional 

alterations are occurring in the mTBI patients with persistent symptoms.  Furthermore, 

while we did not note longitudinal differences in rs-FC within the TPN, visual inspection 

of the graph suggests that by the chronic stage, strength of the TPN is increasing in mTBI 

patients with PCS, but decreasing in those without PCS, suggesting a different course of 

functional recovery in those with and without persistent symptoms.  

Perhaps the most intriguing finding is that mTBI patients with PCS have increased rs-

FC between the TPN and sensory areas including the visual cortex in the acute stage and 

the right somatosensory area in the sub-acute stage (Figure 6.4CD).  This may indicate 

that there is increased attention to these sensory areas during rest, which could represent 

an increased need of top down control to modulate sensory inputs. This finding also may 

explain some of the common complaints mTBI patients, which include sensitivity to light 
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and noise and the inability to adequately censor extraneous sensory information.  Future 

research into this area is needed including investigation into the rs-FC of sensory and 

motor networks with respect to sensory modulation in mTBI patients.  

VI-E3. Conclusion 

Similar to the results presented in Chapter IV-V, our data indicates an inability of 

mTBI patients to modulate the balance between the DMN and TPN at rest as well as 

reduced rs-FC within the individual networks, as evidenced by alterations in network 

interactions measured using rs-FC. While these alterations are present in mTBI patients 

in the chronic stages, these alterations are present earlier in the acute and sub-acute stages 

in mTBI patients who continue on to suffer from persistent symptoms suggestive of a 

different courses of functional recovery in those with and without persistent symptoms.   

In conclusion, throughout the three studies examining alterations in rs-FC as outlined in 

Specific Aim 1, we have provided evidence for altered network communication both 

within and between the DMN and TPN at rest in a mTBI population. Furthermore, we 

have provided evidence that this altered network communication is associated with a 

greater severity of persistent symptoms and reduced cognitive performance. 
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VII. LONGITUDINAL ANALYSIS OF RESTING STATE CEREBRAL BLOOD 

FLOW  

VII-A. Introduction 

In Chapters VI-VI we have provided evidence for altered rs-FC over the course of 

recovery from mTBI and its associations with cognitive deficits and post concussive 

symptoms.  These findings add to a growing field of literature supporting the notion of 

altered communication between neural networks after both mild and severe TBI. 

However, one must remain cautious in the interpretation of rs-FC changes in TBI 

populations because changes noted in connectivity measures may be the result of vascular 

changes, alterations in neurovascular coupling (Liu, 2013), or changes in the 

hemodynamic response function (HRF) (Mayer et al., 2013). In TBI, these vascular 

changes may be induced by breakdown of the blood brain barrier known to occur after 

TBI (Pop and Badaut, 2011). Furthermore, the secondary injury cascade associated with 

TBI including reduced energy and glucose metabolism, increased inflammatory response, 

increased oxidative stress (Pop and Badaut, 2011), and the diffuse reactive astrogliosis 

(Zhuo et al., 2012) will all potentially have an influence on regional perfusion values. 

Coupling the functional network information with the local cerebral blood flow 

(CBF) changes which likely influence local metabolism, may provide additional insight 

into specific alterations experienced by patients with PCS as well as enhance clinicians’ 

ability to predict the long term outcome for a given patient. Furthermore, in addition to 

investigating regional alterations in perfusion, due to our previous findings suggesting 

altered rs-FC between the DMN and TPN, we were interested in investigating 

modifications in network perfusion values. To our knowledge this balance of resting state 
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CBF within the TPN and DMN has not been investigated in an mTBI population in the 

context of the DMN Interference Hypothesis. Since it has consistently been shown that at 

rest, CBF within the DMN is significantly higher than CBF in the TPN in control 

populations (Li et al., 2012), our aim is to determine if this pattern remains following 

mTBI. 

VII-A1. Objectives 

In this chapter we examine a group of mTBI patients across the acute, sub-acute, and 

chronic stages in order to assess if mTBI patients exhibit alterations in resting state CBF 

both at a regional level as well as at a network level (specifically within the DMN and 

TPN).  Our first objective is to determine if mTBI patients have altered perfusion values 

compared to control participants.  Our second aim is to assess if there are differences in 

longitudinal changes in perfusion between mTBI patients with and without chronic PCS.  

VII-B. Participants 

Participants are identical from Chapter VI. However, due to motion artifacts, PASL 

data from 2 patients at the acute stage and 2 patients at the sub-acute were excluded from 

analysis. 

VII-C. Specific Methods 

VII-C1. Neuropsychological Assessment 

Neuropsychological assessments (traditional and the ANAM battery) are detailed for 

this participant population in Chapter VI. 

VII-C2. Regional Level ASL Processing 

For each region (frontal lobe, temporal lobe, occipital lobe, and parietal lobe) 

standard ROIs were selected from the WFU PickAtlas in MNI space. For each individual 
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standard ROIs, were transformed from MNI to individual ASL space as described in 

Chapter III. 

VII-C3. Network Level ASL Processing 

ROIs generated from the resting state fMRI analysis in Chapter VI for the DMN and 

TPN were transformed from MNI space to native space as described in Chapter III.    The 

CBF values for each of the ROIs for each network was calculated individually.  Average 

CBF values for the DMN and TPN were then calculated.  A CBF ratio (TPN CBF/DMN 

CBF) was also calculated. 

VII-C4. Statistical Analysis 

Group differences in resting CBF measures between the control group and mTBI 

group were tested using unpaired t-tests at each time point (acute, sub-acute, and chronic) 

separately. Differences in longitudinal resting CBF measures between mTBI patients 

with and without PCS were determined using repeated measures analysis of covariance 

(ANCOVAs) controlling for age with group as the between subjects variable (with or 

without PCS) and visit as the within subject variable (acute, sub-acute, or chronic) 

implemented in SPSS. We chose to control for the effect of age in our longitudinal 

analysis due to the fact the there was a significant differences in age between mTBI 

patients with and without PCS (p=0.03). Within each group differences between DMN 

CBF and TPN CBF were calculated using paired t-tests. 
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VII-D. Results 

VII-D1. Regional CBF 

Cross Sectional Analysis  

Compared to the control group, there was no difference in regional CBF values for 

any of the lobes for the mTBI group at either of the first two time points.  However, 

mTBI patients in the chronic stage demonstrate reduced resting perfusion in the temporal 

lobe (p=0.036). 

Longitudinal Analysis 

There were no significant differences in the regional perfusion values between the 

mTBI groups with and without PCS at any time point (all p values > 0.05). In addition 

there was no evidence of longitudinal changes in perfusion values across the three times 

points in any region.  
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Figure 7.1 Longitudinal regional perfusion values  
Mean gray matter CBF (A) Control versus mTBI patients across the three time points 
(acute, sub-acute, and chronic) and (B) MTBI patients with and without PCS versus no 
PCS for the frontal lobe, occipital lobe, parietal lobe, and temporal lobe.  Standard lobe 
ROIs selected from the WFU PickAtlas in MNI space. * Significance based on 
independent t-tests compared to control group (uncorrected for multiple comparisons). 
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VII-D2. Network CBF 

Cross Sectional Analysis  

Compared to the control group, there was no difference in network CBF values for 

either the DMN or TPN for the mTBI group at any of the three time points.  Furthermore, 

there was no difference the CBF ratio between the three time points and the control 

group. There was significantly greater DMN CBF than TPN CBF in the control group 

(p=0.0017), mTBI in the acute stage (p <0.001), and mTBI in the sub-acute stage 

(p<0.001). However, possibly due to compensatory reorganization, in the chronic stage 

mTBI patients fail to demonstrate a significant difference between DMN CBF and TPN 

CBF (p=0.18) (Figure 7.2A). 

Longitudinal Analysis 

There was significantly greater DMN CBF than TPN CBF in the mTBI group without 

PCS at all three time points (acute: p<0.001; sub-acute:  p<0.001; chronic: p=0.004).  

However, there were no significant differences between the TPN CBF and the DMN CBF 

in the mTBI group with PCS at any time point (acute: p=0.078; sub-acute:  p=0.36; 

chronic: p=0.54) (Figure 7.2B). In contrast to previous visits, in the chronic stage of 

injury, mTBI patients with PCS exhibit increased resting state perfusion to the TPN 

compared to the resting network, the DMN. 

