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ABSTRACT
There are a number of symptoms, both neurological and behavioral, associated
with a single episode of mild traumatic brain injury (mTBI). Neuropsychological testing and
conventional neuroimaging techniques are not sufficiently sensitive to detect these changes,
which adds to the complexity and difficulty in relating symptoms from mTBI to their underlying
structural or functional deficits. With the inability of traditional brain imaging techniques to
properly assess the severity of brain damage induced by mTBI, there is hope that more advanced
neuroimaging applications will be more sensitive, as well as specific, in accurately assessing
mTBI. In this study, we used resting state functional magnetic resonance imaging to evaluate the
default mode network (DMN) in the subacute phase of mTBI. Fourteen concussed studentathletes who were asymptomatic based upon clinical symptoms resolution and clearance for
aerobic exercise by medical professionals were scanned using resting state functional magnetic
resonance imaging. Nine additional asymptomatic, yet not medically cleared athletes were
recruited to investigate the effect of a single episode of mTBI versus multiple mTBIs on the
resting state DMN. In concussed individuals the resting state DMN showed a reduced number of
connections and strength of connections in the posterior cingulate and lateral parietal cortices.
However an increased number of connections and strength of connections was seen in the medial
prefrontal cortex of the mTBI group. Connections between the left dorso-lateral prefrontal cortex
and left lateral parietal cortex showed a significant reduction in magnitude as the number of
concussions increased. Regression analysis also indicated an overall loss of connectivity as the
number of mTBI episodes increased. Our findings indicate that alterations in the brain resting
state default mode network in the subacute phase of injury may be of use clinically in assessing
the severity of mTBI and offer insight into the pathophysiology of the disorder.
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Preface
This thesis is written in manuscript form and all sections were written specifically
to fulfill thesis requirements. Chapter 2 Methods: Resting State fMRI Data Analysis and
Chapter 3 Results: Resting State Connectivity have already been published in
Neuroimage. The remaining sections have all been submitted as a multiple-authored
journal manuscript to Neuroimage for publication. I am the first author of this journal
manuscript, and have performed the fMRI data acquisition, data preprocessing, data
analysis, as well as the writing of the journal manuscript under the guidance and
consultation of each author’s areas of expertise.
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Chapter 1

