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NEUROIMAGING OF MILD TRAUMATIC BRAIN INJURY:

A VOXEL-BASED ANALYSIS OF SMRI AND DTI DATA

Graham Tanner Robart

New College of Florida, 2013

ABSTRACT

Mild traumatic brain injury (mTBI) is a silent but costly epidemic, affecting millions of people

worldwide every year. The inability for traditional medical imaging technologies to detect some

types of damage that occur in mTBI has prevented the injury from receiving appropriate attention in

research and clinical settings for decades. A continually growing body of research establishes diffu-

sion tensor imaging (DTI) as an imaging modality sensitive to the subtle sequalae of diffuse axonal

injury (DAI), common in mTBI. With the development of better imaging and analysis techniques for

DTI, and the establishment of certain imaging biomarkers for identifying mTBI, a shift is occuring

in the medical standards and practices for how we recognize and treat mTBI. Using T1-weighted

MRI (sMRI) and DTI data obtained from the Mind Research Network (MRN), voxel-based analysis

is performed to determine the relative merits of these data types in identifying mTBI and produc-

ing predictive biomarkers. These results demonstrate that diffusion tensor imaging (DTI) may be

used to discriminate mTBI pathophysiology more effectively than standard imaging modalities such

as T1-weighted magnetic resonance imaging (sMRI). A case is made for adopting DTI as part of

standard clinical protocol in the diagnostic evaluations of head injury.

Dr. Patrick McDonald

Division of Natural Sciences
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1 Introduction

The human brain has been studying itself since the earliest accounts in recorded history, and many

of the significant insights into the importance and function of the brain have been made because

of injuries and disease. Ancient skeletons and preserved human remains predating any historical

records have shown evidence of trepanation, the process by which a hole or opening is made in

the skull, exposing the dura mater.[9] It is perhaps the oldest known example of surgical procedure

supported by archaeological evidence, and in some areas the practice of trepanation may have been

quite widespread and common. For example, prehistoric skulls found at a human burial site in

France dating back to 6500 BCE[8], exhibit some evidence of trepanation. Of the 120 human remains

uncovered at the site, 40 skulls had markings or openings whose structure appeared intentional and

not associated with damage or trauma. Some of the skulls also had plates or fragments of bone fused

back into place, which suggests that subjects survived and recovered following the trepanation.

While it is impossible to know what beliefs surrounded the practice of trepanation in prehistoric

contexts, it indicates some recognition of the brain as the source of certain pathologies, and of early

attempts at treatment.1

It was not until the writing of The Edwin Smith Papyrus that any written evidence existed

documenting the belief that the brain had some effect or role in cognition and coordination. The

existing document is dated 1500 BCE, but may be a copy of an earlier text written 1000 years before

1 The ancient practice of trepanation is thought to have been a crude method to treat some types of traumatic brain

injuries, and epileptic seizures. It is a procedure that remains highly effective even today in relieving pressure in hematoma

and intracranial swelling.[9]
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that[8, 9] . The Edwin Smith Papyrus also contains the earliest known reference to the brain in written

history. It details some medicinal practices of the ancient Egyptians circa 3000-2500 BCE[12].

Amazingly, the Egyptians anatomical and physiological knowledge as well as their methods of

clinical treatments, matched or surpassed that of Hippocrates’s teachings over two thousand years

later. The Edwin Smith Papyrus communicates an understanding of the relation between head injury

and the onset of symptoms such as paralysis, retrograde amnesia, and anterograde amnesia. It also

notes the loss of motor function and sensory reception that occurs in spinal injuries, and how they

correspond to respective regions of the body based on which vertebrae were damaged.[12, 9]

The regard for the brain as the seat of cognition and consciousness has been made, lost, and

rediscovered numerous times since the writing of the Edwin Smith Papyrus. In fact the idea that

consciousness resides in the heart or even in the ’soul’, meaning not anywhere in the physical body

but on a separate plane of existence, was widely accepted by Grecian society from the teachings of

Aristotle. Aristotle believed the brain was of little importance, describing it as an organ for cooling

the blood based on his observation that a significant portion of the body’s blood circulated through

the brain.[97] Aristotle’s systematic denial of the brain as the center of sensation or movement con-

tinued to influence popular societal views for many centuries. This may be in part due to a cultural

aversion of the ancient Greeks to touching or dissecting the brain, preventing further investigation

into its functions.

Pythagoras (circa 550 BC, known for the Pythagorean theorem) is regarded as one of the first

to propose that thought processes and the soul were partially located in the brain, and not solely

the heart.[98] In addition, Alcmaeon of Croton was one of the first writers to champion the brain as

the site of sensation and cognition.[97] Despite these early assertions of the brains role, the majority

of healers and physicians did not adopt this idea until after Hippocrates. Hippocrates, who lived

around 400 BCE, is often regarded as the father of western medicine. Much of Hippocrates insights

came from his extensive work treating patients, rather than only from existing medical teachings.

One of Hippocrates most significant contributions to neuroscience arose while dealing with patients

suffering head injuries; he observed paralysis consistently manifested on the side of the body op-

posite that of the head injury, leading him to discover contra-lateralization of motor function within

the brain. Hippocrates himself, and most major medical disciplines descendant from Hippocratic

medicine, subscribed to the cephalocentric hypothesis, which states that the brain is the sole source
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of all consciousness, sensation, and motor control. This was a critical turning point in history for

the way in which the field of medicine approached the brain.[9]

Despite being equipped with this insight, progress in the study of the brain continued slowly for

the next millennium. Most human brain research and investigation was done via autopsy, or in pre-

served samples of the long-deceased. Studying the living brain was difficult without resorting to in-

vasive procedures such as neurosurgery or ablation of nervous tissues, which were practiced mainly

on animals. Leonardo da Vinci himself is credited as being the first to pith a frog in order to study

its physiology and the structure of its nervous system near the end of the 15th century.[102]Leonardo

also made wax casts of the brain and ventricles of an ox, respectively, to study and compare to

human models. His investigations were far ahead of the existing anatomical knowledge, and his

secrecy kept them from really contributing to science of the time. Additionally, only so much of

the living brain’s complexity can be gleaned from its inanimate form. For example, many of Da

Vincis ideas about the senses and reasoning suggested the ventricles as the important structures of

the conscious mind. In living humans, the practice of lobotomy or ablation was usually restricted

to the severely mentally ill, as an attempt to alleviate a variety of maladies. Even today, the crude

method of severing the corpus callosum can provide significant reduction of symptoms in those

suffering from severe epilepsy and seizures, to a degree that has yet to be reproduced solely by

pharmacological means.

Over time, the definitive value of understanding the living brain encouraged the pursuit of other

non-invasive means of investigation. It was partly due to this pursuit and its appeal that phrenol-

ogy became so popular around the turn of the 19th century. Phrenology was the practice of using

measurements of the head and skull to make inferences about the personality and characteristics of

a person, based on the idea that it revealed traits of the brain. Theoretically, phrenology allowed

for the collection of large quantities of data without invasive procedures, in an attempt to make

inferences about the underlying brain and its functional characteristics. When phrenology had run

its course, and was consequently rejected as ungrounded pseudoscience, that pursuit returned to

the study of disease and injury as the primary means to explain the function of the brain. Patients

suffering from lesions in the brain due to disease or injury often exhibited changes in behavior

that implicated the localization of function within the central nervous system(CNS). For instance,

subjects such as Phineas Gage and patient HM provided invaluable insight into the brain regions
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implicated in memory, emotion, and reasoning.[9] HM’s unexpected loss of short-term memory for-

mation from his bilateral hippocampectomy, and Gage’s rail spike accident are unfortunately only

case studies. Their experiences were also both very invasive, the damage from which is not readily

reproducible, either morally or in practice. As such, it is difficult to make inferences regarding the

general population from such individual case studies. Study of larger cohorts of CNS disease and

disorder have been done for a long time, but in the past, large-scale studies of CNS injury have

been partially confounded by variability in the timing and causes of civilian head injuries. Military

forces on the other hand, more regularly observe large numbers of injuries. Often these injuries

are sustained within similar time-frames, and many of them may exhibit similar pathologies. This

makes them ideal for comparison and investigation.

Throughout history, war has been the cause of a vast portion of all injuries sustained. As wars

have been conducted by increasingly larger populations, and using increasingly dangerous weapons

such as explosives and guns, the number of wartime injuries have also escalated. These myriad

trauma would often prove fatal, especially in the case of head injuries. However, continuing progress

in medical practices also meant that an ever-growing portion of those who suffered combat-related

injuries would survive. Wartime head injuries and their treatments have therefore been the source

of much material in medical research on traumatic brain injury. For example during World War I,

following the development of new antiseptic techniques in the late 19th century and more effec-

tive neurosurgical techniques, the mortality of a dural penetration head wound was only 35%.[3]

Prior to this, the large majority of open head wounds in patients proved fatal. During the Civil

War (1861–1865), gunshot wounds to the head were seen in large numbers, and although accu-

rate statistics for mortality rates are not available for the Civil War, survival was uncommon due

to complication and infection. With the widespread use of helmets and other means of protection

from head injury in subsequent wars, the number of milder, non-fatal head injuries saw a marked

increase.[9, 7] It was with the advent of non-invasive medical imaging around this time that serious

investigation into brain injury began. With the ability to observe in vivo pathologies with CT scans,

it was quickly recognized that fast relief of a hematoma was critical to improving mortality rates

from severe head injury.[79] In the Korean War(1950-1953), mobile medical teams capable of evac-

uating hematomas were deployed among US squadrons, and this resulted in a drop in the rate of

injury-associated meningiocerebral infections from 42% to less than 1%.[7] By the time of the Viet-
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nam War, it was estimated that 40% of US combat fatalities were because of head and neck injuries,

and 14% of those surviving injury exhibited long-term impairments and complications which are

symptomatic of what would later come to be known as traumatic brain injury (TBI).[5, 32]

Traumatic brain injury is defined as damage to the brain resulting from external mechanical

force, such as rapid acceleration or deceleration, direct impact, blast waves, or penetration by a

projectile.[13, 10] Brain function is temporarily or permanently impaired and certain structural dam-

age may not always be reliably detected using modern diagnostics and technology. In order to better

recognize and treat the diverse sequalae associated with head injury, an organization was established

to conduct research and to improve treatment of veterans and civilians for TBI. The formation of

the Defense and Veterans Brain Injury Center (DVBIC) in 1992 was a collaboration between civil-

ian organizations and the Departments of Defense, and Veterans Affairs.[7] Its goal was to establish

clinical definitions and standards of TBI, and provide resources to improve awareness and recov-

ery. Original classifications and guidelines relied heavily on symptomatology and the pathologies

detectable by imaging technologies available at the time. These measures were developed with a

cutoff of severity in mind, similar to other clinical diagnoses such as psychiatric evaluations. This

was meant to appropriately limit the occurrence of a false diagnosis in an otherwise healthy patient.

It was believed that TBI was categorically different in terms of pathophysiology from concussion,

and should be distinguished accordingly. However, further experience with combat related TBI be-

gan to suggest that many survivors with pathology below the criteria thresholds for TBI diagnosis

were still experiencing measurable cognitive impairments.

The prevalence of explosive and blast-related injury and head trauma are all higher for the Iraq

and Afghanistan wars than any war previously.[53, 32] This is likely due to the increased use of im-

provised explosive devices, artillery, rocket propelled grenades, and mines in unexpected or sudden

instances. In fact it was in great part because of the number of Iraq and Afghanistan veterans return-

ing without diagnosed TBI while still suffering from the impact of their injuries that the definition

for TBI was expanded to include mild TBI. (mTBI)[54] It is estimated that up to a staggering 20% of

currently deployed service members may have mild TBI from blast injury, and has therefore been

termed the signature injury of the war.[103, 4, 7]Concussive injury is currently being subsumed into

the definition of mild TBI, which may improve our understanding and treatment of such injuries.

Previously, concussion treatment guidelines mostly consisted of general protective measures such
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as maintaining patient consciousness during the acute phase of injury, and then prescribed rest.