Based on the results of the repeated measures ANCOVA, there were no between 

group differences or within group differences for DMN CBF or TPN CBF.  For the CBF 

ratio, there were no significant within group differences (F=1.050; p=0.358) or between 

group differences (F=2.002; p=0.358).  (Figure 7.3).  
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Figure 7.2 Average network CBF for mTBI patients and control participants 
Plots of average network cerebral perfusion flow (CBF) values for the Default Mode 
Network (DMN) shown in Black and the Task Positive Network (TPN) shown in gray.  
(A) Average network CBF values for control and mTBI group across the three time 
points. (B) Average network CBF values for post concussive syndrome (PCS) group and 
no PCS mTBI group. * p <0.05 based on paired t-tests. 
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Figure 7.3 CBF Ratio for mTBI patients with and without PCS 
The CBF ratio (TPN CBF/DMN CBF) for the mTBI groups with and without chronic 
PCS across the three time points.  
 

VII-E. Discussion 

VII-E1. Cross Sectional ASL Perfusion  

Similar to the alterations in rs-FC within and between the DMN and TPN noted in 

Chapter VI, we also note an imbalance between resting perfusion values within the DMN 

and TPN in the chronic stage. There are limited reductions in regional perfusion values in 

the chronic stage at a regional level (Figure 7.1A) and no evidence for alterations in 

perfusion at a network level within the DMN or TPN. However, it is of note that at the 

chronic stage of mTBI there is no longer a significantly greater DMN CBF compared to 

the TPN CBF (Figure 7.2A). The fact that such changes appear at the chronic stage, 

suggests that this is a possible compensatory mechanism that evolves over time to help 

balance the activity of these two networks. Further, the relative increased allocation of 

CBF to the TPN, the task-oriented network and reduced perfusion of the DMN during 

rest conditions, could be indicative of the increased cognitive fatigue (Ponsford, 2013) or 
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attentional deficits (Maruishi et al., 2007) typically noted in mTBI patients. Moreover, 

this may also explain previous reports of altered activation and deactivation patterns 

noted in task based fMRI studies. (Bonnelle et al., 2012; Mayer et al., 2012; Bonnelle et 

al., 2011).  Bonnelle et al., 2012 reported an association between deactivation of the 

DMN and structural integrity of the fiber tract connecting nodes right anterior insula and 

pre-supplemental motor area (nodes of the SN). (Bonnelle et al., 2012). This lends further 

support to notion that this imbalance between the DMN and TPN noted in the present 

study may be due to structural damage caused by DAI.  To further probe this association, 

our group is currently investigating the association between structural measures of axonal 

integrity and volumetrics. However, taken together, the shift in the balance between the 

DMN and TPN noted using resting state perfusion ASL provides additional evidence for 

the Default Mode Interference Hypothesis in mTBI. (Sonuga-Barke and Castellanos, 

2007). This imbalance between the two networks at rest evolves over the course of 

recovery likely contributing to the cognitive deficits and persistent symptoms 

experienced by a subset of mTBI patients. 

VII-E2. Longitudinal ASL Perfusion  

Similar to our findings in the chronic mTBI population as a whole, the mTBI patients 

experiencing chronic PCS failed to demonstrate increased DMN CBF compared to TPN 

CBF at any time point (Figure 7.2B).  Once again this alteration in the balance of network 

perfusion occurs in the absence of any changes in regional perfusion values in the frontal, 

temporal, occipital or parietal lobes. This trend is further exaggerated in the chronic stage 

in mTBI patients with chronic PCS as the TPN surprisingly exhibits increased perfusion 

compared to the DMN. Furthermore, this alteration in resting perfusion appears in the 



	  

107	  

mTBI patients with PCS at all three stages of injury, while those without PCS maintain a 

similar pattern of network perfusion to controls. This finding suggests that there may be a 

unique pattern of network perfusion in mTBI patients in the initial stages of injury, which 

may be predictive of who will develop chronic PCS. However, given the difference in 

age between the two mTBI groups, it is plausible that age has an influence on alterations 

in networks perfusion following injury. It has been previously reported that older TBI 

patients are more likely to develop persistent symptoms (Schonberger et al., 2009) and 

our data suggests that the altered CBF ratio may contribute to this increased likelihood of 

PCS in older patients.  Since this trend in network perfusion is seen across all stages of 

injury in mTBI patients with chronic PCS, with further research, this imbalance may 

become a useful clinical measure to aid in predicting long-term outcome of mTBI 

patients.  

VII-E3. Conclusion 

Our results are novel in that they extend the notion of DMN Interference in a mTBI 

population to include not only increased rs-FC between the networks (Chapter IV-VI), 

but also alterations in network resting perfusion patterns. This alteration in network 

perfusion occurs in the relative absence of global alterations in perfusion. The results 

reported in this Chapter provide support for the predictions presented in Specific Aim 2 

of an association between altered network perfusion and persistent symptoms. 

Furthermore, similar to our findings in Chapter VI using rs-FC, the alterations noted in 

resting state CBF measures are present earlier in the acute and sub-acute stages in mTBI 

patients with persistent symptoms. Our findings suggest the possibility that these resting 

state measures (rs-FC and resting state perfusion) may provide additional insight and aid 
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clinicians in predicting the long-term outcome of patients with mTBI. However, to fully 

understand these disparities, further research similar to that of Bonnelle and colleagues 

(2012) is needed in task induced activation and deactivation patterns in these mTBI 

patients. 
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VIII. INFLUENCE OF COGNITIVE DEMAND ON ALTERED NEURAL 

RECRUITMENT 

VIII-A. Introduction 

In the first few chapters we have provided evidence for disrupted functional 

communication and an altered balance in network perfusion during resting state 

conditions. We have sought to determine changes in functional connectivity following 

mTBI, namely, changes in patterns of activity covariation between pairs of brain regions 

(or voxels), as a way to probe changes in brain networks during resting state conditions. 

This functional information acquired during rest provides great clinical value because it 

can be easily acquired in the acute stage of TBI when task evoked functional BOLD 

techniques may not be clinically feasible. However, it provides us as researchers with an 

incomplete understanding of trauma induced alterations in neural processing. Although 

more easily acquired, these data may paint a limited view of the potential changes 

observed following mTBI, especially in patients with subtle cognitive deficits. Since 

mTBI is such an understated injury, deficits in neural communication may only become 

apparent when the patient is cognitive taxed.   

A critical question is whether mTBI patients “over-recruit” or “under-recruit” brain 

regions during task performance or if they recruit “novel” brain regions to perform the 

tasks effectively. The over-recruitment would constitute a form of a compensatory 

process to overcome circuit deficiencies; under-recruitment, for instance, could be due to 

compromised axonal integrity (linked to DAI); and recruitment of novel regions could 

represent functional reorganization. Whereas some research groups have reported 

increased activation of task positive regions following mTBI (McAllister et al., 2001; 
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McAllister et al., 1999; Smits et al., 2009), others have observed reduced activation 

(Chen et al., 2012; Slobounov et al., 2011; Witt et al., 2010), indicating that further 

research is needed to clarify the question of over/under/novel recruitment. Although 

advances have been made in understanding changes in brain systems following TBI with 

fMRI through examining resting-state functional connectivity, critical gaps remain in our 

knowledge base regarding alterations in network-level properties during task conditions. 

Intermittent task execution relies on transitions between exogenously driven, effortful 

states (i.e., periods of task execution) and endogenously driven, non-effortful states (i.e., 

periods of rest), which are associated with large-scale network interactions that are 

possibly absent from the pure resting-state and may provide critical insight into the true 

nature of the injury. Furthermore, the interpretation of the existing findings is 

complicated by the fact that several studies targeted individuals with severe TBI or 

included TBI patients with a range of severities, including activation-based studies 

(Turner and Levine, 2008; Christodoulou et al., 2001; Sanchez-Carrion et al., 2008; 

Perlstein et al., 2004), resting state functional connectivity studies (Marquez de la Plata et 

al., 2011; Hillary et al., 2011; Bonnelle et al., 2012; Sharp et al., 2011) and task based 

functional connectivity studies (Bonnelle et al., 2011; Caeyenberghs et al., 2012), making 

inferences regarding milder injuries problematic. A final confound in previous studies is 

that in many cases patients were studied with substantial differences in the time post 

injury (e.g., 3 to 73 months,) (Sharp et al., 2011; Bonnelle et al., 2012), further 

complicating inferences regarding the course of functional recovery from injury. 