Introduction
According to the Centers for Disease Control and Prevention (CDC), traumatic
brain injury (TBI) has become an important health concern in the United States, due to
the public’s lack of awareness and education (Langlois et al., 2006). In the United States
alone 1.4 million people suffer from TBI each year (Bergman and Bay, 2010). With the
incidence on the rise, healthcare costs are also skyrocketing with a price tag of over 1
billion dollars per year in the United States for treatment and rehabilitation of TBI
(Ghaffar et al., 2006). Not only is TBI a national problem, but it is also the leading cause
of disability worldwide (Signoretti et al., 2010). TBI is also referred to as the “silent
epidemic” due to the fact that the majority of signs and symptoms are not always
apparent (Langlois et al., 2006).
Based upon severity level TBI is subdivided into three classifications: mild,
moderate, and severe, with 75-90% of all cases being classified as mild (Bergman and
Bay, 2010). Mild traumatic brain injury (mTBI), more commonly known as concussion,
is usually the result of motor vehicle accidents, sport injuries, or falls; yet it is becoming
ever more prevalent in the military with an estimated third of all war related injuries
being attributed to TBI (Zohar et al., 2011). A single episode of mTBI sets off a complex
chain of neurochemical and neurometabolic reactions due to mechanical trauma that
produces acceleration and deceleration forces on the brain (Barkhoudarian et al., 2011).
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Rotational accelerations associated with the forces from mTBI can lead to unwanted
axonal strain and stress causing diffuse axonal injury (DAI; Maruta et al., 2010). After
mTBI, the destructive biochemical sequelae includes: activation of inflammatory
response, imbalances in ion concentrations, increase in the presence of excitatory amino
acids, dysregulation of neurotransmitter synthesis and release, and production of free
radicals (Wheaton et al., 2011). As a result of the complex pathophysiological response
to mTBI individuals present with many clinical symptoms including: headache, nausea,
visual disturbances, light sensitivity, dizziness, fatigue, and irritability (Bryant and
Harvey 1999).
This range of neuropsychological and behavioral symptoms that accompany mild
traumatic brain injury (mTBI) does so despite no clear morphological brain lesions
(Milman et al., 2005). What is also puzzling is the time it takes for mTBI symptoms to
resolve. Many physical symptoms clear up within three months, yet some individuals
report physical, cognitive, and emotional symptoms that persist more than one year postinjury (Witt et al., 2010).
Neuropsychological testing and traditional anatomical imaging are not sufficiently
sensitive to detect differences within the subacute phase (less than 3 weeks) of mTBI
(Mayer et al., 2011). This makes it difficult to determine relationships between the
myriad of symptoms associated with mTBI and the underlying structural or functional
deficits using conventional brain imaging techniques (see Schrader et al., 2009 for
review). Together with its insensitivity to detect a single episode of mTBI,
neuropsychological testing cannot differentiate individuals who have suffered from
previous episodes of mTBI (Iverson et al., 2006). The number of mTBIs and time
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between these injuries are other important factors that also need to be considered in mTBI
research. Recurrent brain injuries are likely to lead to cumulative neurological and
cognitive deficits putting these patients at higher risk for further injuries and/or
development of chronic post-concussion syndrome (Cantu, 2006).
Clinicians in collegiate athletics currently use a combination of a subjective selfreport symptoms survey (SRSS); a cognitive assessment measure like the SCAT-2
(McCrory et. al. 2008) and Balance Error Scoring System (BESS) as the minimum to
determine an athlete’s ability to return to play (NCAA: Sports Medicine Handbook 20102011). Neuropsychological testing is further recommended by the National Collegiate
Athletic Association (NCAA); however these evaluation methods have been proven to
lack specificity and sensitivity (Randolph et al., 2005, Mayer et al., 2011) once symptoms
resolution has occurred beyond 10 days. In addition, athletes self-report symptoms have
proven to be unreliable and such scales are susceptible to falsification by the student
athlete in an effort to return to activity sooner (Broglio et al., 2007).
Advances in brain imaging methodologies have revealed important information
regarding both structural (Bazarain et al., 2007; Wozniak et al., 2007; Wilde et al., 2008)
and functional (McAllister et al., 2001, 2006; Slobounov et al., 2010, 2011) alterations in
subjects suffering from mTBI. There is evidence suggesting a variety of functional
deficits occur in individuals with mTBI that correlate with advanced brain imaging data
(Ptito et al., 2007). Many studies investigating mTBI have looked at the prefrontal
cortex, an area associated with executive function, and have shown abnormal functional
magnetic resonance imaging (fMRI) activation (McAllister et al. 2001, 2006; Smith et al.
2009, Slobounov et al., 2010). However, there are still some discrepancies in the fMRI
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literature whether or not mTBI subjects demonstrate increased activation (Jantzen et al.,
2004, McAllister et al., 2006, Slobounov et al., 2010) or reduced activation (Chen et al.,
2004). Together with fMRI studies, additional advanced neuroimaging studies of mTBI
have utilized diffusion tensor imaging (DTI) and magnetic resonance spectroscopy
(MRS) to examine alterations in white matter integrity and brain metabolites,
respectively. DTI studies (Lipton et al., 2008, Mayer et al., 2010, Zhang et al., 2010)
have mainly focused on the corpus callosum, which is a region known to be susceptible
to axonal injury in TBI (Gasparovic et al., 2009) and have shown variations of fractional
anisotropy and mean diffusivity in mTBI. MRS studies have shown widespread
disruption in brain metabolite ratios within all lobes of the brain (Govind et al., 2010),
including: prefrontal, primary motor cortex (Henry et al., 2010), splenium of the corpus
callosum, and parietal white matter regions (Belanger et al., 2007).
These technological advances in brain imaging offer tremendous promise for
improving clinical applicability of fMRI with specific focus on spontaneous modulations
in the blood oxygenation level–dependent (BOLD) signal that occur during resting state
conditions (see Fox and Raichle, 2007 for review). Resting state refers to the state in
which an individual is awake lying quietly with eyes closed (Raichle et al., 2001) and
does not require a specific experimental task or stimulus (Wolf et al., 2011). As one of
the resting state networks (RSN) of the brain, the default mode network (DMN) (Li et al.,
2011) includes the posterior cingulate cortex (PCC), medial prefrontal cortex (MPFC),
and medial, lateral, and inferior parietal cortex (see Broyd et al., 2009 for review).
Although the DMN is active during rest it is not actively involved in attention or goaloriented tasks (Raichle et al., 2001). Despite the fact that the DMN is deactivated during
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specific tasks, the presence of the DMN during rs-fMRI has been reported and validated
in several studies (Beckmann et al., 2005, De Luca et al., 2006, Damoiseaux et al., 2006,
Greicius et al., 2002).
Few studies to date (Cao and Slobounov, 2010, Kumar et al., 2009, Marquez de la
Plata et al., 2011, Mayer et al., 2011, Slobounov et al., 2011, Sponheim et al., 2011) have
investigated functional connectivity in the brain of mTBI, more specifically the DMN.
Previous functional connectivity research using fMRI demonstrated altered patterns of
the DMN in Alzheimer’s disease (AD) (Greicius et al., 2004), schizophrenia (PomarolClotet et al., 2008), depression (Greicius et al., 2007), and attention-deficit hyperactivity
disorder (ADHD) (Castellanos et al., 2008), and has shown promise for possible clinical
applications (Broyd et al., 2009). A recent study by Mayer et al. (2011) investigated the
resting state DMN of subacute mTBI and showed that these subjects displayed decreased
BOLD connectivity within the DMN and hyper-connectivity between the right prefrontal
and posterior parietal cortices involved in the fronto-parietal task-related network (TRN).
However, there is an issue of subject population homogeneity, that can lead to possible
discrepancies. Specifically, inhomogeneities such as: (a) differential diagnosis of mTBI
including the presence or absence of loss of consciousness (LOC); (b) time since injury;
and (c) detailed subject’s medical history that includes information on past head injuries
may be serious confounding factors influencing fMRI data.
Accordingly, in this study we examined the resting state DMN following mTBI
using resting state fMRI with specific focus on recruiting a homogeneous subject
population and controlling for the number of concussions. It was hypothesized that
despite clinical findings, that suggest restoration of pre-morbid levels of function, there