The majority of cases of TBI in both civilian and combat related settings are categorized as

mTBI, a classification based primarily on the characteristics of the acute sequelae following the in-

jury. The working definition of what constitutes mTBI remains under constant revision, yet people

still exhibit mTBI in some detectable ways.[94, 10, 91]Dozens of measures and criteria for mTBI have

been developed by various institutions over the years, each differing slightly. These tests and mea-

sures have all had varying strengths of correlation with the underlying pathologies observed, which

has helped inform the most predictive criteria in future definitions. The most recent official defini-

tion of mTBI is provided by the Department of Defense/Department of Veterans Affairs (DOD/VA)

Clinical Practice Guideline (2009).[94] Their definition has adopted the following criteria:

1. Brief (30 minutes or less) loss of consciousness (LOC) following injury

2. Brief (up to 24 hours) alteration of consciousness - confusion, poor responsiveness, poor

motor coordination

3. Post-traumatic amnesia (PTA) limited to the first 24 hours following injury

4. Glasgow Coma Score (best scored within the first 24 hours) of 13 to 15 (15 = normal)

5. A normal appearing brain on computed tomography (CT) scan

Each year, more than 1.7 million people in the United States experience a TBI, with around 75%

of these injuries being categorized as mTBI.[53] This number is likely an underestimate because it

does not include those who are seen in private clinics or by primary care physicians, nor does it

include those who do not seek any medical treatment.[76] The estimated economic cost of TBI is

also enormous, with more than 60 billion dollars being spent annually in the US treating TBI since

2000.[101, 32] This cost may now be well over 75 billion per year, with an estimated 44% of the cost

related to diagnosed cases of mTBI alone.[32, 15] Despite these significant contributions of mTBI

to the overall impact of TBI on the population, most modern neuroimaging diagnostic equipment

is unable to consistently detect mTBI[40, 15]. In addition, some subjects suffering from mTBI may
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remain asymptomatic in ways that prevent their identification even using the DOD/VA clinical prac-

tice guidelines above. Another important factor confounding mTBI recognition and diagnosis is the

high rate of co-morbidity with post traumatic stress-disorder (PTSD).[5, 4, 13, 103] Therefore, a large

portion of the population afflicted by mTBI may remain undiagnosed, and subsequently do not re-

ceive appropriate treatments for their injury. For these reasons, it is imperative for future diagnostics

to determine a more objective description of the underlying neurophysiology that constitutes mTBI.

More accurate and widespread recognition of mTBI may increase the rate of individual recovery by

allowing more appropriate treatments to be administered case by case. Such improvements could

significantly decrease the economic burden of TBI on our society, more than justifying the compar-

atively small cost of continued research.

In this thesis, we study the use of modern neuroimaging techniques for identifying biomarkers of

mTBI. Using data obtained from the Mind Research Network (MRN), we demonstrate that diffusion

tensor imaging (DTI) may be used to discriminate mTBI pathophysiology more effectively than

standard imaging modalities such as T1-weighted magnetic resonance imaging (sMRI). Analysis

of sMRI data confirms some previous findings in the literature, albeit with a larger population size

than previously examined. We found sMRI to be of limited utility in diagnosing mTBI, since small

scale pathophysiological traits such as diffuse axonal injury (DAI) and shearing damage are difficult

to detect with this imaging modality. Analysis of DTI data, on the other hand, has been shown by

previous literature to have a significant predictive power in identifying DAI and other physiological

characteristics of mTBI.[15, 33, 27, 26, 25, 1]

The remainder of this thesis is organized as follows: First, the pathologies of traumatic brain

injury, the technologies used to identify and diagnose it, and the state of current research within the

field are examined and reviewed. Second, a study is conducted that performs analysis on neuroimag-

ing data using current methods of statistical parametric mapping and voxel-based comparisons.
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Part I

A Review of TBI Pathology, Neuroimaging

Modalities, Methodology, and Research

2 Structural Pathologies of Traumatic Brain Injury

Immediately following TBI, there are several metabolic, hemodynamic, structural, and electric

changes that alter normal cerebral function. These alterations can increase the brain’s vulnerability

to repeat injury and long-term disability.[44]Clinical classifications of structural damage in TBI have

been made to better understand and diagnose the various types of abnormalities that occur. TBI is

usually classified into primary and secondary injuries. Primary injuries are commonly the direct

result of trauma to the head. Secondary injuries arise as complications of the primary lesions. Any

combination of these pathologies may occur co-morbidly, or in isolation, depending on the nature

of the trauma sustained.

Primary injury

Primary injury in TBI has numerous immediate effects including contusion, hematoma, disrup-

tion of the brain’s structural integrity, intercellular hemorrhaging leading to the development of

hematoma, the concentration of blood in a localized region. Not all these types of bleeding are

immediately threatening, in some cases bleeding can sustain for weeks, and eventually produce sec-

ondary injuries such as blood clots and ischemia. Primary injuries are categorized between intra

and extra-axial injury types.

Extra-axial injury

Any head injury resulting in damage outside of the brain tissue is considered an extra-axial injury.

This includes damage to the subarachnoid, subdural, epidural, and ventricular spaces.[103]

Epidural hematoma is when bleeding occurs in the space between the dura mater and the interior
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of the skull. The bleeding often occurs from ruptured arteries in the temporal meninges due to

trauma. The majority of epidural hematoma occur within the temporal region ipsilateral to the

site of trauma, highly correlated with impact on the side of the head. Due to the high pressure

of arterial veins, the bleeding and onset of epidural hematoma can be quite rapid. Peak size of

epidural hematoma usually occurs within 7-9 hours of injury.[104] The inner skull will not yield to

the increased pressure caused by the additional volume. The suture connections of the dura mater to

the skull prevent dispersal of the blood alongside the intercranial space, and so the pocket of blood

will instead exert inward force on the brain. This results in a convex or ’lentiform’ displacement of

brain matter, potentially crushing and damaging tissues.

Figure 1: A CT scan of a patient suffering from a large epidural hematoma (light grey). Notice the
lentiform displacement of the darker brain tissues.

Epidural hematoma may present no symptoms immediately following injury, but as the pressure

grows, impaired cognition or unconsciousness can follow. Trepanation and surgical removal of

the blood to relieve pressure prevents further damage, and greatly improves recovery. Epidural

hematoma have a 15-20% risk of fatality.[104]

Subdural hematoma occur due to hemorrhage of smaller bridging veins within the meningeal

layer, between the outer dura mater and the inner arachnoid mater. Subdural hemorrhaging is

much more common than epidural hemorrhaging, and occurs in many cases of mild TBI and non-

concussive head bumps.[90] The source of bleeding in subdural hematoma is usually not arterial, and
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so lower pressure bleeding may occur over a much more prolonged period of time than in epidu-

ral hematoma. The speed of onset determines whether epidural hematoma is considered acute or

chronic. In acute cases, symptoms may manifest immediately, or within minutes of initial trauma.

Acute subdural hematoma is often associated with rapid acceleration/deceleration shearing and oc-

curs co-morbidly with other aspects of severe TBI.[90] The mortality rate associated with acute sub-

dural hematoma is around 60 to 80%, making it one of the deadliest forms of injury associated with

TBI.[13, 53]Chronic subdural hematoma on the other hand, presents over the course of days or weeks

and may not be detected until months or years after the initial trauma.[104] With such slow bleeding,

hemorrhaging may stop on its own shortly after initial trauma. Chronic subdural hemorrhaging can

develop a subdural hematoma over the course of multiple small bleeds in the same region, where

tissues are already prone to re-injury. Compared to acute cases, chronic subdural hematoma offer

a better opportunity for stopping development before damage occurs, and treatments result in good

or complete recovery in close to 78% of cases.[53]

Figure 2: A CT scan of a patient suffering from a subdural hematoma, indicated by arrows. Notice
the concave development along the skull.[90]

Subarachnoid hemorrhage describes bleeding in the space between the subarachnoid membrane

and the pia mater. This is usually caused by the spontaneous rupturing of a major brain artery due to

10



weak arterial walls, or less can be induced by trauma. In the case of trauma, subarachnoid hemor-

rhaging often occurs near a fracture of the skull or cerebral contusion. Subarachnoid hemorrhaging

is a very serious type of injury, with symptoms of severe headache and other cognitive impairment

developing rapidly. The mortality rate is very high, with close to 50% of cases being fatal.[105] Risk

is high because ruptures in regions below the Circle of Willis may result in ischemia. Treatment for

subarachnoid hemorrhage is therefore very time-sensitive, and those who delay in receiving medical

attention are associated with worse prognosis. In mild cases of traumatic subarachnoid hemorrhag-

ing, symptoms may be mistaken with pain from the trauma itself, and may go undiagnosed for

longer.[105]

Intraventricular hemorrhage occurs when bleeding leaks into the ventricular spaces of the brain.

Severity of the injury is based on how much the ventricles are filled with blood. If the ventricles

are completely filled, internal pressure builds and begins to cause serious damage. This type of

hemorrhaging occurs in 35% of moderate to severe cases of TBI.[108] Luckily, head trauma must be

somewhat severe to cause intraventricular hemorrhage, and so it does not really occur in cases of

mTBI.

Intra-axial injury

Any head injury resulting in damage to tissues within the CNS are considered intra-axial in-

juries. This includes axonal injuries, contusions, intracerebral hematoma, and arterial dissection.

Axonal injury is the most common type of injury in TBI, and describes any type of physical

damage to the elongated axonal bodies of neurons in the CNS.[8] Damage can be severe immediate,

causing tearing and separation of the axon from the neuron cell body, or can occur slowly as a result

of degradation of cytoskeletal architecture. Shearing force that alters axoplasmic membranes can be

from stretching, rotational torsion, or bending. Normally axons are relatively elastic, but they must

do so slowly in order to maintain structural integrity. Rapid change axoplasmic membrane shape

causes the cytoskeleton to become brittle or deformed, which subsequently impairs axoplasmic

transport of proteins, neurotransmitters, and other organic molecules.[44] The disruption of transport

functions results in delayed onset of damage and often leads to apoptosis in neurons.
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Figure 3: An example of rotational shearing resulting in impaired axonal transport and eventual
apoptosis.[110]

The mechanism for diffuse axonal injury (DAI) is shear-strain deformation, a change in shape of

the brain without a resultant change in volume. Pathology studies have shown that DAI is character-

ized by multi-focal lesions of axonal damage, scattered throughout white matter, that are occasion-

ally associated with hemorrhage.[87, 49] Experimental studies have also demonstrated that diffuse

white matter injuries may occur with traumatic brain injury irrespective of skull deformation.[43, 57]

DAI occurs in up to 48% of patients with closed head injuries[91, 31], and is caused primarily by

the shearing forces generated during rapid deceleration or acceleration of the head, and may not

even involve any impact trauma. For example, DAI often occurs in motor vehicle accidents, even

when no head impact takes place.[31] DAI pattern of expression is heterogeneous and bilateral, and

frequently involves the lobar white matter at the gray-white matter interface of the cerebral hemi-

spheres. DAI has been observed to regularly affect white matter in areas including the brain stem,

the corpus callosum, and superior peduncle. The heterogeneous expression of DAI makes it hard

to detect reliably, and may manifest in different regions on a patient by patient basis. Addition-

ally, damage may occur in numerous areas, each exhibiting only minor structural changes (hence

the name diffuse). Although DAI is rarely fatal, it can result in significant neurological impair-

ment. DAI is so common in TBI that in the majority of mTBI cases, it may be the only detectable

pathology.[87] Unfortunately, in many mTBI cases DAI is still very difficult to detect with CT scan

and sMRI.[89]

Cortical contusions are essentially bruising of the brain tissues. These bruises form from small
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blood vessel leaks of veins and arteries covering the parenchymal tissue, or from micro-hemorrhages

resulting from trauma.[104] When the blood vessel is torn, blood escapes from the vessel at a rate

that is faster than the blood that can be absorbed by the brain. Consequently, cortical contusions

often result in edema and increased intracranial pressure. The injury can cause a decline in mental

function in the long term, and in severe cases may lead to brain herniation. The contusion may cause

swelling of the surrounding brain tissue, which may be irritated by toxins released in the contusion,

The cytotoxic edema usually peaks four to six days after the initial trauma.[66]

Intracerebral hematoma is caused by a sudden leakage of blood into cortical brain tissues. The

hemorrhaging occurs from very small arteries and pushes into the surrounding brain tissue, causing

injury to the region and symptoms of a stroke. Because the blood has no space to go inside the cor-

tical tissues like it does in extra-axial hematoma, displacement of tissues and subsequent damage

begins almost immediately.[105] Intracerebral bleeding is also known as intraparenchymal hemor-

rhaging. Sometimes blood will find a route to the ventricles, and cause intraventricular hemorrhag-

ing. Symptoms usually involve sudden onset of stroke. Stroke symptoms include sudden weakness,

blindness, loss of speech and numbness on half of the body.[10] Other symptoms also can include

seizure and loss of consciousness. The risk of death from an intraparenchymal bleed in traumatic

brain injury is especially low when the injury occurs in the brain stem.[75] Intraparenchymal bleeds

within the medulla oblongata, on the other hand, are almost always fatal because they cause damage

to the vagus nerve, which plays an important role in blood circulation and respiration.[53, 104]

Arterial dissection refers to a tearing and separation of the innermost wall of an artery. In intra-

axial injury, dissection frequently occurs in major cerebral arteries such as the carotid, or near the

Circle of Willis.[109] As the tear becomes larger, it forms a small blister-like separation called a

“false lumen.” Blood accumulates inside this blister and can lead to stroke in some cases. Blood

can pool inside the wall of the artery until it begins to impede normal blood flow, which is when

the pocket begins to be referred to as a pseudoaneurysm. Pseudoaneurysms can lead to symptoms

of stroke by pressing on brain structures located nearby, or by rupturing and causing major hemor-

rhagic stroke.[104] When rupturing occurs, the pseudoaneurysm is often referred to as a dissecting

pseudoaneurysm. Alternatively, blood inside the false lumen can clot and eventually protrude into

the area where blood normally flows causing thrombosis, which leads to major ischemia of affected

brain regions. Patients experiencing thrombosis are also at risk for embolism to occur, in which
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small pieces from the growing blood clot can break off, flow upstream, and become trapped inside

a smaller artery in the brain.[104]

Secondary Injury

Damage and complications can develop in brain tissues after the trauma of primary injury, lead-

ing to further issues. Secondary injuries of TBI include any type of dysregulation of healthy brain

function stemming from an initial injury. Secondary injuries can either be acute or chronic, depend-

ing on the relative speed of their onset. Secondary injuries tend to be easier to prevent and treat

with appropriate care than any primary injury sequalae, but if complications do arise, many of these

conditions can be debilitating.