VIII-A1. Objectives 

In the present study, we sought to investigate changes in large-scale brain networks 
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that accompany mTBI while addressing the problems noted above. Our first goal was to 

investigate the question of activity over-recruitment, novel recruitment, or reduced 

deactivation in a sample of participants matched for behavioral performance. Next, we 

hypothesized that due to the diffuse nature of the injury, relative to controls, participants 

with mTBI would exhibit decreased segregation between DMN and TPN in the context 

of effortful task execution. In other words, mTBI would be accompanied by reduced 

network antagonism. To determine network segregation, we used the graph-theoretic 

measure of “modularity” that quantifies the extent to which two groups of nodes (in the 

present case, brain regions) belong to separate partitions (Newman, 2010). A central goal 

was to characterize changes in between-network segregation as a function of task 

difficulty, specifically, the demands linked to performing an N-back working memory 

paradigm (Figure 3.1) at variable cognitive loads (0-back, 1-back, and 2-back). Finally, 

we wished to examine if potential brain changes vary as a function of time post injury, 

specifically at the sub-acute and chronic stages following the initial injury. 

VIII-B. Participants  

Thirty-three mTBI patients were included in the analysis (26 males, mean 42.4 +/-

16.6 years). mTBI patients were recruited for this study. Thirty patients were scanned 

during the sub-acute stage of injury (on average 34 days after injury, range 11-68 days) 

and 21 patients during the chronic stage of injury (on average 203 days after injury, range 

141-300 days). Twelve patients were scanned only during the sub-acute stage and three 

patients were scanned only during the chronic stage. Results were compared to a group of 

19 neurologically intact controls (10 males, mean age 40.1 +/- 21.1 years). Patient and 

control demographics and clinical details are shown in Table 8.1. Mechanisms of injury 
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included 8 motor vehicle accidents, 12 falls, 8 assaults, 3 hits with blunt objects, a jump 

from a moving vehicle, and a pedestrian struck by a vehicle. Ten patients (30%) had 

positive admission CT scans. Injuries include subarachnoid hemorrhages, subdural 

hematomas, extra-axial hematomas, contusions, and cerebral edema. The study was 

approved by the University of Maryland, Baltimore, Institutional Review Board and 

written informed consent was obtained from all participants. 

VIII-C. Specific Methods 

VIII-C1. Behavioral Assessment 

The level of cognitive functioning was also assessed by the administration of the 

MACE to each participant (McCrea et al., 2000). Self-reported symptoms were collected 

using the Modified RPQ (King et al., 1995). The RPQ asks participants to rate a series of 

common symptoms following TBI on a scale of 0-4. The sum of the ratings on all of the 

symptoms is reported.  

VII-C2. Activation Analysis 

Group analysis was performed with a linear mixed model with two fixed effects 

factors (task difficulty and group condition) and their interaction. These factors were 

treated as ordinal variables allowing the assessment of linear trends. Orthogonal quadratic 

terms were also included to account for potential deviations from these assumed linear 

relationships. Scanning session was used as a random factor, with difficulty varying 

within session. Because not all mTBI participants were scanned twice (a total of 18 

were), within-subject changes over time were not directly modeled; thus, the approach is 

conservative because the analysis only considered between-subject variance. Regression 

coefficients associated with the box-car regressor were fit in a voxelwise manner in R 
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using the lmer function of the lme4 package (Baayen, 2011; Bates et al., 2013). The 

resulting t statistics for the fit were converted into p-values using pvals.fnc function of 

the R package. The alpha-level for voxelwise statistical analysis was determined by 

simulations using the 3dClustSim program (with a “faces-touching” requirement) of the 

AFNI toolkit. For these simulations, the smoothness of the data in 3 directions was 

estimated using 3dFWHMx on the residual time series of gray-matter voxels in each 

participant and then averaged across participants (FWHMx = 8.60 mm; FWHMy = 8.37 

mm; FWHMz = 8.23 mm). Based on a voxel-level uncorrected p-value of .05, 

simulations indicated a minimum cluster extent of 847 voxels for a cluster-level corrected 

alpha of .05.  

All significant interaction voxels had a positive direction, indicating that patients had 

higher activations (or lower deactivations) than the control group in these voxels. Such 

areas of interaction were further classified into four types: over-recruitment of TPN 

regions, under-recruitment of DMN regions, novel-recruitment of TPN regions, and 

novel-recruitment of DMN regions. All four types were defined by applying further 

restrictions (i.e., post-hoc tests) to significant voxels in the “unclassified” interaction 

map. Over-recruitment was defined as areas where control subjects exhibited a significant 

difficulty effect (p<0.005 uncorrected) in the positive direction. These regions normally 

activate in proportion to task difficulty, but did so more strongly in patients with mTBI. 

Under-recruitment (reduced deactivation) was the opposite, namely, controls again 

exhibited a significant difficulty effect (p<0.005 uncorrected) but this time in the negative 

direction. Such regions normally deactivate in proportion to task difficulty, but the 

deactivation was hindered in patients with mTBI. Areas of novel-recruitment were such 
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that chronic patients recruited them while controls did not. These were areas in which 

chronic patients had a significant difficulty effect (p<0.005 uncorrected), yet control 

subjects gave no evidence of a similar difficulty effect (p>0.25 uncorrected). Novel-

recruitment of DMN regions was not observed.  

VIII-C3. Modularity Analysis 

To probe the segregation of the DMN and TPN, we computed the modularity 

measure, Q. High modularity indicates clearly separable sub-networks (here, task-

positive and task-negative), with relatively strong functional connectivity within each 

sub-network and relatively weak functional connectivity between sub-networks. For 

weighted networks, the modularity Q of a given set of group assignments for a graph is a 

measure of the total weight of connections found within the assigned communities versus 

the total weight of connections predicted in a random graph with equivalent degree 

distribution (Newman, 2010).  

Modularity was examined by considering the entire time series of each ROI. In 

addition, a sliding-window approach was used to examine the potential changes in 

modularity over the course of a task block. Because the responses at each TR for an 

individual block are relatively noisy, we considered all blocks simultaneously to obtain a 

block-average view of modularity. Time points were considered based on their positions 

relative to their block onset: As 5 blocks were employed for each condition (0-back, 1-

back, 2-back), we concatenated the TR = 1 responses to form a TR = 1 “segment” (with 5 

data points). This segment was then concatenated with the TR = 2 segment, which was 

obtained in corresponding fashion, and so on. The width of the adopted window consisted 
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of 3 TRs, hence 15 time points (3 segments of 5 data points). The sliding window was 

moved forward in increments of 1 TR (5 data points at a time). 

VIII-C4. Statistical Analysis 

Non-parametric Wilcoxon-Mann-Whitney tests were used to assess the differences in 

behavioral scores between the control group and the two patient groups. 

Statistical analysis of modularity employed the same approach as the voxelwise 

analysis described above, namely, modularity Q data were fit by using the lmer function 

of the lme4 R package (Bates et al., 2013). Non-parametric Wilcoxon-Mann-Whitney 

tests were used for post-hoc significance testing of the modularity differences between 

the control group and the two patient groups as well as for the sliding-window analysis. 

Non-parametric Wilcoxon-Mann-Whitney tests were also used to compare both within- 

and between-network median connectivity values across groups for the 2-back condition.  

VIII-D. Results 

VIII-D1. Behavioral Results 

No significant differences were detected between mTBI and control participants in 

age (p=0.71) or education (p=0.30). Further demographic and clinical information is 

provided in Table 8.1. Accuracy and mean reaction time of correct responses were 

matched between the mTBI groups (sub-acute, chronic) and the control group for all 

levels of task difficulty (0-back, 1-back, and 2-back) (all p values > 0.5; Table 8.2). There 

was no significant difference in the MACE between the control group and mTBI patients 

at the sub-acute (p=0.92) or chronic time points (p=0.95) (Table 8.2). 
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Table 8.1: Demographic and Clinical Information 

*Some patients have multiple injuries 
 

Table 8.2: Behavioral Results 

 Sub-acute TBI 
Mean (SD) 

Chronic TBI 
Mean (SD) 

Control 
Mean (SD) 

0-bk RT (ms) 593.5 (110.9) 594.0 (109.5) 588 (86.1) 
0-bk ACC .97 (.02) .97 (.02) .96 (.06) 
1-bk RT (ms) 705.0 (131.6) 705.3 (135.1) 693.0 (166.4) 
1-bk ACC 92.2 (.08) 93.0 (.05) 90.5 (.10) 
2-bk RT 890.1 (173.8) 873.7 (169.4) 864.8 (166.1) 
2-bk ACC (ms) 84.4 (.13) 85.1 (.11) 85.6 (.13) 
MACE 25.6 (2.9) 26.4 (2.1) 25.8 (2.9) 
RPQ Total 12.6 (11) 15.3 (18.9) NA 