6

will be altered connectivity measures of the resting state DMN within these two subject
pools. More specifically, we hypothesized that there will be reduced connectivity, both
in terms of the number and the magnitude of connections after mTBI despite the absence
of neurological and/or neuropsychological deficits at the time of testing. Additionally,
we hypothesize that the as the number of concussions increases there will be a greater
departure from resting state DMN.
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Chapter 2

Methods
Participants:
Fifteen neurologically normal student-athletes with no history of mTBI (7 male, 8
female, mean age 20.4 +/- 0.8 years) and fourteen student-athletes (5 male, 9 female,
mean age 20.6 +/- 1.2 years) who had recently suffered a sports-related mTBI (collegiate
rugby, ice hockey, lacrosse, etc.) were recruited for this study. All injured subjects
suffered from grade 1 mTBI (Cantu Data Driven Revised Concussion Grading Guideline,
2006). The initial diagnosis of mTBI was made on the field by certified athletic trainers
(AT) and as a part of the routine protocol of the Sport Concussion Program at the
Pennsylvania State University.
All athletes were evaluated by a physician with expertise in evaluating and
treating athletes with concussion. Each athlete had completed the clinical cognitive
assessment (SCAT-2) (McCrory et al., 2008) and Balance Error Score System (BESS)
administered by the physician and had returned to their clinical baseline accordingly. In
addition, each athlete had reported at least a 24-hour self-reported symptom-free period at
which point they had been cleared for aerobic activity (<70% maximum heart rate) (3rd
International Consensus Statement on Concussion). Scanning took place within 24 hours
of clinical symptoms resolution and medical clearance for the first stage of aerobic
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activity by their supervising physician (Co-operative Ataxia Rating Scale, World
Federation of Neurology, Trouillas et al., 1997), which was on average 10 (+/- 2) days
post-injury.
All subjects were right-handed according to the Edinburgh Handedness Inventory
(Oldfield, 1971) with a handedness score above 90. All subjects signed an informed
consent form and the Institutional Review Board of the Pennsylvania State University
approved this protocol. Any mTBI subjects reporting any symptoms before or during
scanning were excluded.
To further investigate the effects of multiple concussions on the resting state
DMN nine more mTBI subjects (5 female, 4 male, mean age 19.9 +/- 1.5 years) were
recruited. These additional subjects had no self-reported symptoms for 24 hours and had
been cleared by their physician for the first stage of aerobic activity, but unfortunately
they were not scanned within the initial 24 hours of this clearance. Despite not being
scanned within that first 24 hours timeframe, scanning took place on average 10 (+/4)
days post injury. In order to maintain the homogeneity of the time from medical
clearance to scanning of the initial cohort of mTBI, these nine supplementary subjects
were only used for regression analysis in exploring the effect of multiple episodes of
mTBI on the resting state DMN. More detailed information about the subjects is
presented in Table 2.1.
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Table 2.1 Subject Information
Subject Gender
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
NV
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI
mTBI*
mTBI*
mTBI*
mTBI*
mTBI*
mTBI*
mTBI*
mTBI*
mTBI*

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

Age
(years)
21
21
20
20
20
21
22
21
20
20
19
21
21
20
19
20
21
22
19
19
22
19
22
21
21
21
21
21
19
21
21
19
21
18
20
18
22
19