Acute

Any secondary injury that manifest during the 24 hours following head trauma are considered

acute. This includes diffuse cerebral swelling, also known as cytotoxic edema, brain herniation,

infarction, and infection.

Diffuse cerebral swelling displays a pattern of heterogeneous expression similar to that seen

in diffuse axonal injury. Except that in this case, trauma does not lead to shearing of neuron cy-

toskeletal structure, but instead leads to a maladaptive uptake of water content by brain tissues. The

two main types of edema that leads to cellular swelling are vasogenic and cytotoxic edema.[114] In

vasogenic edema, the blood brain barrier (BBB) is impaired, leading to an influx of intravascular

fluids and proteins into the CNS. The edema spreads quickly into the CNS, moving extracellularly

along white matter fiber tracts.[66] The ’diffuse’ description of swelling in vasogenic edema relates

to its progression through the brain, as opposed to a heterogeneous expression involving multiple

independent regions. The intracellular space begins to fill up with the additional fluids, causing

swelling within the regions. Vasogenic edema can also spread to grey matter tissues as well. Cyto-

toxic edema does not involve permeability of the BBB, but instead results from disregulation of ion

pump activity, leading to volumes of water being taken inside the cells, which causes the cerebral

swelling. A dysregulation of the ion gradient in the intracellular space creates a microenvironment

that is not suitable for neural impulse firing, and cells often undergo a necrotic cell death. Ion pump
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dysfunctionn can occur through a variety of mechanisms. In regions suffering ischemia, impov-

erished supply of glucose and oxygen to brain cells suspends function of membrane sodium and

calcium ion pumps. A subsequent increase in the sodium and calcium content of the intracellular

space causes nearby cells to absorb excess quantities of water.[114] Alternatively, metabolic changes

can cause glial cell potassium and sodium pumps to suspend their activity, causing increased reten-

tion of water and sodium ions within the cell. Astrocytes are more prone to swelling in cytotoxic

edema due to their role in ion re-uptake.[66] This state of retention persists even when an action

potential would normally release intracellular sodium ion concentrations. This retention leads to

similar swelling from increased water content. Glial cell ion pump dysregulation has also been

known to be triggered from exposure to a variety of toxins.[44]

Brain herniation occurs when severe intracranial pressure shifts brain position and puts strain on

a portion of brain tissue as it is pressed against the skull or other extra-axial structures. Displacement

can be caused by hematoma, tumor, or intracranial hemorrhage. Brain herniation can also occur as

a result of TBI, either by producing hematoma or hemorrhaging that causes displacement, or simply

from the force of the trauma.[104] Because the region being compressed may suffer significant defor-

mation, ischemia of the tissues is very common, and often results in infarction. Herniation can occur

in almost every brain region, but the three most common types of herniation are the cingulate AKA

’subfalcine’, uncal, and tonsillar herniation.[53]Cingulate herniation is when the cingulate gyrus is

compressed against the falx cerebri, the dura mater separation of the interhemispheric fissure.

Figure 4: Sagittal view of the falx cerebri as depicted by Gray’s Anatomy[115]
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Uncal herniation causes the innermost portion of the temporal lobe to be compressed towards

the tentorium cerebelli, putting pressure on the brainstem. Finally, tonsillar herniation is a com-

pression of the lower cerebellar tissues and tracts through the foramen magnum, the opening for the

medulla oblongata and brainstem running out of the skull. This puts significant radial pressure on

the brainstem, and can disrupt normal respiration and autonomic nervous signaling.[75]

Infarction is simply the necrosis of tissues that have been deprived of oxygen, usually by is-

chemia. Infarction itself can serve as a structural impediment to blood flow and circulation of

oxygen to living tissues, leading to more severe ischemia. Infection of brain tissues can cases of

localized infections spreading past the BBB. Infected brain tissues develop into a lesion of necrotic

infected tissue, increasing intracranial pressure, and disrupting function of the region where it de-

velops. Although antibiotics or surgery to remove the abscess can reduce the long-term damage

potential of infection, there is no method for recovery of infected tissues.

Chronic

Any secondary injury with an onset that is delayed relative to the initial trauma, or becomes pro-

gressively worse if left untreated is considered chronic. This includes Hydrocephalus, encephaloma-

lacia, cerebrospinal fluid leak, leptomeningeal cyst, wallerian degeneration, and chronic traumatic

encephalopathy.

Hydrocephalus is the buildup of excess CSF in the ventricles. Normally, CSF circulates within

the open brain spaces and drains from the ventricles into the circulatory system, unless the foramina

of the fourth ventricle or the cerebral aqueduct are blocked.[112] Buildup of CSF in the ventricles

becomes a problem when it already fills the entire space available, and more is being produced.

The internal pressure buildup in hydrocephalus is similar to that of intraventricular hemorrhaging.

Symptoms, damage profiles, and treatments are very similar for both.[108] Hydrocephalus is usually

a congenital malformation or develops from trauma and subdural hemorrhaging. This type of com-

plication is most common in infants and very young children, and is less likely to occur in cases of

adolescent or adult mTBI.[112]

Encephalomalacia is a softening of brain tissues, and is commonly caused by prolonged buildup

of intracranial blood. The condition is somewhat degenerative, and the affected tissues stop func-
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tioning entirely when they become soft. Brain damage can be severe and localized both to grey

or white matter, and no known treatments are able to repair the softened tissues.[9, 69] This type of

complication can be very dangerous, but luckily it only occurs in a minority of cases of moder-

ate to severe TBI. mTBI is unlikely to develop encephalomalacia unless it acts as a trigger for a

pre-existing condition.

Leptomeningeal cyst is a skull fracture that also has some dural tearing. This leads to herni-

ation of the pia mater and arachnoid layers through the dural tear. The bone layer experiencing

fracture will often experience erosion from the vascular activity of the meninges. The onset of lep-

tomeningeal cysts are almost always in infants and very young children, when the skull plates are

still relatively weak.[113]

Wallerian Degeneration is the degeneration of a nerve fiber and resulting axonal death that has

been separated from its nutritive center by injury or disease, characterized by breakdown of the

myelin and resulting in atrophy and destruction of the axon.[18] This pathological process begins

with a rapid axonal disintegration and breakdown of myelin sheath, then activation of microglia,

with subsequent clearance of tissue debris. Effectively axonal degeneration, microglial activation,

and finally astrocytosis are all labeled as parts of the process "Wallerian".

Chronic traumatic encephalopathy (CTE) is a neurodegenerative condition triggered in part from

repetitive mild traumatic brain injuries or concussion. The wallerian degeneration observed in nor-

mal microglial ’cleanup’ following mTBI does not shut off when appropriate, and a maladaptive

feedback loop is entered.[2] In CTE, Brain regions continue to experience degeneration even in

the absence of further trauma, and cognitive sequalae of ’punch drunkenness’ develop.[28] CTE is

thought to result in widespread cognitive dysfunction and patients may exhibit impulsiveness, mem-

ory deficits, personality changes, apathy, depression, and dementia. Beyond repetitive brain trauma,

other risk factors for developing CTE remain unknown. Accumulation of hyperphosphorylated tau

and TDP-43 have been observed as potential molecular markers for the presence of CTE.[2] Unfor-

tunately, CTE can only be diagnosed with certainty post-mortem since in vivo imaging has failed to

produce predictive biomarkers.
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3 Summary of Various Neuroimaging Modalities in mTBI Research

Some medical imaging techniques like X-ray still produce two dimensional images, but most

modern imaging now involves the use three dimensional spatial representations for their data. Per-

forming proper in vivo neuroimaging certainly requires the resolution of all three spatial dimensions

to observe any region of the brain. The three dimensional images used are composed of ’voxels’.

Similar to the way in which a pixel is the smallest element of a two dimensional picture’s data,

a voxel describes the smallest element of data in a three dimensional dataset. A voxel is a three

dimensional pixel with width, height, and depth. A single voxel covers a cubic space, and contains

some value that is meant to describe in some way the underlying cubic space. A voxel could con-

tain values regarding glucose levels, or tissue density, or water diffusion properties, as long as the

spatial map of voxels represents these qualities numerically.[73] In this chapter we will examine a

variety of neuroimaging modalities that use voxels, and how they can detect and diagnose mTBI

using methods of statistical inference. This chapter will cover a brief literature review of various

imaging studies of mTBI using imaging modalities other than the ones used in this thesis. Review

of sMRI and DTI literature findings will be conducted in the chapters that follow.

3.1 Imaging Modalities for Detection of mTBI Pathology

In order to determine the utility and functionality of each imaging modality for detecting mTBI,

it is paramount to first observe the results of the current literature. In this section, a summary descrip-

tion of various imaging modalities and how they have performed on mTBI detection is provided.

Although the majority of literature supports the use of sMRI or DTI modalities as most effective

in detection of DAI, various alternate modalities may reveal other unique aspects of mTBI pathol-

ogy. These alternate modalities may help develop a better understanding of overall mTBI pathology

when performed in conjunction with sMRI or DTI. A number of meta-analyses and their findings

are described, and the myriad references and recommendations from these meta-analyses are used

as a primary source, with additional studies provided to support or contest their assessments.