 

 

 

 
 

Mild TBI 
Mean (SD) 

Control 
Mean (SD) 

N 33 19 
Age 42.4 (16.6) 40.1 (21.1) 
Education 14.2 (2.5) 15.0 (1.5) 
GCS 14.7 (0.9) NA 
Time since Injury 
         Sub-acute 
         Chronic 

  
33 (11.8) 
203 (48.6) 

 
NA 
NA 

Mechanism of Injury 
         Fall 
         Assault 
         MVC 
         Hit with blunt object 
         Jump from vehicle 
         Pedestrian struck                            

      
12 (37%) 
8 (24%) 
8 (24%) 
3 (9%) 
1 (3%) 
1 (3%) 

NA 

Positive CT* 
         SAH 
         SDH 
         Extra-axial hematoma 
         Contusion 
         Edema 

10 (30%) 
6 (18%) 
1 (3%) 
1 (3%) 
4 (12%) 
1 (3%) 

NA 
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VIII-D2. Activation and Deactivation Patterns 

We investigated evoked responses as a function of task difficulty (0-back, 1-back, 2-

back) and group condition (control, sub-acute, chronic) in a voxelwise manner by using a 

linear mixed-effects model. Regions demonstrating an effect of group condition were 

observed along several midline areas, in addition to middle frontal gyrus, inferior frontal 

gyrus, and anterior insula (Figure 8.1A). Regions demonstrating an effect of task 

difficulty followed closely the typical pattern of task-positive and task-negative networks 

(Figure 8.1B). A central aim of this analysis was to test for task difficulty by group 

condition interactions, and thus elucidate how mTBI affects the engagement of brain 

regions as a function of task demands. The voxelwise results of the interaction analysis 

are shown in Figure 8.2A. All voxels displayed exhibited a significant statistical 

interaction; these were further classified in terms of three types: under-recruitment, over-

recruitment, and novel- recruitment  
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Figure 8.1. Voxel-wise results of main effects of group and task difficulty 
Results from voxelwise linear mixed-effects model. (A) Regions that showed a 
significant effect of group condition (P < .05, corrected). Warm colors represent 
increased activation for time after injury (chronic patients have highest activation and 
controls have lowest). (B) Regions that showed a significant effect of task difficulty 
condition (P < .05, corrected). Warm colors represent increased activation with increasing 
difficulty; cool colors represent decreased activation with increasing difficulty. 

 

The patterns of each type of interaction can be visualized for representative regions 

(Figure 8.2B for average interaction plots; Figure 8.2C for block average time series). For 

under-recruitment, consider the PCC, a key region of the DMN that is typically 

deactivated during demanding tasks (Shulman et al., 1997). This pattern was indeed 

observed in control participants, who showed increases in deactivation of regions of the 

task-negative network as a function of difficulty as previously noted in control 

populations (McKiernan et al., 2003; Singh and Fawcett, 2008). However, this trend was 
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greatly diminished, or possibly eliminated, for sub-acute and chronic mTBI participants 

who demonstrated reduced deactivation of the PCC (Figures 8.2B and C). Related 

patterns were observed for other DMN regions, such as the anterior-medial PFC and 

medial frontal gyrus (Figure 8.2A), and suggest that mTBI patients were unable to 

successfully “deactivate” these regions during more effortful conditions. Now consider 

the left MFG, a key region of the TPN that is recruited during effortful working memory 

tasks (Perlstein et al., 2004; Smith and Jonides, 1997) (Figures 8.2B and C). As expected, 

this region showed increased activation as a function of task difficulty in controls. 

Additionally, sub-acute and chronic mTBI participants exhibited stronger responses than 

controls, suggesting that they “over-recruited” this region, possibly to be able to maintain 

performance at the level of controls. The same pattern was observed in other regions of 

the TPN (Figure 8.2A). Finally, a region demonstrating novel-recruitment in mTBI 

participants was the superior frontal gyrus (SFG). This region was not observed to be 

recruited in control participants but exhibited robust positive activation during the 2-back 

condition in both sub-acute and chronic participants (Figures 8.2B and C). Of note, while 

we found evidence for novel-recruitment of task positive regions, we did not find 

evidence for novel-recruitment of task negative regions.  
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Figure 8.2: Voxel-wise results of interaction between group and task difficulty 
Results from voxelwise linear mixed-effects model. (A) Regions that showed a 
significant interaction between task difficulty and group conditions (P < .05, corrected). 
Different colors show different sub-types of interaction pattern: under-recruitment (blue), 
over-recruitment (red), and novel-recruitment (green). Voxels that exhibited a significant 
interaction but which were not classified in terms of the three sub-types are shown in 
yellow. (B) Average mean block responses illustrating interaction patterns observed in 
representative regions. (C) Average block time series for the same regions. L MFG: Left 
middle frontal gyrus, SFG: superior frontal gyrus; PCC: posterior cingulate cortex. 
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VIII-D3. Modularity 

We next investigated how network-level properties were altered as a function of task 

difficulty and group condition by focusing on task-positive and task-negative ROIs. The 

pairwise robust correlation between all pairs of ROIs was determined and connectivity 

matrices created. To formally test the segregation between task-positive and task-

negative regions, the graph measure of modularity (Q) was computed for each participant 

and task condition – higher values of Q indicate that overall TPN and DMN regions tend 

to segregate more strongly into separate communities. Again, we evaluated changes in 

segregation as a function of task difficulty (0-back, 1-back, 2-back) and group condition 

(control, sub-acute, chronic). An effect of group condition (t=-2.342; p=0.0202) was 

detected, as well as a group by task difficulty interaction (t= -2.401; p=0.0173) 

suggesting that network segregation was disrupted in mTBI patients and that this 

disruption depended on task difficulty (Figure 8.3). Whereas previous work in control 

participants suggests greater segregation with increasing cognitive load (Newton et al., 

2011), an effect of task difficulty was not detected in this dataset (t= -1.100; p=0.2729). 

Here, this may be due to the difficulty mTBI patients had in increasing the separation of 

the networks as task difficulty increased (Figure 8.3). Between-group post-hoc tests 

revealed no group differences during the 0-back or 1-back conditions (all p values > 

0.05). However, mTBI patients demonstrated significantly reduced modularity during the 

2-back condition at both the sub-acute (p=0.020) and chronic (p=0.007) stages of injury 

compared to the control group.  
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Figure 8.3: Segregation values over variable cognitive load 
Results from graph-theoretical analysis. Segregation values as assessed by the graph-
theoretic measure of modularity Q illustrating the interaction pattern between task 
difficulty and group conditions.  

 

This reduction in modularity can be further explored by inspecting the network 

connectivity matrices for the 2-back condition across the three groups. For controls 

(Figure 8.4A), task-positive regions were generally positively correlated with each other, 

task-negative regions were generally positively correlated with each other, whereas DMN 

and TPN regions generally showed weak or no correlation with each other. The latter 

correlations between task positive and task negative regions appear to strengthen for sub-

acute (Figure 8.4B) and chronic (Figure 8.4C) patients suggesting reduced segregation 

for both groups of mTBI patients. We formally tested both within- and between-network 

connectivity changes for the 2-back condition across the three groups. As expected, 

between-network connectivity was increased at the chronic stage of injury compared to 

controls, whereas the differences between sub-acute stage and controls revealed a trend 

towards significance (Table 8.3). The polar plots shown in Figure 8.3D illustrate the 

changes between chronic mTBI patients and controls. For instance, the left MFG (TPN 

region) exhibited increased (positive) connectivity in chronic patients (vs. controls) with 

nodes of the DMN and the PCC (a task negative region) exhibited increased (positive) 
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connectivity in chronic patients (vs. controls) with nodes of the TPN. Finally, 

connectivity changes within the task-negative network increased in the chronic stage 

compared to controls (Table 8.3).  