# of
Concussions
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
3
2
2
1
3
3
1
3
2
1
1
2
2
1
1
2
3
3
3
1
2
2

Sport
Gymnastics
Field Hockey
Field Hockey
Gymnastics
Gymnastics
Gymnastics
Gymnastics
Gymnastics
Swimming and Diving
Gymnastics
Gymnastics
Gymnastics
Gymnastics
Gymnastics
Gymnastics
Ice Hockey
Cheerleading
Rugby
Rugby
Rugby
Lacrosse
Ice Hockey
Rugby
Volleyball
Rugby
Cheerleading
Rugby
Ice Hockey
Gymnastics
Tennis
Swimming and Diving
Football
Rugby
Rugby
Rugby
Fencing
Lacrosse
Rugby
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MRI Data acquisition:
In this study, the functional connectivity characteristics between matched normal
volunteers (NV) and subjects recovering from mTBI were assessed using resting state
functional magnetic resonance imaging (rs-fMRI). By eliminating the task associated
with fMRI, rs-fMRI eliminates bias based upon performance which is important in
certain psychiatric and neurologic conditions (Wolf et al., 2011). As in neurological
disorders such as Alzheimer’s disease (AD), mTBI patients suffer from problems with
attention and memory. Therefore, the use of rs-fMRI which has already been used to
assess the DMN in AD (Greicius et al., 2002 and Koch et al., 2010) was implemented in
this study.
Functional and anatomical images were acquired on a 3.0 Tesla Siemens Trio
whole-body scanner (Siemens, Erlangen, Germany) using a 12-channel head coil. T1
anatomical images and fMRI images were acquired in the axial plane parallel to the
anterior and posterior commissure axis covering the entire brain. Anatomical images
were collected using a three-dimensional isotropic T1-weighted magnetization prepared
rapid gradient echo (MP-RAGE: 0.9mm x 0.9mm x 0.9mm resolution, TE= 3.46ms, TR=
2300ms, TI= 900ms, flip angle= 9, 160 slices, NSA= 1). Two-dimensional BOLD echo
planar fMRI resting-state images (3.1mm x 3.1mm x 5mm resolution, TE= 25ms, TR=
2000ms, EPI factor=64, flip angle= 79, 30 slices, NSA= 1, acquisition time= 6:04) were
obtained. During resting state fMRI acquisition, subjects were asked to lie motionless
with their eyes closed. No radiological findings such as lesions or hyperintense signals
were present in either the mTBI or NV.
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Resting State Functional Connectivity Data Analysis:
Data analysis was performed using Statistical Parametric Mapping (SPM) version
8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/), in addition to the Functional
Connectivity (CONN) toolbox (http:// web.mit.edu/swg/software.htm). Both are brain
imaging data analysis toolboxes written in the MATLAB language
(http://www.mathworks.com/). The first step carried out was preprocessing which
included: realignment, co-registration, segmentation, normalization and band filtering.
During preprocessing, images were motion-corrected, registered with structural images,
and normalized to the standard brain template from the Montreal Neurological Institute
(MNI). The resulting preprocessed images were then band-pass filtered to 0.01 Hz–0.1
Hz to reduce the influence of noise. The CONN toolbox performs seed-based analysis by
computing the temporal correlation between the BOLD signals from a given voxel to all
other voxels in the brain. White matter, cerebrospinal fluid (CSF), and physiological
noise source reduction were taken as confounds, following the implemented CompCor
strategy (Behzadi et al., 2007). Whole brain BOLD signal was excluded as a regressor to
eliminate erroneous anti-correlations (Murphy et al., 2009). CONN also allows for region
of interest (ROI) based analysis by grouping voxels into ROIs based upon Brodmann
areas. Bi-variate correlations were calculated between each pair of ROIs as reflections of
connections. All Brodmann areas were imported as possible connections for our selected
seed ROIs. Z-score standardizing was introduced to validate the multiple comparisons,
and the significance tests were based on the Z-scores.
Based upon our previous fMRI results (Slobounov et al., 2010) which are
consistent with other experiments (McAllister et al., 2001; Chen et al., 2003; Nakamura
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et al., 2009) the right dorsal–lateral prefrontal cortex (DL-PFC), bilateral precuneus,
bilateral primary visual cortex, and bilateral hippocampus were chosen as our four ROIs.
The right DL-PFC and hippocampus have been linked to alterations in spatial memory
tasks (Chen et al., 2003; Slobounov et al., 2010). The visual cortex and precuneus are
play a major role in vision and motor coordination and may be a source of some of the
symptoms reported from mTBI.
Based on the 1st level results, an ANOVA factorial analysis was conducted aimed
at exploring the differences between the NV and mTBI subject groups. An F-test was
implemented in SPM8 to illustrate the main effect of each group. A further comparison
of DL-PFC and hippocampal interhemispheric connectivity was also done since previous
DTI studies of mTBI have revealed alterations in the white matter integrity of the corpus
callosum (Wilde et al., 2008; Zhang et al., 2010). From the DL-PFC and hippocampus
ROIs the correlation coefficients were extracted from CONN to check their
interhemispheric connectivity. The ROIs were defined anatomically by Brodmann areas
in the MNI template. A two-sample t-test was then carried out to determine if there was a
significant difference in the strength of interhemispheric connectivity between NVs and
mTBI patients. The threshold was set at p<0.05 false discovery rate (FDR). ROI-based
connectivity maps were generated by CONN and the connections of interest were
highlighted by thick lines.
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Default Mode Network Data Analysis:
The voxel-based correlation approach was used to evaluate the temporally
correlated BOLD signal (Marquez de la Plata et al., 2011) associated with the functional
connectivity of the DMN. For this study, we focused on the PCC, MPFC, and lateral
parietal lobes because of their strong involvement in the DMN (Broyd et al., 2009), as
well as the parahippocampal gyrus since hippocampal injuries, together with memory
deficits, are common after TBI (Marquez de la Plata et al., 2011). Region of interest
(ROI) based correlations were also implemented for those same areas of interest as seed
points.
Voxel-based and ROI-based correlational analysis was again performed using the
CONN toolbox (http://web.mit.edu/swg/software.htm) of SPM 8. Identical preprocessing steps as done in resting state functional connectivity data analysis were
implemented. The CompCor strategy (Behzadi et al., 2007) was again utilized and the
whole brain BOLD signal was excluded as a regressor to eliminate erroneous anticorrelations (Murphy et al., 2009). All Brodmann areas were imported as possible
connections for our selected seed ROIs and bi-variate correlations were calculated
between each pair of ROIs. Fisher transformed Z-scores were introduced to validate
multiple comparisons and SPM functions were called by the CONN toolbox for spatial
statistical tests. ROI-based analyses were performed for all subjects’ data with a general
linear model (GLM) test to determine significant resting state DMN connections at the
individual level (1st level). Based upon 1st level results correlation coefficients were
converted into standard scores, and an unpaired t-test was used with a threshold set at
p<0.05 FDR corrected to determine significant connections between the NV and mTBI
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groups. Regression analysis was then used to determine the effect of a single concussion
versus multiple concussions on the resting state DMN.
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Chapter 3