For example, in Tuong H. Le and Alisa D. Gean (2005), the authors detail a broad overview

of neuroimaging techniques for analysis of TBI. Their review overall recommends the use of sMRI

only for patients with sub-acute or chronic traumatic brain injury, but recommends diffusion-weighted
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imaging, magnetic resonance spectroscopy, and magnetization transfer imaging for use in detecting

mild traumatic brain injury, which other imaging techniques are less able to diagnose.[1]

Similarly, in Boven et al. (2009), they review the current state of various neuroimaging modality

studies and compare them with DTI studies identifying biomarkers of traumatic brain injury and

post-traumatic stress disorder. The review includes summaries of seven other articles which used

diffusion tensor imaging to investigate mild traumatic brain injury. Most of these studies used

datasets of 10-20 subjects, and selected subjects primarily based on the time since the incidence of

their injury.[92]

Skull Films

To begin an analysis, a skull X-ray may be taken as a first step. This imaging modality provides an

image of the outer skull, and is often used to determine if fractures, dural penetration, or significant

swelling occurs. These initial markers can indicate the presence of severe TBI, and help quickly

localize regions at risk for hematoma and hemorrhaging. However, because they do not provide

insight beyond superficial structures, they remain poor predictors of intracranial pathology. Skulls

films and other X-ray techniques are limited in their ability to perform real investigative in vivo

imaging of the brain and intracranial tissues. It is widely agreed that skull films should no longer

be used in clinical evaluation of of closed head TBI, especially since CT scans do a much better

job of alerting clinicians to dangerous hematoma.[1, 99, 10]CT began to replace x-ray as the standard

practice for head injury evaluation during the 1980s.[79]

Computed Tomography

Computed tomography scans (CT scans) are utilized as a standard diagnostic in initial inves-

tigation for a variety of injury types. Cases in which CT scans are commonly performed include:

moderate and severe TBI, patients with age greater than 60 years, persistent neurological deficit,

chronic headache or vomiting, amnesia, loss of consciousness longer than 5 minutes, depressed

skull fracture, penetrating injury, or bleeding diathesis or measuring the effects of anticoagulation

therapy.[89]

The reason this modality is a clinical standard procedure is because it is fast, widely available,

and highly accurate in the detection of skull fractures and intracranial hemorrhage. CT scans are
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almost always completed within 5 minutes. Actual scan time is less than 30 seconds on average.[87]

Therefore, CT is also less sensitive to patient movement than sMRI. CT can be superior to sMRI in

revealing skull fractures and radio-opaque foreign bodies, while sMRI remains comparable to CT

in detection of acute epidural hematoma and subdural hematoma.[79] In contrast to these apparent

superiorities in certain areas, CT has some issues that make it undesirable as a standard imaging

modality in clinical settings.[87] For example, beam-hardening effect, which is the displacement

of the CT signal near metal objects, bone, calcifications, and high concentrations of contrast, can

degrade the image quality and prevent accurate assessments. CT can miss small amounts of blood

that occupy widths less than a slice because of volume averaging. CT findings may also lag behind

real intracranial damage, so that scans performed within 3-8 hours of trauma may underestimate

injury.[90]

Even with significant developments in CT imaging over the previous three decades, the majority

of confirmed mTBI cases still show no visible abnormalities on CT scans.[87, 1, 92, 90] Despite this,

CT is still widely practiced in response to head injury, and any follow-up imaging when the neuro-

logical findings are unexplained by the CT findings is primarily done by sMRI. sMRI remains the

preferred clinical imaging modality for sub-acute and chronic TBI. Unfortunately, lack of findings

in initial CT scans will sometimes prevent further investigation using a more appropriate modality.

Gradient-Recalled-Echo (GRE) T2*-Weighted MRI

T2*-weighted MRI, commonly referred to as GRE, is highly sensitive to the presence of ferritin

and hemosiderin materials, which are leftover products produced in blood plasma. Both compounds

alter nearby tissue’s magnetic susceptibility, which is how the presence of these materials is de-

tected by the sensors. T2* imaging has been limited in the detection of cortical contusions in the

inferior frontal and temporal lobes because of the inhomogeneity artifacts induced by the paranasal

sinuses and mastoid air cells.[1] However, other studies have shown that T2*-weighted images per-

form significantly better at detecting lesions in TBI than normal T2scans, and exhibited very high

correlation between injury severity and both loss of consciousness, and score on the GCS.[74]These

findings support the use of T2* imaging for detection of head injury involving hemorrhaging, but

unfortunately many cases of mTBI may lack even minor bleeding. Therefore T2* imaging is not
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an ideal modality for detecting all cases of mTBI, only those injuries expressing hemorrhage or

bleeding.

Diffusion-Weighted Imaging (DWI)

Diffusion-weighted imaging detects random motion of molecules in brain tissues. It can be

used to detect regional changes in neuron membrane permeability to Na+ and K+ ions, as well as

intracellular water permeability. In DWI, the intensity of each voxel reflects the best estimate of the

rate of diffusion along a specific vector within that space. This apparent diffusion coefficient (ADC)

produced from DWI imaging measures the magnitude of diffusion through the voxel. Molecular

diffusion of ions, proteins, and water in tissues is not free in all directions (isotropic), but reflects

interactions with many obstacles, such as macromolecules, fibers, membranes, etc. Water molecule

diffusion patterns can therefore reveal microscopic details about tissue architecture, in either nor-

mal or diseased states. Diffusion characteristics within grey matter are mostly isotropic, while white

matter tissues display much greater anisotropy in their diffusion properties. Therefore DWI primar-

ily reveals changes in white matter. Because the mobility of water diffusion is driven by thermal

agitation and is highly dependent on aspects of the cellular environment, the hypothesis behind

DWI is that findings may indicate minute early pathological changes. For instance, DWI is more

sensitive to early changes following stroke than traditional MRI T1 or T2-weighted images.[92, 1, 18]

Additionally, measures of lateral ADC within interhemispheric commissures such as the splenium

of the corpus callosum have been shown to decrease in cases of chronic mTBI[17, 56]

Magnetization Transfer Imaging (MTI)

Magnetization Transfer Imaging examines the longitudinal T1 relaxation relation between bound

protons and bulk free water protons. When a radiofrequency pulse that is off resonance with the

magnetic field is applied, it selectively excites those protons that are bound in macromolecules.

These protons subsequently exchange their excess longitudinal magnetization with nearby free wa-

ter protons. The magnetization transfer ratio provides a quantitative measure of the structural in-

tegrity of tissue. A reduction of the magnetization transfer ratio correlates with worse clinical out-

come in a patient with a history of TBI.[1, 108] Investigators have used MTI to detect white matter ab-
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normalities associated in cases of multiple sclerosis, progressive multi-focal leukoencephalopathy,

and Wallerian degeneration.[1] MTI changes have been found to be more sensitive than T2-weighted

MRI in detecting histological axonal damage in animal models.[95]

Single Photon Emission Tomography(SPECT)

Single Photon Emission Tomography primarily measures cerebral blood flow (CBF). Over-

all, fMRI provides a greater specificity and resolution than SPECT in determining blood use (de-

oxygenation) in the brain. However, SPECT detects the actual movement characteristics of blood

throughout the brain, regardless of its use, which can reveal abnormalities or obstructions that inhibit

blood supply. SPECT may be able to function as a long term prognostic indicator more effectively

than CT or MRI. Worse prognosis has been associated with multiple CBF abnormalities, larger

CBF defects, and SPECT defects that involve the basal ganglia, temporal and parietal lobes, and

brainstem.[86] SPECT is less sensitive to the detection of small lesions and DAI that are potentially

visible in sMRI.[38, 86] Therefore, SPECT has functional potential for detecting abnormal blood flow

when used to complement a structural imaging modality such as sMRI or DTI, but SPECT is not

viable as a standalone method for evaluation of TBI, and especially mTBI.[1]

Positron Emission Tomography (PET)

Positron emission tomography is an imaging modality that detects gamma rays emitted indi-

rectly via a tracer that is introduced into a subjects circulation. A biologically active molecule is

tagged with a proton emitting radionuclide, which gives off gamma rays when it is processed or

broken apart, to observe where that molecule is being utilized in the body. PET neuroimaging com-

monly measures glucose as the biologically active molecule, which reveals brain metabolism of

glucose. Fluorodeoxyglucose (FDG) is used as the tracer, since it is a glucose and emits gamma

rays when processed. The concentrations of tracer imaged will indicate tissue metabolic activity by

virtue of the regional glucose uptake.[40, 85]Glucose in the brain is often processed abnormally in

damaged regions post TBI.[1]

In animal studies, acutely injured brain cells show increased glucose metabolism following se-

vere TBI due to intracellular ionic perturbation. Following initial hyperglycolysis, injured brain
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cells show a prolonged period of regional hypo metabolism lasting up to months.[44] However, PET

studies have had limited success demonstrating consistent results in localizing and differentiating

mTBI in humans. Because of the heterogeneous nature of TBI, studies have found both hyperme-

tabolism and hypometabolism in the same regions across different patients.[85, 92] Therefore, it is

important to consider that metabolic abnormalities in mTBI are likely not limited to glucose uptake

in proximity to apparent lesions. In mTBI, metabolic dysregulation of other proteins and materials

may occur more significantly than glucose, but little research exists for other metabolites. While

PET may show some indications of generalized metabolic change in cases of mTBI, they are not

entirely co-localized with diffuse axonal injury or indicative of the regions affected by a subject’s

injury.[92, 40]

4 T1-Weighted Magnetic Resonance Imaging (sMRI)

T1-weighted MRI is a type of structural imaging which displays significant contrast between

the gray and white matter tissues of the brain. T1-weighted imaging is the canonical standard for

neuroimaging modalities currently in use, and is certainly one of the oldest. It is more commonly

referred to as structural MRI (sMRI).

4.1 Development and Mechanics

All magnetic resonance imaging relies on the excitability of protons within the nuclei of atoms, and

the rates at which it takes the protons to disperse their excess magnetization to nearby protons and

return to their natural state.[118]

All atomic nuclei have distinct characteristics of nuclear spin, and magnetic moment. The

nuclear spin quantum number of an element, represented by the symbol I, describes the total angular

momentum of its nucleus. I is used to determine how many spin states a nucleus can have, using the

following function: 2I + 1= allowed spin states. The nuclear spin state describes the directions of

the nuclei’s rotation about an axis, which is the magnetic moment. Nuclei that have even numbers of

protons and neutrons will equalize, and therefore have no spin states, with I = 0. Nuclei containing

an odd sum of protons and neutrons have spin states of 1
2 integer increments, and nuclei containing

odd numbers of both protons and neutrons will have spin states with integer increments (1,2,etc...).

In sMRI, we are interested in observing the nucleus of hydrogen atoms, which has a nuclear
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quantum number of I = 1
2 . Therefore, hydrogen atoms have a total of 2 possible spin states of equal

angular momentum, +1
2 and −1

2 , which represent clockwise and counterclockwise rotation around

the magnetic moment respectively. There exists a ’lattice’ of magnetic energy in the environment

surrounding a nucleus. Ambient noisy environmental energies such as heat and certain EM wave-

lengths cause constant rotation and movement of the nucleus as it attempts to maintain a magnetic

moment of least interference to its angular momentum.[117]Any shift in nucleus magnetic moment

or position relative to the surrounding lattice causes the nucleus to produce a magnetic ’lattice field’

of its own. The lattice field of a nucleus is capable of diffusing its excess magnetization into the

lattice fields of other nearby nuclei with lower excitation, via magnetic resonance. The lattice field

of an excited nucleus will naturally attempt to return to a state of minimal energy by distributing

its excess magnetization to the lattice fields of lower energy nuclei. Eventually, nuclei transfer of

excess energies will achieve a best case ’resting state’ lattice of thermodynamic equilibrium relative

to neighboring lattice fields.[119]When this is accomplished, the magnetic moment of each nucleus

is randomly aligned.

When hydrogen nuclei are exposed to a static magnetic field, B0, that is stronger than their

surrounding lattice field, they begin to act like dipole magnets and align their magnetic moment

along the same axis as the static magnetic field. Because there are two spin states for hydrogen this

alignment can either be up-spin, along the external field orientation, or down-spin, against the field

orientation. The nuclei will not align perfectly with the static field B0, but instead will ’precess’ or

wobble around the axis as they spin. The nuclei will all precess at the same frequency, but are doing

so at out of sync with one another. When bombarded by radiofrequency (RF) energy, nuclei will

absorb some of it if the frequency used is resonant, and it will be able to alter their magnetic moment

and spin.[121] The frequency of RF that is resonant with a nucleus is called the Larmor frequency,

given by the function:

ω = B0× γ

Where γ is the gyromagnetic constant, and B0 is the magnitude of the static magnetic field.

The Larmor frequency is also the frequency at which the precessing of nuclei magnetic moment is

occurring around the B0 axis. In hydrogen nuclei, for a 1.5 Tesla field strength, the resonant RF is
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63.9 MHz.[117] In order to bring precessing nuclei into sync on the same x/y plane, a second field

emitting the resonant RF, B1, is applied perpendicular to B0, and rotated about its axis as the RF

energy is added. Once the nuclei are precessing in phase together, a B1 pulse is applied along the

x/y plane, and perpendicular to the B0 axis. This allows a change in the angle of the the nuclear

magnetic moment due to excess magnetization on the x/y plane and the z axis. In order for nuclei

to return to their original magnetic moment by energy transfer, the excited nuclei must be exposed

to a lattice field oscillating at a frequency at or close to the Larmor frequency. Thus the speed at

which this relaxation occurs in a nucleus is dependent on the number of surrounding nuclei that are

precessing in sync and at the Larmor frequency. This relationship is assumed to have an exponential

behavior.