 
 
Table 8.3: Network and connectivity measures 
 
Measure Chronic - Control Sub-acute - Control Chronic - Sub-acute 
Segregation  
(modularity Q) ↓ (p = 0.0068) ↓ (p = 0.0197) ↓ (p = 0.1529) 
Median connectivity 
within DMN ↑ (p = 0.0009) ↑ (p = 0.1142) ↑ (p = 0.0616) 
Median connectivity 
within TPN ↑ (p = 0.2254) ↑ (p = 0.4639) ↑ (p = 0.3061) 
Median connectivity 
between networks ↑ (p = 0.0005) ↑ (p = 0.0717) ↑ (p = 0.0813) 
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Figure 8.4: Network functional connectivity during 2-back condition 
Results from connectivity analysis.  Functional connectivity matrices illustrating both 
within- and between-network connectivity values during the 2-back condition. The white 
boundaries separate the task-positive and task-negative networks. (A) Controls. (B) Sub-
acute. (C) Chronic. (D) Polar plots illustrating the connectivity changes of key TPN (L 
MFG and R MFG) and DMN (MPFC and PCC) regions. Distance from the center 
corresponds to chronic vs. control changes in connectivity during the 2-back condition. 
Red bars indicate connectivity changes between the nodes indicated by the labels and 
other nodes of the TPN and blue bars indicate connectivity changes between the nodes 
indicated by the labels and other nodes of the DMN. L MFG: Left middle frontal gyrus, L 
MFG: Right middle frontal gyrus, MPFC: medial prefrontal cortex; PCC: posterior 
cingulate cortex. 
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VIII-D4. Sliding Window Analysis 

To further understand the changes in network segregation relative to the timing of 

task execution, we performed a sliding-window analysis. Our goal was to determine if 

altered modularity detected in mTBI patients when considering the entire time series 

(reported above) could be localized to a specific portion of the task block, such as during 

effortful task execution or the transition periods between task and baseline conditions 

(i.e., block onsets and offsets). Because significant differences in modularity were noted 

only during the 2-back task, we constrained the sliding-window analysis to this condition. 

Our results show that segregation between DMN and TPN was significantly reduced for 

mTBI patients compared to controls during both “on” and “off” block transitions, as well 

as during the middle of the block (Figure 8.5). It is interesting to note that during the 

transition periods there was a possible “peak” in modularity (i.e., segregation) in the 

control group that was reduced in the mTBI groups, suggesting that mTBI patients may 

be impaired during transition periods. 

 

Figure 8.5: Sliding window analysis of segregation values  
Results from sliding-window analysis. Segregation values as assessed by the graph-
theoretic measure of modularity Q. Specific data points were calculated based on a 
window including the particular TR plus the two subsequent TRs. Analysis performed for 
the 2-back condition for three groups. White dots indicate significant differences between 
controls and chronic patients (P < 0.05). 
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VIII-E. Discussion 

Our findings demonstrate that mTBI patients show marked changes in how an 

effortful cognitive task engages brain regions despite equated behavioral performance. In 

terms of evoked responses, we detected reduced deactivation, over-recruitment, and 

novel-recruitment of brain regions. In particular, during task performance, we observed 

reduced deactivation in regions of the DMN, increased activation in regions of the TPN, 

and activation of novel brain regions outside of the canonical TPN recruited by the 

control group (Figure 8.2). This pattern of results was clearly expressed during the most 

demanding condition (2-back), less so during the easier 1-back interactions. We detected 

an imbalance between the TPN and DMN brain regions during performance of a working 

memory task. Specifically, network-level analysis revealed reduced segregation as 

measured by reduced overall modularity between the DMN and TPN in patients 

compared to controls during the most challenging 2-back condition (Figure 8.3 and 

Figure 8.4). A sliding-window analysis indicated that reduced segregation was present 

both at transitions between the exogenously driven task and baseline rest conditions (i.e., 

block onsets and offsets) and during the sustained period of task execution (Figure 8.5). 

We discuss the implications of our findings for the understanding of the neural changes in 

mTBI below. 

VIII-E1. Altered Recruitment 

Regarding activation patterns during task performance, our findings revealed three 

main results: over-recruitment, reduced deactivation, and novel-recruitment of brain 

regions. Over-recruitment shows that mTBI patients exhibited increased activation of 

regions of the TPN that are dependent on cognitive load [see also (McAllister et al., 
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1999; McAllister et al., 2001; Smits et al., 2009; Christodoulou et al., 2001)]. Because 

performance was matched across all groups, these findings may indicate that patients 

over-recruited these regions to be able to maintain performance at the level of controls. 

Our findings also suggest that mTBI patients exhibited a failure to adequately suppress 

activation (reduced deactivation) in regions of the DMN during cognitively demanding 

task execution (2-back). In contrast, during the effortless 0-back condition, no differences 

between patients and controls were apparent (Figures 8.2B and C). Many of the regions 

whose responses differed as a function of group (controls, sub-acute, chronic) visually 

overlapped with the typical DMN, further implying that there are significant differences 

in the activity of this network between mTBI patients and controls (Figure 8.1A). We 

also observed the recruitment of novel regions in patients during effortful task execution. 

Specifically, regions that exhibited robust cognitive load effects in patients did not 

exhibit differential responses in controls. Interestingly, the set of newly recruited regions 

was distributed across the brain, and included territories in parietal, lateral, and medial 

PFC, as well as subcortical regions such as the striatum. A tantalizing possibility is that 

these findings reflect the brain’s potential to “seek novel regions” that can compensate 

for the inability to recruit the “normal” set of brain regions during effortful task 

execution.  

Previous studies have reported reduced deactivation of DMN during task execution in 

severe or mixed TBI populations (Bonnelle et al., 2011; Sharp et al., 2011), as well as 

mTBI patients in the sub-acute stage (Mayer et al., 2012). However, these studies did not 

vary attentional demands systematically. The present study not only illustrates that 

reduced deactivation chiefly depends on task difficulty, but it also extends these findings 
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to mTBI patients in the chronic stage. In the context of over-recruitment, there has been 

intense debate in recent years regarding the interpretation of increased task induced 

activation in severe TBI patients. Some groups have argued that this increased activation 

should be interpreted as altered engagement of regions that are recruited by the patients at 

a lower cognitive load than in controls (Turner et al., 2012); others have argued that 

increased activation results from the allocation of “latent resources” (Hillary, 

2011). Here, we provide evidence in mTBI participants for increased engagement at a 

lower cognitive load of the “normal” set of brain regions during effortful task execution 

(here termed over-recruitment). In addition, we discovered recruitment of novel brain 

regions in the same mTBI population. The latter case, we believe, represents evidence for 

functional reorganization. Thus, our data reveal that both over-recruitment and novel-

recruitment can be observed simultaneously in participants with mTBI. 

VIII-E2. Altered Network Connections 

Several groups have described alterations of functional connectivity following mTBI, 

and a couple of recent reports have employed network analysis (Messe et al., 2013; Han 

et al., 2013; Pandit et al., 2013). However, groups investigating functional connectivity in 

mild TBI populations have focused on resting-state scans (Sours et al., 2013; Hillary et 

al., 2011; Johnson et al., 2012b; Zhou et al., 2012). Though in moderate and severe TBI, 

functional connectivity analysis in task-based studies has been performed (Caeyenberghs 

et al., 2012; Bonnelle et al., 2011). Investigating functional connectivity during task 

states complements analysis performed on data collected during the resting state in 

important ways, due to the transitions between “rest” and task and the potential 

concomitant alterations in network dynamics. Functional connectivity focuses on pairs of 



	  

129	  

brain regions and attempts to determine the extent to which they are “functionally 

related” (irrespective of their anatomical connectivity status). The possibility of 

considering the functional relationship between many pairs of regions simultaneously is 

provided by graph-theoretic methods (Newman, 2010). Whereas these methods have 

been employed in the general neuroimaging literature mostly during the resting state, 

they can also reveal important network-level interactions during task execution (Kinnison 

et al., 2012). Here, we employed modularity as a measure of the degree of segregation 

between the task-positive and task-negative networks across 3 task conditions in an mTBI 

population. mTBI patients at the chronic and sub-acute stages demonstrated reduced 

segregation relative to controls (Figure 8.3). Critically, differences were most evident 

during the most cognitively demanding task condition, namely the 2-back task. For 

example, during the 2-back condition, the left MFG (a crucial node of TPN) and the PCC 

(a crucial node of DMN) increased the between-network functional connectivity in the 

chronic group compared to controls (Figure 8.4D).  