Results
Resting State Functional Connectivity:
The connectivity maps for the primary visual cortex (V1) network pooled
across all subjects for both groups (mTBI and NV) are shown in Fig. 3.1. ANOVA
analysis showed that there was a significant main effect of group (NV versus TBI),
F=30.95, p<0.005, Family-Wise Error rate (FWE) corrected. Table 3.1 shows the
common connections shared by the NV and mTBI groups for each of the four ROIs.
Functional V1 interhemispheric connectivity was significantly reduced in mTBI patients
compared to NVs at rest (p=0.01).
Figure 3.1 Primary Visual Cortex
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Table 3.1 Resting State Functional Connectivity
NV
ROI
Dorsolateral Prefrontal Cortex(R)
Dorsal frontal cortex (R)
Supramarginal gyrus (R)
Dorsal frontal cortex (L)
Dorsolateral prefrontal cortex (L)
Anterior prefrontal cortex (R)

BA

mTBI

t-v

p-v FDR

8
40
8
9
10

15.97
9.61
9.41
6.93
6.18

0.0079
0.0208
0.0208
0.0319
0.0341

8.85**
5.49*
5.13**
4.65*
5.03

0.0277
0.0447
0.0446
0.0447
0.0448

Hippocampus (L)
Hippocampus (R)
Perirhinal cortex (R)
Parahippocampal cortex(R)

37
35
36

8.43
7.81
7.35

0.0254
0.0459
0.0459

5.48*
5.91*
8.41

0.0454
0.0425
0.0290

Hippocampus(R)
Hippocampus (L)
Perirhinal cortex (R)
Parahippocampal cortex (L)

37
35
36

8.43
9.82
7.35

0.0254
0.0259
0.0459

5.48*
6.33*
8.41

0.0454
0.0349
0.0290

Precuneus (L)
Dorsolateral prefrontal cortex (R)
Precuneus (R)
Dorsal posterior cingulate cortex (L)
Angular gyrus (R)
Anterior prefrontal cortex (L)

46
7
31
39
10

17.21
8.58
8.02
7.71
5.92

0.0017
0.0489
0.0223
0.0223
0.0325

16.42
9.60
9.42
8.81
6.89

0.0070
0.0237
0.0270
0.0284
0.0337

Precuneus (R)
Precuneus (L)
Angular gyrus (R)
Retrosplenial cingulate cortex (R)

7
39
29

8.58
7.55
5.95

0.0248
0.0223
0.0325

10.60
6.81
4.93

0.0237
0.0389
0.0468

Primary Visual Cortex (R)
Primary visual cortex (L)

17

15.46

0.0075

11.51** 0.0033

Primary Visual Cortex (L)
Primary visual cortex (R)

17

15.46

0.0075

11.51** 0.0033

t-v

p-v FDR
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Hippocampal connectivity maps revealed similar connections visually (Fig. 3.2),
yet ANOVA showed that there was a significant difference between groups (NV versus
mTBI), F=31.07, p<0.005 (FWE). T-tests revealed that interhemispheric connectivity
between right and left hippocampus was significantly lower in the mTBI group compared
to the NV group (Fig. 3.3.). Although each group showed similar pattern of connections,
the NV group had additional significant (p<0.05) contralateral connections with the
parahippocampal cortex and perirhinal cortex.
Figure 3.2 Hippocampus