4.2 Mathematics and Measures

T1 is the longitudinal relaxation time, also known as the spin-lattice relaxation time. It represents

the amount of time it takes for a nuclei magnetized at a 90°angle to return to 63% of its original

magnetic moment. T1is given by the following general equation as derived from Bloch equations

for the nuclear magnetization of all three spatial vectors M = {MX ,MY ,MZ}:

Mz(t)−M0 = [Mz(0)−M0]e
−t
T1

Mz(t) = M0− [M0−Mz(0)]e
−t
T1

In the case that Mz(0) = 0 , by ensuring that all nuclei are synced and precessing on the same
x/y plane, the equation can be reduced to:

Mz(t) = M0(1− e
−t
T1 )

Where:
MZ= The orientation of nuclear spin magnetization on the z axis.
M0 =magnetic moment orientation at thermal equilibrium
γ = −charge

2∗mass =The gyromagnetic constant

B0 =Static magnetic field = (1.5-Tesla)

B1 =Resonant Radiofrequency = 63.9 MHz (at 1.5-Tesla)

ω = B0× γ =The Larmor precessing frequency
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5 Diffusion Tensor Imaging (DTI)

Diffusion tensor imaging is a modality that describes the 3 dimensional diffusion properties

within each voxel as represented by a matrix of eigenvalues called a tensor. It shows great potential

for detecting disturbances in white matter fiber bundle tract integrity, and may be more effective

than sMRI for detecting diffuse axonal injury that takes place in mTBI.

5.1 Development and Mechanics

Prior to the development of diffusion tensor imaging, the measure of diffusion within tissues was

only observable by diffusion weighted imaging (DWI). It was only relatively recently, starting

around 1992 when the first images were produced, that diffusion tensor imaging became an available

method of research and investigation in the brain.[80]

DWI alone can only detect the diffusion properties of a voxel along a single directional influence

(gradient) at a time, and so diffusion tensor imaging was developed to represent multiple directions

of diffusion simultaneously. If diffusion data are collected in at least three orthogonal planes, then a

three dimensional tensor can be calculated. Additional diffusion directions can be obtained to pro-

duce tensors with better representation of varying diagonal and non-planar diffusion properties. The

properties and structure of individual axons cannot be described using DTI, but diffusion measures

can describe properties of the underlying tissues that are informative as to the general characteristics

of neuron fiber bundles.[17]

26



5.2 Mathematics and Measures

In order to obtain DTI data, a number of initial scans and computations must be made. Acquisition

of an MRI volume for spatial overlay is followed by six DWI volumes (sometimes more), each with

a different magnetic gradient applied from non-collinear directions. Each DWI image is essentially

measuring the diffusion characteristics in a specific direction for every voxel. Each gradient causes

a different direction of diffusion to be measured for the image. The computation of the magnitude

of diffusion in a single direction for a voxel is given by the following equation:

I(q) =J · e−b(q)·D

Where:
I(q) = The image voxel intensity for each gradient q
J = The ideal image intensity without an applied gradient, usually set as J = I(0)

∆ = time difference (lag) between starts of the gradient
δ = duration of the gradient
γ = −charge

2∗mass =The gyromagnetic constant
G =the strength of the gradient pulse
b(q) = the “b-matrix” = γ2GiG jδ

2(∆−δ/3) for the qth encoding gradient
The diffusion tensor can then calculated like so:

ln(I(0)/I(q)) = b(q) ·D

D = ln(I(0)/I(q)) ·b−1

D = The diffusion tensor, a symmetric matrix representing diffusion in at least 6 principal direc-
tions:

The diffusion tensor can be represented as a three dimensional ellipsoid whose shape describes
the relative magnitudes of directional diffusion.

Figure 5: Ellipsoid representations of anisotropic and isotropic diffusion tensors.

27



FA (fractional anisotropy) is a scalar measure from 0 to 1 of the directionality of diffusion at

a voxel. It describes the severity of the elongated shape in a tensor ellipsoid. In CSF and gray

matter, water diffusion is close to isotropic, and so the FA is close to 0. In white matter, such as in

the corpus callosum, the water is relatively free along the axons, but restricted perpendicular to the

axons and therefore more anisotropic, with FA being closer to 1. Thus in white matter, reduced FA is

generally thought to reflect loss of white matter integrity that may reflect damage to myelin or axon

membrane damage, or perhaps reduced axonal packing density, and/or reduced axonal coherence.

Such damage is consistent with the microstructural changes that occur in DAI. FA is measured as

the degree of difference between the eigenvalues of the diffusion matrix, computed as:

FA =

√
(λ1−λ2)2 +(λ1−λ3)2 +(λ2−λ3)2

√
2∗

√
λ2

1 +λ2
2 +λ32

MD (Mean Diffusivity) is a scalar measure from 0 to 1 of the apparent diffusion characteristic,

averaged from the primary directions of diffusion within a voxel. It describes the overall ease of

diffusion, or the mean ’size’ of the diffusion within a voxel. The maximum MD of 1 is representative

of completely unimpeded isotropic diffusion, while lower values imply a denser substrate with less

overall diffusion, even if it remains isotropic in shape. MD is often increased in areas that have

suffered cell loss and a subsequent increase in extra-cellular space. MD represents the average of

the DWI apparent diffusion coefficients in all 3 spatial directions, and is computed by the following

equation:

MD =
λ2

1 +λ2
2 +λ3

2

3

Radial Diffusivity (RD) and Axial diffusivity (AD) are also fairly common measures of diffusion

properties observed in DTI research studies.[15, 1] They represent the magnitude of diffusion within

a voxel only on a horizontal plane or vertical plane, respectively. However, these measures will not

be used in this study.
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Tractography is a 3D modeling technique used to visually represent neural tracts using data

collected by DTI. When the primary vector of an anisotropic voxel is sufficiently aligned in terms

of orientation with a neighbor’s anisotropic orientation, a tract is drawn connecting the two voxels.

If a tract is produced it indicates the presence of a continuous bundle of white matter fibers. The

varying directionality of these tracts can be represented as well for each layer of the image, using

color codes to describe planar directionality.

Figure 6: An example of DTI tractography overlayed onto a T1 structural image[69]

5.3 DTI detection of mTBI

Boven et al. (2009) have demonstrated that FA is significantly effective in identifying diffuse axonal

injuries, which techniques such as structural MRI and CT scans have difficulty identifying.[92]

Previous cross-sectional studies examining the evolution of anisotropic diffusion in subjects

across multi-year periods have not reported significant differences between semi-acute mTBI and

patients with chronic mTBI.[57]This is likely because the greatest diffusion changes occur during

acute mTBI, and that the DTI changes observable in chronic mTBI may be significantly different

from healthy controls, but not from subacute mTBI patients.

Shenton et al. (2012) provide one of the most comprehensive compilations of sMRI and DTI
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studies on mTBI. Each of the 43 DTI studies investigating mTBI reported some DTI abnormalities.

However, anatomical location of effects were rarely similar. The lack of similar regions implicated

in their results is not surprising considering the heterogeneity of traumatic brain injuries, as well as

the large variability in the presented studies between time of injury and DTI scan. Some regions,

however, are reported more often than the others, a pattern which might suggest their increased

vulnerability to axonal injury.[15]A major consideration observed in Shenton et al.’s review is the

differences in acute and chronic mTBI diffusion properties reported by studies. To consider the

abnormal FA increase they found in some acute mTBI studies, it is important that future investi-

gations determine if FA increase shortly following head injury is correlated with worse long-term

prognosis. Given that some investigators in the review do not report increased FA at 24 hours

post-injury, while others report increased FA at 72 hours, it is unclear what constitutes an average

or ’normal’ progression of FA change following TBI. Followup research should consider repeated

imaging of patients during the acute and subacute phases, so as to observe the progression of FA and

MD. Subjects with increased FA and decreased MD in the acute phase of injury is more common

in the studies observed, and decreased FA and increased MD was more common in chronic mTBI

patients.[56, 51] This could imply different characteristics of tissue damage response and swelling

early on, compared to the longer-term structural changes observed in >3 month post-injury imag-

ing. More longitudinal studies performing scans at multiple intervals over the course of 3 months

post injury are needed to elucidate the effects of acute and chronic mTBI progression profiles of FA

and MD.

Rutgers, et al. (2008) compared FA, ADC, and tractography within ROIs between groups of

11 healthy controls and 21 mTBI patients. Their results showed that on average, patients showed

reduced FA in 9 regions, predominantly in cerebral lobar white matter, cingulate, and CC compared

to controls (for 191 regions). For their tractography observations, discontinuity in fiber tracking

was seen in only 19.3% of fibers, indicating a measurable effect, but likely limited to larger fiber

bundles.[33]
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Figure 7: Discontinuity in tract integrity may indicate the presence of DAI[34]

In a follow up study described in the same paper, and using the same subjects, Rutgers, et al.

examined the differences of acute and chronic mTBI in terms of FA, MD, and ADC measures.

Patients with mTBI scanned less than 3 months post-injury showed reduced FA and increased ADC

in the genu of the corpus callosum, whereas patients scanned after 3 months post-injury showed no

such differences. They also showed that more severe trauma was associated with FA reduction in the

genu and splenium of the corpus callosum, along with increased ADC and fewer numbers of fibers.

Their findings suggest that there may be a reversal of damage to the corpus callosum in patients

with mTBI who recover after 3 months, and that more severe damage to the corpus callosum may

be associated with a worse outcome. [33]

Huisman et al. (2004) conducted a study investigating potential biomarkers of white matter

for improving prediction of mTBI using DTI. Twenty patients were evaluated and compared with

fifteen healthy control subjects. ADC and FA values were measured at multiple preselected regions

of interest (ROIs) and correlated with clinical measures of TBI severity. They included TBI patients

with Glasgow Coma Scale scores between 4 and 15, therefore moderate to just below severe were

not separated from mild in evaluation. While this sample may not be representative of an mTBI

population, the goal of the study was in part to determine the correlation of the glasgow coma and

discharge Rankin scores with severity of DAI. Their results confirm that changes in water diffusion

anisotropy occur in TBI. FA was significantly decreased in the posterior limb of the internal capsule

(mean decrease in FA, 14%) and splenium of the corpus callosum (mean decrease in FA, 16%).

They found a statistically significant correlation between FA values and the severity of head injury,

as measured with acute and subacute neurologic assessments (acute GCS and discharge Rankin

scores) in correlation with regions of observed DAI.

Mac Donald, et al. (2011) conducted a DTI study specifically observing blast-related traumatic
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brain injury in US military populations. Blast related head injury has a much higher incidence

of DAI than normal trauma, and may not display cognitive symptoms except in the ’miserable

minority’ of cases (15 to 30 %).[31] In their results, 18 of the 63 subjects with traumatic brain

injury had abnormalities on DTI that were consistent with multi-focal traumatic axonal injury. This

is because FA was reduced in at least two or more brain regions for each subject. Abnormalities

detected on DTI were defined as relative anisotropy reductions if the values were at least 2 SD below

the mean map made from the 21 controls. Based on their thresholds for significance and projected

false positive rates, no more than 2 of 63 healthy subjects could show 2 significant clusters by

chance. Mac Donald et al. (2011) also observed an additional 20 subjects with traumatic brain

injury who had only one abnormality detected on DTI and 25 TBI subjects had no abnormalities

according to the aforementioned definitions.[106]

Kumar et al. (2009) conducted a study to determine the correlation of white matter diffusion

changes observed in mTBI with decline of neurocognitive function as measured by a number of

evaluative tests of IQ, attention, and responsiveness. In moderate TBI compared to controls, they

observed decreased FA in the splenium of the corpus callosum, a general decrease of MD, increased

RD in the genu and splenium of the corpus callosum, increased RD in midbody corpus callosum.

and decreased AD in the genu. Increased RD in the genu and splenium of the corpus callosum was

also observed for mild traumatic brain injury. Poor neuropsychological outcome at 6-months post

injury was associated with DT abnormalities in the corpus callosum.[61]

6 Statistical Analysis Techniques and Software

6.1 Algorithms and Statistical Methods

6.1.1 Statistical Parametric Mapping

Statistical Parametric Mapping describes both a methodology for analyzing and drawing inferences

about sets of data (usually voxels), as well as a software package designed to apply these approaches

to neuroimaging data. First we will discuss the statistical approach, and get back to the software

package later.

Statistical parametric maps (SPMs) are images composed of voxels or pixels, whose values
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under the null hypothesis are distributed according to a known probability density function, usually

the Student’s T or F distributions. These are known colloquially as T- or F-maps, respectively. The

success of statistical parametric mapping is due largely to the simplicity of the idea. Namely, one

analyzes each and every voxel using any standard (univariate) statistical test. The resulting statistical

parameters are assembled into an image - the SPM. SPMs are interpreted as spatially extended

statistical processes by referring to the probabilistic behavior of Gaussian fields. Gaussian random

fields model both the univariate probabilistic characteristics of a SPM and any non-stationary spatial

covariance structure.