During rest, increased rs-FC between the DMN and TPN has been associated with 

reduced performance during working memory (Hampson et al., 2010; Sala-Llonch et al., 

2012). In particular, during effortful task execution, reduced anti-correlation between 

task-positive and task-negative regions is associated with increased reaction time on 

specific trials (Prado and Weissman, 2011), as well as increased intra-individual 

variability (Kelly et al., 2008). Moreover, a direct link between working memory 

performance and between-network functional connectivity has been shown in a control 

population where increased rs-FC between the DMN and TPN during an N-back working 

memory paradigm is associated with reduced performance during the N-back task (Sala-
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Llonch et al., 2012). These previous findings suggest that the altered network 

communication we noted when mTBI patients were cognitively challenged, leads us to 

hypothesize that the observed network imbalance may contribute to the cognitive post-

concussive symptoms that many mTBI patients experience, including those involving 

sustained attention (Bonnelle et al., 2011), memory (McDowell et al., 1997; Miotto et al., 

2010; McAllister et al., 2006), and cognitive fatigue (Ponsford, 2013; Johansson et al., 

2009). Interestingly in our study, we also observed that rs-FC within the DMN increased 

in the chronic group compared to controls. Previous studies reported that healthy 

participants with increased functional connectivity within the DMN had better cognitive 

performance during working memory tasks (Hampson et al., 2006). This indicates that 

the increased connectivity within the DMN observed in the chronic mTBI group could be 

viewed as a compensatory mechanism to account for the reduced segregation between 

task-positive and task-negative networks. 

To attempt to characterize potential changes in segregation as a function of time 

(relative to the blocks), we performed a sliding-window analysis. Reduced segregation 

was observed both at “on” and “off” block transitions and during periods of sustained 

task performance during the blocks (Figure 8.5). We hypothesize that the transient and 

sustained components of decreased segregation may have different behavioral 

implications regarding attention deficits shown by persons with mTBI, perhaps affecting 

more transient (Mayer et al., 2009; Mayer et al., 2012) and sustained (Bonnelle et al., 

2011) elements of attention performance, respectively. 

Currently, there is controversy in the field regarding the extent of functional recovery 

of mTBI patients in the chronic stage of injury. Some groups have provided evidence of 
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recovery (Mayer et al., 2011) whereas others have noted persistent functional alterations 

in the chronic stage (Witt et al., 2010). The present design allowed us to investigate this 

question without potential performance confounds between groups. Our results revealed 

changes in network interactions in the sub-acute stage persisting into the chronic stage of 

injury, with some indication that in some instances they may worsen over time (Figures 5 

and 6). However, because our first time point was approximately one month after injury, 

enough time may have ensued for brain changes to occur that allowed mTBI patients to 

attain behavioral performance at the level of controls. Additional research is needed in 

the acute stage immediately after injury to examine network-level changes as well as 

more longitudinal data to directly assess changes in network measures over the time 

course of injury. This potentially would help clinicians in predicting long-term patient 

outcomes and in administering cognitive interventions to improve outcomes.  

VIII-E3. Conclusions 

In conclusion, our results show evidence for a range of task-related alterations in 

mTBI patients during a cognitively demanding task that support the predictions outline in 

Specific Aim 3. Reduced deactivation of DMN regions, increased activation of TPN 

regions, and recruitment of novel task positive regions were observed during both the 

sub-acute and chronic stages of injury. As behavioral performance was matched between 

groups, these findings suggest compensatory processes that may, at least in part, 

counteract a failure to deactivate the DMN. Our graph-theoretical results demonstrate 

alterations in the communication between neural networks that depend on cognitive load; 

specifically, reduced between-network segregation at both sub-acute and chronic stages 

accompanied by increased rs-FC within the DMN in the chronic stage. Finally, our results 
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reveal that changes in network interactions in the sub-acute stage persist into the chronic 

stage of injury, highlighting the need of further longitudinal research to adequately map 

the neural recovery of mTBI patients.  
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IX. General Discussion  

Through the use of advanced MRI techniques and neuropsychological assessments, 

the overarching hypothesis that the diffuse neuronal damage associated with mTBI 

interrupts large-scale network function thereby disrupting cognitive and sensory 

processing was tested.  With a specific focus on the interactions within and between the 

DMN, TPN, and SN, the goal was to characterize these disrupted neural networks and 

determine how the alterations and subsequent reorganization of these networks are 

associated with cognitive deficits and post concussive symptoms. To accomplish this 

goal, further investigation of three unique aspects of large-scale neural networks 

including resting state functional connectivity, resting state cerebral perfusion measures, 

and alterations in recruitment and segregation of neural networks during variable 

cognitive load were conducted. 

IX-A. Resting State Functional Connectivity (Chapters IV-VI) 

In Specific Aim 1, we explored the predication that altered rs-FC within and between 

the DMN, TPN, and SN would be associated with both reduced cognitive performance 

and increased post concussive symptom severity among the mTBI population. We 

investigated distinctive aspects of this prediction in the three experiments outlined in 

Chapters IV-VI.  

Since deficits in memory are often reported following mTBI (McDowell et al., 1997; 

McAllister et al., 2006; Miotto et al., 2010), we first wanted to explore if there were 

difference in network organization in mTBI patients with and without self reported 

memory complaints (Chapter IV, (Sours et al., 2013)). In this study, we discovered that in 

the sub-acute stage mTBI patients with memory complaints exhibit increased rs-FC 
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between the DMN, TPN, and SN than those without self reported memory complaints.  

Furthermore, we specifically found that the rs-FC between the TPN and right anterior 

insula of the SN was negatively correlated with the CSD subtests of the ANAM which 

assesses memory performance as well as sustained attention (Figure 4.6).  This result 

provided us with our first evidence of an association between the Default Mode 

Interference and cognitive performance in an mTBI population.   While we initially 

focused our investigation on reduced memory performance in mTBI patients, this is just 

one example of symptoms commonly experienced following mTBI. Furthermore, we 

noticed that patients who reported memory complaints often reported a variety of post 

concussive symptoms that not only included cognitive symptoms, but also somatic and 

neuropsychological symptoms. Therefore, we were unable to confirm whether the noted 

altered network connections were related to only memory problems and whether they 

were also influenced by other post concussive symptoms.  

To address this concern, the aim of our next study was to characterize the cognitive 

deficits in the mTBI population as well as to determine if mTBI patients with high self-

reported symptoms present unique cognitive deficits compared to those with low self-

reported symptoms (Chapter V, (Sours et al., 2014b).  Using the ANAM, in concordance 

with the previous study, our results provide evidence for reduced performance on the 

CSD subtest of the ANAM in mTBI patients compared to an age and education matched 

control population. Moreover, in addition to deficits in memory, high symptom mTBI 

participants also have deficits in processing speed and visual attention as indicated by 

reduced performance on the CS subtest and increased cognitive fatigue evidenced from 

the increased reaction time on the SRT2 subtest. Next, we were interested in exploring 
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associations between rs-FC measures and this reduced cognitive performance.  We 

selected to examine IH-FC in this population because there is a long line of literature 

suggesting that the corpus callosum is particularly vulnerable to TBI as evidenced by 

reduced axonal integrity measured with DTI. While we also investigated IH-FC in the 

thalamus and MTL, we only found evidence for reduced IH-FC in the DLPFC and lateral 

parietal lobes in mTBI patients (Figure 5.2). Interestingly, the DLPFC and lateral parietal 

lobes are prominent nodes of the DMN and TPN respectively, once again suggesting 

reductions in within network rs-FC in mTBI patients.  Furthermore, when we investigated 

associations between the individual ANAM subtests and IH-FC measures, we found 

multiple examples of correlations between the IH-FC in the lateral parietal and the 

DLPFC, once again suggesting a relationship between rs-FC within the DMN and TPN 

with cognitive performance.  

For a large portion of patients, post concussive symptoms tend to resolve within 3 

months of injury (Kwok et al., 2008), some mTBI patients still continue to suffer from 

post concussive symptoms into the chronic stage (McMahon et al., 2014). While in our 

first two studies we have noted altered connectivity patterns in mTBI patients that are 

related to a portion of these symptoms in the acute and sub-acute stages, our results fail to 

aid in the prediction of which patients will continue to be plagued by chronic symptoms. 