Figure 3.3 Hippocampal Interhemispheric Connectivity
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Precuneus connectivity maps (Fig. 3.4) demonstrated strikingly similar patterns of
connections. ANOVA confirmed that there was no significant (p<0.05) main effect of
group for this ROI.
Figure 3.4 Precuneus

Again connectivity maps for the right DL-PFC (Fig. 3.5) appeared to be visually
comparable, although ANOVA revealed there was indeed a significant main effect of
group (NV versus mTBI), F=30.87, p<0.05 (FWE). As can be seen from Table 3.1 and
Fig. 3.6, functional DL-PFC (R) interhemispheric connectivity was significantly reduced
in mTBI patients compared to NV (p=0.01). In addition, the degree of functional
connectivity in mTBI patients was significantly lower between the right DL-PFC and the
supramarginal gyrus, ipsilateral dorsal frontal cortex (p<0.05), and contralateral dorsal
frontal cortex (p<0.05).
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Figure 3.5 Right DL-PFC

Figure 3.6 Right DL-PFC Interhemispheric Connectivity
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Default Mode Network:
Figure 3.7 PCC Connectivity Maps
NV

mTBI

As shown in Fig. 3.7, the PCC of the NVs showed significant connectivity with
the following areas: MPFC, dorsolateral prefrontal cortex (DLPFC), inferior temporal
gyrus, parahippocampal cortex, and lateral parietal cortex. However, the mTBI group
showed no significant connections from the PCC to either the DLPFC or
parahippocampal gyrus. The between-group t-tests showed significant connections in the
NV group for PCC – left DLPFC (p=0.027), PCC – right DLPFC (p=0.010), and PCC –
left Parahippocampus (p=0.012). Conversely, the mTBI group (Fig. 3.8) showed more
connections from the MPFC, including the connection between the MPFC and left lateral
parietal cortex.
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Figure 3.8 MPFC Connectivity Maps
NV

mTBI

Fig. 3.9 illustrates that the lateral parietal lobe was connected to the PCC area in
both groups. However, the NV group showed connections between the lateral parietal
and inferior temporal gyrus.
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Figure 3.9 Lateral Parietal Connectivity Maps
NV

mTBI

Meanwhile, both left and right lateral parietal cortices were connected bilaterally
to the DLPFC in the NV group, while the mTBI group showed only ipsilateral
connections between lateral parietal cortex and DLPFC. The t-tests for group
comparison showed significant differences (p<0.05) for the following connections: left
DLPFC – left lateral parietal (p=0.022), right DLPFC – left lateral parietal (p=0.014), left
lateral parietal – right lateral parietal (p=0.020), left DLPFC – right lateral parietal
(p=0.009), right DLPFC – right lateral parietal (p=0.014). Overall, the NV group had a
higher average connection strength than the mTBI group.
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Figure 3.10 Parahippocampus Cortex Connectivity Maps
NV

mTBI

In Fig. 3.10, there were no connections between the parahippocampal gyrus and
PCC in the mTBI group, as well as the connections between the parahippocampal gyrus
with the left and right parietal lobes were also absent. The connection between the
MPFC and left lateral parietal was only observed in the mTBI group. The average zscores used to determine strength of connections are depicted in Fig. 3.11. The details of
these analyses are shown in Table 3.2.
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Figure 3.11 Correlation Matrices
NV

mTBI

Table 3.2 Seed Based Connectivity
ROI
PCC/Precuneus
Left DLPFC
Right DLPFC
Right MPFC
Left Parahippocampus
Right Parahippocampus
Left Lateral Parietal
Right Lateral Parietal

BA

mTBI
Z

p (FDR)

0.96(0.62)
0.44(0.20)
0.64(0.96)
0.08(0.24)
0.20(0.20)
1.45(1.04)
0.73(0.90)

0.17(0.56)
-0.26(0.77)
0.55(0.87)
-0.31(0.39)
-0.21(0.78)
1.30(0.67)
0.69(0.90)

0.027*
0.010*
0.816
0.012*
0.098
0.690
0.903

-0.24(0.77)
-0.07(0.88)
0.22(0.47)
1.08(0.68)
1.07(0.69)

-0.96(0.72)
-1.02(0.65)
-0.58(0.96)
0.28(0.76)
0.34(0.69)

0.033*
0.010*
0.014*
0.014*
0.036*

2.35(0.63)
0.31(0.34)
0.37(0.60)

2.33(0.69)
0.41(0.67)
0.28(0.75)

0.929
0.627
0.744

Left DLPFC
Left Lateral Parietal
Right Lateral Parietal

1.54(0.81)
0.33(0.68)

0.74(0.70)
-0.49(0.71)

0.022*
0.009*

Left Lateral Parietal
Right Lateral Parietal
MPFC

1.99(0.64)
0.33(1.06)