Statistical parametric mapping has changed in its general meaning over time, and now com-

monly refers to the combination of the general linear model (GLM) and gaussian random field

(GRF) theory as a standard experimental design methodology for manipulating data and making in-

ferences about the spatial relevance of the voxel data through the use of statistical parametric maps

(SPMs). The GLM estimates the parameters that could explain the distribution of the spatially con-

tinuous data, in the same way that conventional analysis does for discrete data. GRF theory is used

to resolve the multiple comparison problem that ensues when making inferences over a volume of

the brain. It assumes the produced statistic image to be a good lattice representation of an under-

lying continuous stationary random field. It thereby provides a method for correcting p values for

the search volume of a SPM and plays the same role for continuous data as a Bonferonni correction

does for performing multiple discrete statistical tests. The classical statistical inference is used to

test hypotheses that are expressed in terms of these GLM parameters. This hypothesis testing of the

dataset uses an image whose voxel values are themselves computed statistics for that voxel, or uses

a computed statistical parametric map (T-map, Z-map, F-map, depending on the statistic test being

performed).

6.1.2 Voxel-Based Morphometry Analysis

Voxel-based morphometry (VBM) is a neuroimaging analysis technique that allows investigation

of focal differences in brain anatomy using the statistical parametric mapping described above,

dependent on the type of comparison being done. Linear regressions or least-square regression are

33



often used in VBM neuroimaging studies, comparing groups by some primary covariate and an

additional set of covariates.[73]

In traditional morphometry analysis, volume of the whole brain or a subpart is measured by

drawing regions of interest (ROIs) on images from brain scanning and calculating the volumes

enclosed in the ROI for each subject. This is a time consuming process and can only provide

measures over rather large , smaller differences in volume between subjects may be overlooked.

Instead, VBM utilizes all voxels and assumes each one represents a similar spatial region between

patients when performing statistical comparison. To ensure this voxel similarity assumption is met,

VBM performs preprocessing of data according to SPM. First it registers every brainscan’s voxels

to a similar template, which removes most of the larger differences in brain anatomy shape and

size observed amongst a given population. Then, the brain images are smoothed by a function

so each voxel represents the average of itself and its neighbors. Finally, the image volumes are

compared across brains at every similar voxel. Parametric statistical models are assumed at each

voxel, using the GLM to describe the data in terms of experimental and confounding effects, and

residual variability. For fMRI cases the GLM is used in combination with a temporal convolution

model. A statistical parametric map is produced containing statistic values for each voxel compared.

Then, parametric map voxels that don’t meet a given p-value threshold for significance are excluded.

The surviving clusters of SPM T-map voxels are then used as the spatial ROIs to be compared during

further SPM analysis.

6.1.3 Independent Component Analysis (ICA)

Since its emergence, data analysis in neuroimaging has been dominated by the use of mass-univariate

multiple linear regression models, especially in functional magnetic resonance imaging (fMRI)

studies. Unlike univariate methods utilizing regression analysis, ICA does not naturally general-

ize a method suitable for drawing inferences about groups of subjects. This means that ICA will

identify potential independent sources of effect within a dataset, regardless of their actual signifi-

cance or ability to describe the overall group and its correlations. The working difference of ICA

to other methods that allow for component identification is that ICA determines components using
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higher-order signal statistics to produce a set of ‘components’ that are maximally independent of

each other by some designated function. The utility of this is exemplified by the ’cocktail party’

scenario, wherein recordings of the discussions at a party are taken as data, and the goal is to isolate

any individual speaker amongst the noisy sets, such that you could listen to just their voice.[81]

Described in more discrete terms, the data to be analyzed is represented by the random vector

x = (x1, . . . ,xm)
T and the underlying components as the random vector S = (s1, . . . ,sn)

T . The task is

to transform the observed data x, using a linear static transformation W as S =Wx, into maximally

independent components s as measured by some function F(s1, . . . ,sn) of independence.

In neuroimaging, ICA often uses the differences in the values of the data (such as changes in

tissue density or diffusivity) and proximity of other voxels as the function to measure independence

of components.

6.2 Statistical Analysis Software

6.2.1 Analysis of Functional NeuroImaging (AFNI)

AFNI is a set of C programs for processing, converting, analyzing, and displaying MRI and fMRI

data. It runs on Unix+X11+Motif systems, including SGI, Solaris, Linux, and Mac OS X. It is

available free (in C source code format, and some precompiled binaries) for research purposes. It

contains a variety of scripts and tools for performing analysis and applying various algorithms to

defined voxel datasets.
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Figure 8: An example of the AFNI graphical user interface, displaying structural underlay with a
colored T-map overlay.

6.2.2 Statistical Parametric Mapping (SPM8 Program)

The software package SPM is a set of MATLAB programs for processing, converting, analyzing,

and displaying a variety of neuroimaging data types including MRI, fMRI, PET, EEG, and DTI.

It was developed by the Wellcome Department of Imaging Neuroscience at University College

London. The latest version of the software package is SPM8, and from here on will be referred to

as such in order to avoid confusion when discussing the statistical approach.

7 Data Acquisition and Preprocessing

Preprocessing is defined as the application of algorithmic techniques to alter the data before any

experimental analysis and after initial acquisition and reconstruction. In the context of imaging

technologies, preprocessing consists of computational procedures to correct for unwanted variability

and entropy in the data and to prepare the existing data for statistical analysis. It is therefore an
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important standard practice for all imaging studies and research. Preprocessing is distinct from the

experimental analysis because it comes before the application statistical procedures used to test a

hypothesis. In this chapter, we examine data preprocessing associated with neuroimaging research.

7.1 Equipment

There are two primary MRI machines in use by the Mind Research Network at this time, a 3-

Tesla(3T) field strength scanner, and a 1.5-Tesla(1.5T) field strength scanner. Both machines pro-

duce DICOM data objects.

The first MR machine is a Siemens 3T Trio with Total Imaging Matrix (TIM) Application Suite.

It is located in the MRN complex in Albuquerque, NM. The Trio’s 32-channel system is capable of

BOLD EPI, diffusion-tensor imaging, arteriole spin labeling, perfusion and diffusion imaging, and

spectroscopy. With 32 usable receiver channels as standard, the system allows for the use of 4 to

16 current-phased array coils to improve sensitivity and speed of acquisition, and is ready for future

coil designs with more than 16 elements. Also installed, are the Biopac MP150 Data Acquisition

System and a Biopac Galvanic Skin Response Amplifier to provide reliable and consistent real-time

monitoring of skin conductance responses.[100]

The second machine is a Siemens Magnetom Avanto syngo 1.5T Mobile MRI System. The

Avanto MR machine has been mounted inside a modified mobile RV, to make the recruitment and

acquisition processes more accessible to local populations. The Avanto is the most advanced system

of this strength in the Siemens product line. It features an ultra-short, 150 cm-long whole-body

superconductive 1.5T magnet, with 5th generation active-shielding technology with counter coils,

External Interference Shielding and excellent homogeneity (based on 24 plan plot, 50 cm DSV

type, 0.8 ppm). The system comes equipped with a 12-element Matrix head coil capable of ultra-

fast parallel acquisition in 4- (CP mode), 8- (dual mode) or 12- (triple mode) channel settings. The

base Avanto system was upgraded to include the SQ-engine Gradient System with AudioComfort.

The SQ-engine gradients have maximum amplitude of 45 mT/minute for the longitudinal direction

and 40 mT/minute for horizontal and vertical directions; the gradient slew rate is 200 T/m/second

with a minimal rise time of 200 microsecond (from 0 - 40 mT/m amplitude). AudioComfort is an

acoustic noise buffer that leads to a 30 dB attenuation of gradient noise. The system is capable of

37



BOLD EPI, diffusion-tensor imaging (DTI), perfusion and diffusion imaging, and spectroscopy.[100]

7.2 File Formats

7.2.1 DICOM (Digital Imaging and Communications in Medicine) Files

The spread of MRI technologies and the subsequent proliferation of available machine designs in

the 1970’s and early 80s was sudden, and immediately researchers and medical institutions needed

standardized methods of data processing for consistency and research comparison purposes. De-

coding the raw image data that came from the CT and MRI machines of the time was very difficult

for anyone except perhaps for the machine manufacturers, who in some cases wanted to enforce

their own proprietary file format or decoding algorithms. To this end, the American College of

Radiology (ACR) and the National Electrical Manufacturers Association (NEMA) formed a com-

mittee to establish a standard for medical imaging files which was first implemented in 1985 as

the ’ARC/NEMA 300’. This first draft was poorly defined, and adherence to its design amongst

institutions was irregular for the rest of the decade, especially overseas. It was in 1993 that the

current DICOM (.dcm) file format was established as the standard of medical imaging data. The

actual details and protocols of the DICOM file format have been continuously updated since then,

but remains mostly reverse compatible. That is to say that most older DICOM files remain readable

and can be processed alongside newer DICOM format. DICOM differs from some, but not all, data

formats in that it groups information into data sets. That means that a file of a chest x-ray image, for

example, actually contains the patient ID within the file, so that the image can never be separated

from this information by mistake. This is similar to the way that image formats such as JPEG can

also have embedded tags to identify and otherwise describe the image. Typical DICOM files contain

attributes of patient name, identification number (ID), formatting details, IP and network transfer

protocols and permissions, and the pixel data of the images themselves.
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7.2.2 Neuroimaging Informatics Technology Initiative (NIfTI) Files

Before the raw data can be processed, the DICOM files are converted into a Neuroimaging Infor-

matics Technology Initiative (NIfTI) file-type: ’.nii’. This process takes the pixel data attribute of

the DICOM file and represents it in a matrix format ready to be loaded and viewed by neuroimag-

ing analysis software, such as SPM8 or Analysis of Functional NeuroImaging (AFNI). The name,

patient ID, voxel dimensions and other relevant DICOM attributes are made into the header for the

new .nii file, while the attributes concerning network protocol are removed. NIfTi is a useful format

for changing the mutable characteristics of the data, so as to make them easier to perform group

comparisons and analyze. The matrix of pixel data consists of row, column, layer, or sometimes

timescale (fMRI takes the form of 4D time-series data compressed to fit in a 3D matrix) as its di-

mensions. All elements of the data matrix are numeric values, each representing a single voxel of

the image. In sMRI data, the numeric entry represents tissue density within the voxel; in DTI data, it

represents the tensor for that voxel, describing the relative degrees of water diffusion directionality

across the voxel region.

7.2.3 HEAD and BRIK Files

BRIK and HEAD files are brain imaging data files generated and used by the AFNI analysis pack-

age. The files are multi-dimensional pixel data, or "voxel" data – in essence, pixels with a value

covering a region of three spatial dimensions. The AFNI format also supports time-series data, or

multiple values at each voxel over time, per participant, or with different meaning (for example, a

beta value and a t-statistic). The .BRIK portion of the file contains the actual voxel data, while the

.HEAD file contains the metadata and patient information needed to interpret the data.

7.3 Noise: Sources, Prevention, and Correction

At this stage in the pre-processing, the NIfTi file can be viewed as a three dimensional object, but

noisy aspects of the data still make it unsuitable for analysis or inference. Noise is defined using
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Shannon’s information and signal theory as an error or undesired random disturbance of a useful

information signal, introduced before or after the detector and decoder.[41]

Even under the most rigorous and careful experimental design, it is impossible to eliminate

all sources of noise. Instead, it can be easier to develop methods to recognize and then correct or

remove such unwanted aspects of the data. Noise comes in a variety of forms: thermal noise, system

noise, and physiological noise, and each can be prevented and corrected to some extent.

7.3.1 Thermal noise

Heat introduces additional electron movement in materials, which can distort the electrical current

traveling within the sensor of the MR machine. These distortions add entropy to the values being

recorded, in a uniformly distributed manner across all voxels. Thermal noise increases linearly

with temperature and multiplies linearly with scanner static field strength (3 Tesla produces twice

as much thermal noise vs. 1.5 Tesla, despite higher resolution power).[20] Thus, there is a case

for diminishing returns for improving imaging resolution by simply increasing the magnetic field

strength. All voxels in a scan are affected similarly by thermal noise, independent of anatomy.