Therefore, in our final set of analysis in Specific Aim 1, we evaluated a group of mTBI 

patients across the acute, sub-acute, and chronic stages. Our goal was to investigate the 

effect of cross sectional changes in rs-FC within and between the DMN and TPN 

compared to control participants as well as evaluate differences in the longitudinal 

changes in rs-FC between patients with and without chronic PCS (Chapter VI, Sours et 
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al., submitted).  Our results indicate that mTBI patients as a whole show the strongest 

reduction in rs-FC within the DMN and greatest increase in rs-FC between the DMN, 

TPN, and SN in the chronic stage (Figure 6.3 and Figure 6.4).  Since the cognitive 

performance has normalized to control levels by this stage in recovery, this finding is 

suggestive of a compensatory mechanism to account for axonal damage and secondary 

injury induced by the mTBI.  It is interesting to note that mTBI patients who develop 

chronic PCS demonstrate altered connectivity measures at the earlier stages, especially 

within the TPN (Figure 6.5). It is our hope that with future research, changes in the rs-FC 

within TPN in the acute stages may act as an imaging biomarker to help predict which 

patients are more likely to suffer from chronic PCS. This will prompt clinicians for 

increased monitoring of these patients who are generally not followed through clinically. 

This should also lead to early intervention to help mitigate these symptoms before they 

become a permanent problem.  

IX-B. Vascular Dysregulation among mTBI (Chapter VII) 

Results from Specific Aim 1 provide support for the Default Mode Interference 

hypothesis in mTBI because we offer evidence for altered rs-FC between the DMN, TPN, 

and SN in mTBI patients and that this disrupted connectivity is associated with post 

concussive symptoms and cognitive deficits. However, we must be careful in the 

interpretation of the BOLD signal in an injured brain because in addition to the primary 

injury, there are a vast number of secondary injury mechanisms that likely contribute to 

the measured BOLD signal including inflammation, disruptions in the blood brain 

barrier, and vascular changes (Pop and Badaut, 2011). For this reason, in Specific Aim 2 

our goal was to examine whether mTBI patients exhibit altered regional brain perfusion 
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to determine if the potential vascular changes noted occur at the whole brain level and to 

examine whether the balance in resting perfusion at the network level of the DMN and 

TPN were disrupted among mTBI patients. On a regional level, our results indicate that 

while there is a slight reduction in perfusion to the temporal lobe during the chronic 

stage, the changes in regional perfusion values are very subtle (Figure 7.1). A closer 

examination determined that while the control population had greater resting CBF within 

the DMN compared to within the TPN, this trend is absent in mTBI patients in the 

chronic stage of injury. When we further investigated this imbalance in network CBF by 

dividing the mTBI population into those with and without chronic PCS, we found that 

patients with chronic PCS fail to demonstrate increased CBF to the DMN compared to 

the TPN at all three stages of injury while the patients without chronic PCS show similar 

trends to the control group. Similar to our findings in Specific Aim 1, it is our hope that 

the imbalance in network perfusion values may aid clinicians in predicting which patients 

are at risk for developing chronic PCS.  

IX-C. Altered Neural Segregation in mTBI (Chapter VIII) 

Since our findings in the first two aims suggest an imbalance between the DMN and 

TPN during rest, in Specific Aim 3 we explored the prediction that this imbalance would 

persist (if not be exacerbated) by performance of a task with increasing cognitive load. 

Our results revealed that mTBI patients displayed over-recruitment in regions of the 

TPN, reduced deactivation in regions of the DMN, and regions of novel-recruitment, all 

of which were dependent on task difficulty or cognitive load. 

 Furthermore, we used the graph-theoretic measure of segregation (“modularity”) to 

quantify the extent to which groups of brain regions tended to form separate partitions. 
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Relative to controls, mTBI patients showed reduced segregation between task-positive 

and task-negative networks during effortful task execution throughout sub-acute and 

chronic stages of injury, but increased functional connectivity within the task-negative 

network in the chronic stage. Taken together, our findings in this aim demonstrate that 

mTBI patients exhibit critical alterations in the recruitment of brain regions and in the 

communication between, and within neural networks during a cognitively demanding 

task. These findings add support for an imbalance in the communication between the 

DMN, TPN, and SN during rest and goal directed behavior. 

IX-D.  Future Directions 

Much of our work has focused on determining alterations in the communication 

within and between various neural networks in hopes of characterizing the true extent of 

functional damage induced by mTBI.  We have made great strides in determining 

patterns of altered communication within and between the TPN, DMN, and SN during 

both rest and cognitively demanding tasks. However, the true question remains as to what 

can one do to normalize these altered connections in hopes of reducing cognitive deficits 

and the persistence of somatic and neuropsychological symptoms.  Other than 

individually treating each symptom, there is currently no standard treatment designed to 

reverse the impact of the injury. Given that we have provided evidence for a relationship 

between measures of altered network communication and behavioral outcomes, our next 

goal is to explore non-invasive methods in hopes of finding a way to normalize the 

connectivity within and between these networks.  
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IX-D1. Application of tPCS to mitigate PCS 

IX-D1.1 Rationale 

Recent research using non-invasive electrical stimulation of the brain (ESB), such as 

transcranial direct current stimulation (tDCS) or transcranial pulsed current stimulation 

(tPCS), provides evidence that these modalities have the potential to alter cortical 

excitability. Application of tDCS has demonstrated favorable therapeutic outcomes in 

diverse patient groups including stroke (for a review of current literature see (Gomez 

Palacio Schjetnan et al., 2013), Parkinson’s Disease (Boggio et al., 2006), patients with 

chronic pain (Dasilva et al., 2012), and clinical depression (Brunoni et al., 2012). The 

precise mechanism of action is still largely undetermined but it is generally accepted that 

non-invasive ESB exerts its therapeutic effects through altering cortical and sub-cortical 

neuronal network excitability. However, there is robust evidence that anodal stimulation 

(positive electrode) increases neuronal excitability while cathodal stimulation (negative 

electrode) reduced neuronal excitability (Sehm et al., 2013; Stagg and Nitsche, 2011).  

The output properties of the commercially available electrical brain stimulators in the 

USA and Europe are quite varied.  Two broad classes of stimulators use either a direct 

current (referred to as tDCS) or a pulsed current (referred to as tPCS) stimulation device. 

tDCS supplies a direct non-modulated current that is applied at a pre-determined 

continuous current amplitude (typically 1 or 2 mA) throughout the entire stimulation 

session. In contrast, tPCS supplies a modulated current consisting of either unidirectional 

or bidirectional pulses each lasting a few microseconds of different frequencies. While 

the therapeutic potential of non-invasive ESB is being actively explored by many groups, 

very little literature exists that attempts to understand the potential changes in brain 
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networks when such stimulation strategies are used.  Understanding the changes in neural 

correlates of electrical stimulation may allow one to systematically apply such an 

intervention with the hopes of keeping these fundamental networks to their normal mode 

of operation.  

It has been shown that anodal tDCS alters rs-FC within the motor network (Polania et 

al., 2012), the DMN, and the TPN (Keeser et al., 2011).  Anodal tDCS has also been 

demonstrated to increase resting CBF values to the motor network, both directly under 

the location of the electrode as well as within the entire motor network (Zheng et al., 

2011). Furthermore, our group has previous experience in safely performing tDCS and 

tPCS both outside (Alon et al., 1998; Alon et al., 2012) and within the MRI during 

acquisition of rs-fMRI data.  Although, theoretically tPCS packs an increased charge per 

unit time, the effects of tPCS on the neural correlates has not been studied.  Our group 

demonstrated an acute effect of tPCS on altered IH-FC within the motor network (Alon et 

al., 2011). However, with the exception of Alon and colleagues (Alon et al., 2011), there 

has been limited research in regards to the cortical excitability changes within the motor 

system induced by tPCS.   

The possibility of the application of tPCS to improve a myriad of symptoms that are 

commonly experienced following mTBI, makes tPCS an attractive choice for a powerful 

intervention option to improve all three classes of post concussive symptoms. Here we 

present preliminary evidence about the effectiveness of the tPCS in effecting the 

connectivity within brain networks.  It is our hope that future studies could benefit from 

the preliminary result and that it paves the path for exploring tDCS and/or tPCS as a 

potential therapeutic treatment to those who suffer mTBI.  
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IX-D1.2. Preliminary Results 

 In a recently published study we were able to measure the cortical excitability 

changes during tPCS using rs-fMRI within the motor network (Sours et al., 2014a). Our 

aim was to explore to the effects of unilateral anodal tPCS applied over the right primary 

motor cortex on rs-FC within the motor network including bilateral primary motor (M1), 

supplemental motor areas (SMA) and cerebellum (Cer) both during (STIM) and 

immediately after stimulation (POST-STIM). The aim was to assess the effects of the 

tPCS stimulation during stimulation and ascertain if the effect lasts after the stimulation 

has been removed as has been reported for tDCS.  