1.24(0.75)
0.69(0.44)

0.020*
0.320

Right DLPFC
Left Parahippocampus
Right Parahippocampus
Left Lateral Parietal
Right Lateral Parietal
Left DLPFC
Left Parahippocampus
Right Parahippocampus
Left Lateral Parietal
Right Lateral Parietal

9
9

NV
Z

36
36

36
36
9
36
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Regression analysis revealed a significant reduction (p=0.014 and R square =
24.1%) in the magnitude of connections between the left DLPFC and left lateral parietal
cortex as a function of number of concussive episodes. Despite not showing any
statistically significant connections between the left and right DLPFC or the left DLPFC
and PCC, the regression analysis seen in Fig. 3.12 showed a downward trend in the
number of connections as the number of concussions increased.

Figure 3.12 Multiple mTBI Regression Analysis
Left DLPFC and Left Lat. Parietal Connection
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Chapter 4

Discussion
In this study, we investigated the connectivity within the resting state DMN of
mTBI subjects who were clinically asymptomatic based on physician’s examination, 24
hours symptom free on SRSS, and return to baseline on SCAT-2 and BESS clinical exam
scores. Even though the subjects in this study were clinically asymptomatic and scanned
within 24 hours of being cleared by a medical professional, this cohort of subjects was
restricted to collegiate athletes. Although strict guidelines based upon time from medical
clearance to scanning (<24 hours) were adhered to, the mTBI group was compromised of
subjects with no previous history of mTBI to subjects with upwards to three episodes of
mTBI. Many pathological changes can occur after mTBI, including altered perfusion and
metabolism that may influence the BOLD signal and therefore influence connectivity
measured when assessed through fMRI (Mayer et al., 2011). Biological processes,
technical limitations, and differing neuroimaging modalities can all be sources of error.
Nevertheless, there are three major findings. First, voxel-based correlation analysis
suggests that there are disruptions in the connections that make up the DMN in mTBI
subjects. Specifically, the mTBI resting state DMN showed no connections in the PCC
with both left and right DLPFC and parahippocampal gyri, as well a reduced number of
overall connections and strength of connections. Left and right lateral parietal cortex
connectivity in mTBI subjects illustrated only ipsilateral connections with DLPFC as
compared to bilateral DLPFC connectivity in NV groups. Second, an overall reduction in
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the number and strength of connections was observed in the mTBI group within the left
and right parietal cortex ROI seed. However, an increased number of connections and
strength of connections were seen in the MPFC in mTBI subjects. Third, connections
between the left DLPFC and left lateral parietal cortex were significantly reduced in
magnitude as the number of episodes of mTBI increased as well as an overall downward
trend suggesting a larger departure from the DMN as the number of episodes of mTBI
increased.
These major findings are similar to those of Mayer et al. (2011) who found that
the resting state DMN in mTBI subjects demonstrated an overall reduced connectivity,
more specifically connections from the PCC with the ACC and right supramarginal
gyrus. Moreover, that group showed an increased connectivity between the rostral
anterior cingulate gyrus (rACC) with the left DLPFC and bilateral ventral lateral
prefrontal cortex (VLPFC) and insula, whereas we observed hyper-connectivity in the
MPFC. One reason for this discrepancy may be the method used to define the ROI seed
point. Alterations in interhemispheric connectivity observed in mTBI subjects are
consistent with previous studies which reported reduced connectivity after TBI.
Specifically, interhemispheric connectivity in the ACC, DLPFC, primary visual cortex
and hippocampal networks are reduced in mTBI subjects (Slobounov et al., 2011 and
Marquez de la Plata et al., 2011). In a recent study, Marquez de la Plata et al. (2011)
reported significantly less interhemispheric connectivity within the hippocampus (which
is important in learning and memory) and within the ACC in addition to a more
widespread DMN disruption in patients who had suffered from traumatic axonal injury.
Similar to AD, autism, and low-grade glioma, patients suffering from mTBI have
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decreased long-distance functional connectivity and significantly increased short-distance
connectivity (Cao and Slobounov, 2010). Both AD and Parkinson’s disease (PD) have
also shown disruptions in DMN studies. AD patients show a marked reduction in
hippocampal connectivity with the rest of the DMN in addition to reduced connectivity
between MPFC and PCC that occurs due to aging (Broyd et al., 2009). DMN research in
PD patients has shown that the MPFC and rostral ventromedial caudate nucleus are not
connected (van Eimeren et al., 2009).
Numerous symptoms, not only physical, are associated with a single episode of
mTBI including cognitive and emotional symptoms such as: trouble with memory,
attention, concentration, problem solving, executive function, depression, and anxiety
(Bergman and Bay 2010). Whether or not these cognitive and emotional symptoms can
be solely attributed to disruptions in connectivity patterns is yet to be determined. The
PCC plays a vital role in the DMN (Fransson and Marrelec, 2008) and is involved in
visuospatial imagery, episodic memory, and self-processing (Cavanna and Trimble