This can lead to generally noisy data acquisition, which can make scans unusable for comparison

purposes. Therefore, it is easiest to account for and prevent thermal noise to begin with, rather than

attempt to find and remove it later. To help prevent thermal noise, MR machine sensors are kept at

very low operating temperatures through the use of liquid helium cooling systems.

7.3.2 Physiological noise

Subjects themselves can introduce noise to the scan acquisition through the voluntary or involuntary

movement or activity of their body. This is considered physiological noise. MR scans are conducted

layer by layer, image by image, over time to compose the whole final image. Because of this, any

movement on the part of subject will cause a change in the relative location of the tissues compared

to the fixed spatial position of the voxel that is supposed to measure that tissue.

Many forms of movement during scanning can contribute to physiological noise, including au-
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tonomic functions like heartbeat, pulse, and breathing, as well as motor functions like fidgeting of

the neck or head. This issue is exacerbated in the case of fMRI acquisition, because the scanning

is also taken over a time-series, increasing the potential for introducing physiological noise. Other

significant sources of physiological noise in fMRI include the change in the rate of blood flow, blood

volume, and use of oxygen over time. The uncontrollable aspects of blood movement during scan

acquisition accounts for the majority of physiological noise that ends up being introduced during

fMRI acquisition.

Various measures are taken to prevent physiological noise during acquisition, as well as to cor-

rect for any found in the data afterwards. First, subjects heads can be immobilized either partially or

completely to prevent movement, usually with a frame or with soft packing cushions. This prevents

most rolling and tilting of the neck, but upwards and downwards movement can still occur at rest,

especially over time. Subjects are also sometimes trained beforehand on the conditions to expect

during scanning, to help prevent movement caused by discomfort, claustrophobia, or in response to

loud or unexpected noise. Prior training can significantly decrease the amount of movement during

imaging, especially with children and adolescents.

To correct for head motion that ends up in the data despite preventative efforts, a process called

coregistration is used to identify and remove these artifacts. This process attempts to spatially align

the images acquired during a single scan session. When coregistering these consecutive images,

they will be aligned to fit a single ideal volume. A rigid–body transformation, which is a spatial

transformation of the voxels that does not change the shape or size of the whole scan, is often

used to perform the coregistering to an optimal reference volume. The data volume is manipulated

under 6 dimensional parameters, to identify and remove the distortion caused by head movements.

The first three parameters of the correction algorithm are the stretching and shifting of the x, y,

and z axis dimensions, while the remaining three parameters allow for rotation or twisting of roll,

pitch, and yaw.[83] A number of head-motion correction and coregistration algorithms exist, some

which have been shown to eliminate noise more effectively, but sometimes at the risk of removing

false-positives of head motion from the image.[63]
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7.3.3 System noise

After thermal noise, any noise that is introduced from the MR machine hardware itself is considered

system noise. One type of system noise is called scanner drift and can be a significant contributer

to noise over time, and can ruin longitudinal comparisons of a subject. Typically, scanner drift

is caused by a slow change in the resonant frequency of the hydrogen atoms in the sample. This

is caused by the strength of the static magnetic field drifting from the intended position and field

strength. Even with consistent power supply and superconducting magnets, the strength of the

static field has the potential to gradually wax or wane. Because of this, the dimensions of the field

of the superconducting magnet changes slightly over time, causing changes in the signals received

by the sensors if left uncalibrated.[21, 20]Luckily, the scanners used at MRN had weekly and month

diagnostics and calibrations done to control for scanner drift effects.

Noise can also be introduced in the wiring of hardware by interference from outside sources. In

general, shielded cables are used to protect the wires from unwanted noise frequencies in a sensitive

circuit. A shielded wire can be thought of as a small Faraday cage for a specific wire as it uses a

plastic or rubber covering to enclose the true wire. Just outside of the rubber/plastic covering is a

conductive metal that intercepts any noise signal. Because the conductive metal is grounded, the

noise signal runs straight to ground before ever getting to the true wire. It is important to ground the

shield at only one end to avoid a ground loop on the shield.[20, 41]

7.4 Normalization, Smoothing, and Segmentation

The following pre-proccessing methods facilitate between-subject comparisons, the differentiation

and selection out of specific tissue types, and reduction of noise artifacts during comparison, re-

spectively.
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7.4.1 Spatial Coregistration (Normalization)

Spatial normalization, the warping of images to best fit a standard template, reduces potentially

large differences in brain size (potentially 30% between any pair of subjects) and structure amongst

subject images. This allows for statistical analysis of large groups and facilitates anatomical com-

parisons between subjects. However biased templates, subtle sexual dimorphisms of brain anatomy,

and subsequent reliance on gross anatomy rather than cytoarchitecture can impair normalization

usefulness, especially for clinical subject evaluation. Normalization of a group is achieved by reg-

istering each of the images to the same template image, by minimizing the residual sum of squared

differences between them. The first thing to do with each brain image is to match the images to

the template by determining the most efficient 12-parameter affine transformation, a function which

will preserve the collinearity of points and the ratio of vectors, while allowing for comparison to

similar voxel spaces.[83] A Bayesian framework is used, in which the maximum prior estimate of the

spatial transformation is made using existing knowledge of brain size variability within the global

population.[93] Step two accounts for global nonlinear shape differences, which are modeled by a

linear combination of smooth spatial basis functions.[84] The nonlinear registration estimates the co-

efficients of the basis functions that minimize the residual squared difference between each image

and the template, while maximizing the deformation smoothness. This method of spatial normal-

ization does not attempt to match every cortical feature exactly, and only corrects for global brain

shape differences. It is important that spatial normalization is not perfectly exact or overly strin-

gent, because then all the segmented images would be transformed to be identical and no significant

differences could be determined. The quality of the registration must be as high as possible, so that

the normalizing template image does not bias the final analysis. An ideal template to use would be

the average of as large a number of MR images as possible that have been registered to within the

accuracy of the spatial normalization technique.[83] Two of the most widely used brain templates in

practice are the Talairach space template, and the MNI space template. The Talairach coordinate

space requires that the anterior and posterior commissures lie on a straight horizontal line (AC/PC

line).[73] Distances in Talairach space are measured with the anterior commisure intersection as the

origin. Talairach coordinate space is sometimes referred to as standard stereotaxic space. The Ta-

lairach template was originally produced from a 60 year old French woman, whose brain is slightly
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smaller than average. Despite this poor representation of an average brain for use as a template,

the coordinate space is still used in practice as a regional atlas with more representative modern

templates. The MNI template was developed by the Montreal Neurological Institute, to provide a

free common template for neuroimaging research purposes. The current standard MNI template is

the ICBM152, which is the average of 152 normal MRI scans of healthy individuals that have each

been transformed to fit a similar image space. The MNI space coordinate system still may use a

modified Talairach atlas to inform the names of brain regions.

Figure 9: A sagittal view showing the anterior and posterior commissure lines and orientation for
Talairach space.[111]

7.4.2 Matter Segmentation (Grey, White, CSF)

Spatially normalized images are next partitioned into gray matter (GM), white matter (WM), and

cerebrospinal fluid (CSF) image maps using a modified mixture model cluster analysis technique. It

includes a correction for image intensity non-uniformity that arises for many reasons in MR imag-

ing. Because the tissue classification is based on voxel intensities, the partitions derived could be

confounded by smooth intensity variations. Therefore it is performed before smoothing procedures.

Segmentation is important for investigating effects on a certain type of brain matter, or for restrict-

ing comparison to a known region. For example, the corpus callosum is primarily white matter, and

so analysis of grey matter images when looking for an effect in the corpus callosum would likely

not produce any results.
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Figure 10: Shown above is a series of anatomical cross-sections of a monkey brain. The top row is
sMRI, followed by the three matter segmentations.

7.4.3 Spatial Filtering (Smoothing)

In spatial filtering (also called blur or smoothing), values for each point of data are allowed to

’bleed’ out into spatially adjacent points. Following smoothing, each point of data represents more

of an average of itself and its neighbors than previously. Smoothing can be done discretely or

continuously. For continuous smoothing, the strength of the effect decreases in magnitude as one

moves away from the data point upon which the smoothing is being applied. The motivations for

smoothing of data are multifaceted. According to the matched filter theorem, when investigating

an effect the best smoothing kernel to be used is one that directly relates to the size of the effect

that one anticipates.[73] If large tumors or hematoma are being investigated, a larger smoothing

kernel representative of that effect should used. GRF theory tells us that there are always error

distributions present in our data, but that they are a discrete ’lattice’ representation of an underlying

continuous Gaussian field. If the error distribution was truly continuous, we would expect the

errors to not congregate in specific areas or produce false-positive clusters. However, since these
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error distributions are discrete, there exists the chance that they may have variations by voxel that

could effect observed regional effects.[71]By the central limit theorem, smoothing any data will

render the existing errors more normal in their distribution. If we do expect to see a significant

region in the data, then using a smoothing kernel much larger than our voxel size would disperse

the discrete error distribution to a state of virtually undetectable uniformity, without removing the

larger and more concentrated significant value of a real regional effect. Therefore, by smoothing

larger than the voxel size, we improve the validity of subsequent inferences made using parametric

tests by decreasing the effect of the error without sacrificing too much of the region specificity.[21]

In addition, in the context of inter-subject averaging it is often necessary to smooth more (e.g.

10mm in sMRI or DTI) to project the data onto a spatial scale where homologies in anatomy are

properly expressed between subjects. For example, if two clusters were both very significant and

existed close to one another, it could be assumed that they represented a similar effect in the same

region. However, variability between subjects resulting in multiple local maximums would cause

them to appear as separate effects during regression analysis. After smoothing, the adjacent local

maximums would be represented together by a single cluster with a single local maximum. This

provides a better representation of the real effect being observed within that region.

Gaussian Smoothing

In neuroimaging, usually smoothing techniques apply an isotropic or normally distributed contin-

uous smoothing kernel on each voxel.[73] The same kernel is applied to every voxel of the image.

This is called a Gaussian kernel because the smoothing is applied to nearby voxels according to a

Gaussian or normal distribution. When describing the smoothing kernel parameter in terms of spa-

tial distance, we are referring to the full width at half maximum (FWHM). This serves as a general

measure of the spread of a function, given by the difference between the two extreme values of the

independent variable at which the dependent variable is equal to half of its maximum value. (see

figure 11) The FWHM is dependent on the variance, and so gives a general idea of the mean range

of maximum effect for the smoothing kernel.
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Figure 11: A gaussian distribution in 1 dimension, showing variance and full width at half maximum

Anisotropic Smoothing

Not all smoothing kernels are applied with normal or gaussian distributions. Anisotropic smoothing

is used to describe any parameters for smoothing that are not a Gaussian kernel applied to all voxels.

Some anisotropic smoothing applies a greater FWHM in certain directions than others. Other forms

of anisotropic smoothing will only apply their kernel to a specific region of voxels, or use a different

kernel on each voxel, dependent on its location.[71]
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Figure 12: An example of iterative anisotropic smoothing and its effects with each application. The
application of the smoothing kernel has been restricted in the region outlined in the second panel.[71]
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Part II

A Study of Structural MR and Diffusion Tensor

Imaging of mTBI

8 Methods and Analyses

8.1 Structural MRI

8.1.1 Participant Selection and Data Acquisition

The original dataset consisted of a total of 775 male subjects, 396 of whom have a diagnosed in-

cidence of TBI, and 379 healthy controls (HC). These subjects were recruited from a local prison

by the Mind Research Network. Informed consent was obtained from subjects according to institu-

tional guidelines for the University of New Mexico and all data is processed and managed accord-

ing to HIPAA (The Health Insurance Portability and Accountability Act) standards and regulations.

High resolution 4-echo MPRAGE T1 structural MRI scans were collected by the MRN mobile unit,

which is equipped with a Siemens Magnetom Avanto syngo 1.5 Tesla scanner, taking one scan per

subject. Subjects for this analysis were compensated for their participation by additional yard time

and cigarettes.
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T1 MRI Acquisition parameters include:

• TR (repetition time) = 2530 ms

• 7-degree flip angle

• slice thickness = 1.3 mm

• FOV (field of view) = 256 mm

• Image Resolution = 256 × 256

• Acquisition voxel dimensions: 1.3×1.0×1.3 mm

8.1.2 Participant Inclusion Criteria and Quality Assurance

The 775 subjects were obtained based on initial requirements that the subjects had on record

relevant TBI information (loss of consciousness, Rivermead Postconcussive Questionairre(RPQ),

# of TBI) and associated structural MRI scan data. Only subjects with mild TBI were eligible

to participate in the current study, so those with any history of severe or penetrating head injury

were excluded. Similarly, subjects without suffient clinical and demographic information available

were considered ineligible as well. Inclusion criteria for the mild TBI sample were based partly on

the Department of Defense/Department of Veterans Affairs (DOD/VA) Clinical Practice Guideline

(2009).[94]However, lacking Glasgow Coma Scale ratings for this forensic population, RPQ was

used to determine TBI severity instead. The majority of healthy controls were then selected through

a case-control design to match mTBI patients in terms of age and education (each within 2 years).