 In a group of 11 healthy controls, we were able to demonstrate reduced rs-FC 

between the left M1 and surrounding motor cortex, and increased rs-FC between the left 

M1 and left thalamus during stimulation (Figure 9.1AB). Bivariate measures of 

connectivity demonstrate reduced strength of connectivity for the R M1, L M1, and 

whole network average but reduced diversity of connectivity for the network average 

during stimulation (Figure 9.2). On the other hand, POST-STIM we noted increased rs-

FC between the Cer and right insula after stimulation (Figure 9.1C) as well as a trend in 

reduced diversity of connectivity for the network average after stimulation (Figure 9.2B).  

However, the strength of rs-FC after stimulation appears to normalize to PRE-STIM 

levels for all regions. 

 This study demonstrated that tPCS is able to modulate the functional characteristics 

of a neural network during stimulation by reducing the variability (diversity) of the 

synchronicity (and hence focused) within the motor system and induce changes in 

network connectivity that endure even after the stimulation is stopped. This work not 
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only strengthens the evidence for the neuro-modulatory effects of tPCS, but substantiates 

the investigation of tPCS to alter the functional networks disrupted following mTBI in 

hopes of reducing post concussive symptom severity. 

 

 

Figure 9.1 tPCS induced alterations in resting state functional connectivity 
Between group differences in functional connectivity. (A-B) With Left Primary Motor 
Cortex (L M1). (C) With Cerebellum (Cer). (A) Regions showing reduced rs-FC during 
stimulation. (B) Regions showing increased rs-FC during stimulation. (C) Regions 
showing increased rs-FC after stimulation compared to before stimulation. Results are 
overlaid on MNI template. Maps were thresholded at voxel-wise p-value of 0.005 
(uncorrected) and cluster extent threshold of p-value of 0.05 using a family wise error 
correction for multiple comparisons. 
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Figure 9.2 Bivariate network functional connectivity measures  
Bar graph of bivariate connectivity measures (A) Strength (mean value of ith column of 
the connectivity matrix) and (B) Diversity (the variance of the ith column of the 
connectivity matrix (Lynall et al., 2010)) for right primary motor (R M1), left primary 
motor (L M1) and a network average (average for R M1, L M1, Cer, and SMA). PRE-
STIM condition is before stimulation. STIM condition is during stimulation within the 
MRI. POST-STIM began within 6 minutes of completing the stimulation. * p < 0.05 and 
# p <0.10 compared to baseline PRE-STIM condition. 
 

IX-D1.3. Future Steps 

Our next step is to validate tPCS as an effective and non-invasive method to improve 

post concussive symptoms of all three classes (cognitive, somatic and 

neuropsychological) in an mTBI population. This may provide a new avenue of 

therapeutic intervention following mTBI. Our eventual goal is to be able to non-

invasively measure aspects of the underlying mechanism of the action of tPCS by 
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assessing alterations in functional networks as measured by advanced neuroimaging 

techniques.  If tPCS is found to be effective, in the future it may be possible to create 

individualized treatment plans for mTBI patients suffering from specific combinations of 

post concussive symptoms. This future research will allow us to non-invasively probe 

neural plasticity in a human population, as well as investigate a device to modulate this 

neural plasticity, ultimately improving patients’ post concussive symptoms.   

IX-E. Conclusions  

In conclusion, through the use of advanced MRI techniques we were able to 

characterize neural networks disrupted following mTBI and determine how these 

alterations were associated with cognitive deficits and post concussive symptoms among 

mTBI patients. Measuring three unique aspects of large-scale neural networks including 

resting state functional connectivity, resting state cerebral perfusion, and alterations in 

recruitment and segregation of network communication during variable cognitive load, 

we have provided multiple lines of evidence for the Default Mode Interference 

hypothesis in mTBI.  Through the longitudinal examination of these patients we were 

able to put forward multiple avenues to investigate in the hopes of aiding clinicians in the 

prediction of which patients may be at risk for developing chronic PCS.  Finally, in 

addition to characterizing the association between disruption within and between the 

DMN, TPN, and SN and post concussive symptoms, we have proposed the use of tPCS 

as a novel therapeutic intervention to non-invasively mitigate the somatic, cognitive, and 

neuropsychological symptoms that persist in a subset of these patients. 
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APPENDIX 

Table 1: Clinical Characteristics 

 

 

 

GCS 
 

Age 
 

Sex 
(M:1 
F:0) 

Edu 
 

Days 
Acute 

Days 
Sub-acute 

Days  
Chronic 

Mechanism 
 

CT 
 

MR 
 

15 66 1 12 7 48 223 MVC 0 0 
15 41 1 18 9 58 190 MVC 0 0 
15 59 1 18 6 33 215 Fall 0 0 
13 44 1 14 4 35 NA MVC 0 0 
14 81 0 12 2    0 0 

15 53 1 20 6 34 214 Bicycle 
L frontal lobe cortical 
contusion 

15 26 1 10 19 57 220 Fall L frontal lobe  hemorrhage 
14 20 1 14 10 32 158 Assault 0 0 
15 18 1 10 5 32 163 Sports 0 0 
15 24 1 16 4 27 266 MVC 0 0 
15 49 0 18 6    0 0 
15 26 1 14 2 38 148 MVC 0 0 
15 27 1 16 7 28 199 Sports 0 0 
15 19 1 10 1 33 203 Fall 0 0 
15 21 1 10 8 29 204 MVC 0 0 
15 
 

28 
 

0 
 

12 
 

7 
 

24 
 

216 
 

Fall 
 

L frontal lobe punctate 
parenchymal contusion  

15 65 0 14 10 88 223 Fall 0 0 
15 39 1 14 8 30 186 Assault 0 0 
15 30 0 16 6 30 215 Bicycle 0 0 
15 18 1 12 9 28 197 Fall 0 0 
15 49 1 10 1 36 178 Assault 0 0 
15 29 1 16 10 28 211 Assault 0 0 
15 26 0 13 7 39 194 Fall R SAH  
15 23 0 12 4 48 218 MVC 0 0 
14 59 0 18 10 39 200 Fall 0 0 
15 27 1 14 7 37 NA Assault 0 0 
15 38 1 12 1 38 202 MVC 0 0 
15 63 0 14 10 42 NA Fall SDH  0 
15 
 

47 
 

1 
 

10 
 

11 
 

51 
 

218 
 

Assault 
 

Epidural hematoma and L 
occipital lobe contusion  

15 
 

56 
 

1 
 

16 
 

10 
 

31 
 

214 
 

Bicycle 
 

L frontal lobe brain contusions 
and R frontal lobe focal SAH  
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Table 1: Clinical Characteristics (Continued) 

 

 

 

 

 

 

 

 

GCS 
 

Age 
 

Sex 
(M:1 
F:0) 

Edu 
 

Days 
Acute 

Days 
Sub-acute 

Days  
Chronic 

Mechanism 
 

CT 
 

MR 
 

15 53 1 14 3 39 177 MVC 0 0 
15 66 0 14 9 37 218 MVC 0 0 
15 40 0 12 7 25 137 Fall 0 0 

14 
 

38 
 

1 
 

13 
 

3 
 

24 
 

204 
 

MVC 
 

0 
 

Bilateral 
frontal and R 
temporal 
contusions 

13 60 0 12 10 27 188 MVC 0 0 
15 52 1 14 8 36 188 Fall 0 0 
15 23 0 12 9 33 189 MVC 0 0 
15 36 1 12 10 38 244 MVC 0 0 
15 
 

65 
 

1 
 

16 
 

10 
 

48 
 

209 
 

Hit with 
blunt object 

0 
 

0 
 

15 48 1 12 10 32 213 Assault Bifrontal contusion 

15 27 1 18 2 32 205 Fall 
Bifrontal contusions and 
anterior SAH 

14 41 1 14 9 34 NA Bicycle 0 0 
15 39 1 16 7 33 243 MVC 0 0 
14 54 0 18 10 31 185 Sports  SAH 0 
15 
 

52 
 

1 
 

10 
 

9 
 

44 
 

NA 
 

Hit with 
blunt object 

0 
 

0 
 

15 63 1 20 5 30 173 Assault SDH 
15 
 

20 
 

1 
 

12 
 

10 
 

29 
 

191 
 

Hit with 
blunt object 

0 
 

0 
 

15 62 1 12 8 43 162 Assault 0 SAH 
13 54 1 14 7 34 166 Bicycle 0 0 
15 64 1 14 10 46 184 Fall L SAH 
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