2006). MPFC may play a role in controlling emotional processes and there is evidence
that alterations in the prefrontal cortex can lead to depression and post-traumatic stress
disorder (PTSD) (Weinberg et al., 2010). Traditionally, the lateral posterior parietal
cortex has been considered essential in spatial information, movement planning and
control, and multisensory integration (Davidson et al., 2008). Additionally recent fMRI
studies have indicated that the lateral posterior parietal cortex may be important in
episodic memory retrieval. With all the similarities in symptoms and disruptions of the
DMN that mTBI shares with AD and PD it is not surprising that both animal and human
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experiments suggest a possible link between TBI and early onset of these neurological
disorders (Kiraly and Kiraly 2007).
There is little research (Guskiewicz et al., 2003, De Beaumont et al., 2007,
Slobounov et al., 2009, Thériault et al., 2011) on the effects of multiple episodes of mTBI
and whether or not subsequent mTBI may have a cumulative effect. It has been shown
that individuals who have suffered from previous mTBI are more likely to suffer from
future mTBI (Guskiewicz et al., 2003). De Beaumont et al. (2007) used transcranial
magnetic stimulation (TMS) and showed that long-term motor system dysfunction is
exacerbated by multiple episodes of mTBI. An electroencephalography (EEG) study of
athletes suffering from three or more episodes of mTBI demonstrated significantly
attenuated sustained posterior contralateral negativity amplitude compared to subjects
with one or two mTBIs, as well as adding evidence that more mTBI results in more
disproportionately unfavorable outcomes (Thériault et al., 2011). These EEG and TMS
findings are complementary to our previous observation of subjects with recurrent
concussions. Specifically, the rates of recovery of “visual-kinesthetic integration” during
dynamic postural tasks were significantly slower after the second concussive episode.
More importantly, unlike the first concussion, the presence of “visual-kinesthetic
disintegration” was evident far later than 10 days post-second concussion (Slobounov et
al., 2007). Furthermore, the time between two recurrent concussive episodes appeared to
be an important factor influencing the rate of recovery after the second concussion.
Collectively, our data support the hypothesis that a history of previous concussions may
be associated with slower recovery of neurological functions (Guskiewicz et al., 2003;
Slobounov et al., 2006) which may not be obvious when conventional clinical tools are
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utilized. This should be considered by medical practitioners while clearing athletes for
sports participation. Current guidelines given by the NCAA for return to play in athletics
given to physicians managing patients with mTBI include: the presence of a 24-hour
symptom free waiting period on SRSS, restoration of baseline measures on clinical
cognitive (SCAT-2) and BESS assessment measures. These clinical measures precede a
gradual return to pre-injury levels of activity starting with an aerobic challenge followed
by increases in anaerobic and functional sport-specific challenges. As demonstrated in
this study, clinicians using these basic measures should exercise caution when returning
an athlete to athletic participation based on these measures alone.
Advanced neuroimaging techniques have discovered altered brain metabolites
using MRS in mTBI (Govind et al., 2010 and Henry et al., 2010) as well as altered
microstructural function of white matter tracks using DTI (Lipton et al., 2008, Mayer et
al., 2010, Zhang et al., 2010) and rs-fMRI functional connectivity (Slobounov et al.,
2011). These findings demonstrate a distinct dissociation between clinical findings of
restoration of function and advanced imaging abnormalities. The dissociation between a
‘return to baseline’ clinical evaluation and structural / functional imaging findings
suggests a possible explanation for the susceptibility of these patients to recurrent
injuries. This growing body of neuroimaging findings suggests that clinicians need to update current clinical practice to seek out clinical measures which may expose these
abnormalities. The neuroimaging community needs to continue to develop a body of data
and normative values which may be used by clinicians in an effort to revise and up-date
current ‘Return to Play’ guidelines. Future investigations should utilize diagnostic
techniques (fMRI analysis of DMN, resting state functional connectivity, MRS, DTI,
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etc.) in conjunction with clinical test measures (SCAT, balance, etc.) to verify clinical
tests’ specificity and validity in the mTBI population. This combination of diagnostic
and objective measures may be the future of mTBI clinical management. Moreover, in
order to assess the effects of multiple concussions versus a single concussion, it is
important to separate subjects based upon their history of prior head trauma. By
compensating for the number of concussive episodes, insight into the severity of
symptoms and length of recovery might be gained. As demonstrated in this investigation,
there are clear differences in resting state DMN network connectivity between the NV
and mTBI groups. It is unknown if this altered resting state DMN network seen in mTBI
is a short- or long-term effect. Therefore longitudinal studies with stricter emphasis on
scheduling of initial and follow-up scans need to be implemented to better track changes
over time.
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