This produced 445 matched participants, prior to removals for incomplete or poor data quality and

undesirable neuropsychological confounds.

In order to ensure the relevance of the data from each participant and to remove potential out-

liers from analysis, a number of further inclusion criteria were developed. The removal process of

subjects who do not meet the inclusion criteria for the study was done in two stages. Stage 1 criteria

for inclusion consists of demographic and clinical considerations. Demographic requirements were

that subjects must be at least 18 years of age, less than 65, have an IQ greater than 70 (to exclude
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for potential mental retardation), not have any loss of consciousness greater than 30 minutes for any

single TBI incidence, and not have post-traumatic amnesia or alteration of consciousness greater

than 24 hours following TBI. Clinical requirement was that no subject with a diagnosed neurologi-

cal disease or psychiatric disorder was included. Any subject with history of Bipolar (I or II), major

depression, ADHD, any schizophrenia spectrum disorder, delusional disorder, psychosis NOS, or

drug addiction were excluded. After stage 1 inclusion criteria were met, the database contained

393 remaining subjects. Stage 2 removes any subjects with poor or noisy sMRI data that do not

meet quality assurance standards, based on a VBM correlation value less than 0.90. Participants

identified as having poor MRI data quality (n=10) were subsequently excluded from analyses. After

stage 2 criteria for inclusion were met, the database contained 383 subjects with usable sMRI data.

This left a final data set of 383 participants ( mean age = 36.62, SD = 9.95, range = 18 - 65 ) for

analysis in the current study, having fulfilled all of the inclusion criteria.

8.1.3 Image Processing and Statistical Analyses

Anatomical images were corrected for head-motion, then interpolated to volumes with 2 mm3

voxels and normalized to a standard stereotaxic coordinate space. The images were then segmented

into grey and white matter, and smoothed with a 10 mm FWHM Gaussian kernel. Grey and white

matter images were analyzed by voxel-based morphometry (VBM) methodology using the AFNI

software package. The primary statistical tool used for this was 3dttest, an AFNI script imple-

menting a general linear regression model of t-test evaluation on 3D datasets. This test determines

on a voxel-by-voxel basis, if two sets of data are significantly different from one another. The

dataset of 383 participants was separated into two groups, one containing all subjects with mTBI

(n=196), and the other containing all healthy controls (n=187). 3dttest was performed comparing

these two datasets, with respect to covariates including subject age, IQ, total brain volume, white

matter volume, grey matter volume, total lifetime LOC, PCLR (Psychopathy evaluation measure),

and handedness. 3dttest produces a volumetric t-map of the group comparison, with additional

t-maps for each covariate.

A second AFNI script, 3dClustSim, was used to estimate the probability of Type-I error (noise-

only effects appearing significant during analysis), AKA false positive clusters occurring at random.
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It does this by producing many randomly generated images of the same voxel sizes and dimensions

as the template image space used in the group comparison. Each voxel value is randomly assigned,

and ten thousand full images were produced with these random value distributions. Once similar

smoothing methods are applied, the average number of significantly occurring clusters for various

p-value and alpha-value thresholds then gives an idea of the type I error probability for those values.

This probability is used to compute an upper threshold of cluster volume size required to be con-

sidered a significant effect [2x2x2 x 261 = 2088 voxels]. This threshold accounts for the increased

rate of false positives over multiple trial comparisons and excludes those cluster sizes that could

reasonably occur by chance.

3dMerge and Easythresh are two more AFNI tools used to perform significant cluster identifi-

cation. These clustering methods account for the multiple comparison rate of false positives using

the output from 3dClustSim to set the threshold for minimum cluster size. These scripts examine

the T-maps produced by 3dttest, and with a user-given p-value threshold and the 3dClustSim cluster

size threshold, select out significant clusters from the T-maps. Both 3dMerge and Easythresh were

run in order to allow for comparison between the two methods. Both results for identified signifi-

cant clusters were close to identical. Therefore only the 3dMerge method were used in subsequent

analysis, because of its greater precedence in previous studies using AFNI. Each cluster obtained

from the 3dMerge script was considered separately as a region of interest, and were then analyzed

across all subjects using the AFNI tool 3dROIstats; a script allowing for a group-wide comparison

and measure of effect size of a single cluster or ROI.

Because of the large cohort size involved in this analysis, there is higher potential for a small but

significant group of subjects to skew the cluster results. Further analysis was performed to deter-

mine the extent to which the observed effect sizes were caused by some significant subpopulation.

First, to test the possible contribution differences of multiple TBI vs. single TBI subject effect

sizes, an ANOVA was done comparing single TBI, multiple TBI, and healthy control groups for all

covariates. Then it was decided to determine effect sizes of various subpopulations not related to

known grouping variables. This process was to randomly shuffle and jackknife the full dataset of

383 subjects, and repeatedly select subpopulations of 100, with 50 mTBI and 50 healthy controls

each. 100 such sub-samplings were performed, and 3dMerge cluster tests were performed on each

to examine whether similar clusters to the full cohort analysis still appeared.
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8.2 Diffusion Tensor Imaging

8.2.1 Participant Selection and Data Acquisition

The original DTI dataset consisted of a total of 100 subjects, 52 patients with mild TBI and 48

healthy controls. All patients were recruited from local Albuquerque Emergency Rooms and were

evaluated clinically. Healthy controls were recruited through a case-control design. Specifically, the

majority of controls were directly recruited to match patients in terms of gender, age, and educa-

tion (each within 2 years). Informed consent was obtained from subjects according to institutional

guidelines for the University of New Mexico and all data is processed and managed according to

HIPAA (The Health Insurance Portability and Accountability Act) standards and regulations. DTI

data were acquired using a twice-refocused spin echo sequence on the Siemens 3T Trio machine at

MRN, taking two sets of DWI scan sequences per subject. The DTI data consisted of DWI images

taken along 35 different diffusion gradients.

DTI data acquisition parameters include:

• TR (repetition time) = 9000ms

• TE (echo time) = 84 ms

• 72 axial slices, from inferior to superior

• Multi-slice mode: interleaved

• Image Resolution = 256 × 128

• Slice thickness = 2.0 mm

• Acquisition voxel dimensions: 2.0 × 1.0 × 2.0 mm

• Diffusion directions = 35

• B-value: 800 s/mm2
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8.2.2 Participant Inclusion Criteria and Quality Assurance

The 100 subjects were obtained based on having relevant TBI information (Loss of Conscious-

ness, Glasgow Coma Score [GCS], # of TBI) and associated DTI scan data. Inclusion criteria for

the mild TBI sample were based on the Department of Defense/Department of Veterans Affairs

(DOD/VA) Clinical Practice Guideline (2009).[94](GCS of 13–15, loss of consciousness < 30 min,

post-traumatic amnesia less than 24 hours, alteration of consciousness less than 24 hours).

All participants experienced an alteration in mental status, and the majority of the sample also

experienced a loss of consciousness. Mild TBI participants and controls were excluded if there was

a history of neurological disease, psychiatric disturbances, additional closed-head injuries with 45

min or greater loss of consciousness, any head injury within the last year, autism spectrum disorder,

Bipolar I or II, ADHD, Depression, a history of substance or alcohol abuse, or were younger than

18 years old. Similarly, subjects without suffient clinical and demographic information available

were considered ineligible as well. After all inclusion criteria were met, the final dataset contained

60 participants ( mean age= 29.05, SD = 9.85, range = 19 - 51 ) for analysis in the current study.

8.2.3 Image Processing and Statistical Analysis

The two DTI image data sets were corrected for head motion, then concatenated together in

order to improve accuracy when estimating the tensors. Images were interpolated to volumes with

2 mm3 voxels, and normalized to a standard stereotaxic coordinate space. This co-registration used

an alignment with 12 degrees of freedom and the rotational effects of this alignment were applied

to the gradient table. Functional anisotropy (FA) and mean diffusivity (MD) intensity image maps

were then computed for each subject from their tensor data, and each image was smoothed using a

10mm FWHM guassian kernel. FA and MD data were analyzed by voxel-based methodology using

the AFNI software package. The primary statistical tool used for this was 3dttest. The dataset of 60

participants was separated into two groups, one containing all subjects with mTBI (n=30), and the

other containing all healthy controls (n=30). 3dttest was performed comparing these two groups for

both FA and MD, with respect to covariates including subject age, gender, and years of education.

3dClustSim was run to determine the rate of Type I error, the output from which was used to set an

appropriate size threshold for significant clusters. 3dMerge was run to select for significant clusters
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in the FA and MD images. Each cluster obtained from the 3dMerge script was considered separately

as a region of interest, and were then analyzed across all subjects using the AFNI tool 3dROIstats;

a script allowing for a group-wide comparison and measure of effect size of a single cluster or ROI.
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9 Results

When observing trends in data and attempting to make meaningful inferences about the pop-

ulation that the data represents, it is important to consider the meaning of correlations between as

many factors and covariates as possible, not just the principle correlation being investigated. The

various correlations that exist within the observed cohort reveal potential differences from the global

population.

9.1 Structural MRI Results

White and grey matter image analyses were performed identically. Analysis of T1-weighted

white matter structural images produced no significantly sized clusters between mTBI group and

healthy controls, but numerous small clusters of tissue density abnormalities existed throughout the

prefrontal cortex. Although these clusters were too small to be considered significant individually,

their pattern of expression along the separation of white and grey matter tissues appears indicative

of shearing and diffuse axonal injury (DAI) typical of mTBI. This may represent a real detection of

mTBI pathology at a sub-threshold level, consistent with the heterogeneous pattern of damage pre-

sentation. In addition, a below threshold decrease in white matter tissue density existed widespread

throughout the cerebellum. Because of the lack of significant white matter clusters, the remaining

sMRI analyses will only observe grey matter images.

9.1.1 Neuropsychological and Clinical Measures:

There were no significant differences between mTBI and healthy control groups (p > .05) on ma-

jor neuropsychological variables of IQ, VBM correlation value, or for hand preference as assessed

by the Edinburgh Handedness Inventory (Oldfield 1971). No significant trend existed between

mTBI and healthy control groups for global parenchymal volume. No significant differences with

healthy controls existed based on multiple or single TBI groupings (p > .05) for any variable during

ANOVA testing. This means the groups were relatively similar in terms participant composition,

and that the matched subject design was effective.

Significant trends between the mTBI and HC groups were found however, for variables of age
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and factor 2 of the PCLR information, for each subject. (Age: t = 1.904, p = 0.058, df = 381 | PCL

Factor 2: t = -2.038, p < 0.05, df = 356) This implies that on average, the mTBI group were slightly

older, and that the HC group had higher psychopathy ratings on one meaure of the PCLR. Since age

is a strong correlate with the chance of having a diagnosed TBI, it is understandable that the mTBI

group had a slightly higher average age. The higher average PCLR rating in HC only existed for one

factor of the whole inventory, and due to the higher rate of psychopathy in prison demographics, it

is reasonable to assume this trend occurred by chance.

9.1.2 Demographic Correlations:

A Pearson’s r correlation coefficient was obtained for all pair-wise comparisons of available

cohort demographic variables. There was a significant positive correlation between total loss of

consciousness and the mean value of the cluster related to the group differentiation. (r = 0.145, p <

0.05). If an r2 is taken, this effect size becomes almost negligible, however it is worth mentioning

because the same correlation has been noted in previous literature at greater strength.

Figure 13: Logarithmic scale of loss of consciousness on the Y axis, plotted against the mean tissue
density within the primary TBI/HC cluster on the X axis. The Pearson’s r for the data is shown by
the line.

There was a significant correlation between subject age and whole brain grey matter volume (r =

-0.492, p < 0.001), age and cerebrospinal fluid volume (r = 0.149, p < 0.05), age and vbm correlation

(r = -0.180, p < 0.05), IQ and grey matter volume (r = 0.175, p < 0.05), IQ and white matter volume
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(r = 0.190, p < 0.01), and handedness and IQ (r = -0.239, p < 0.01).
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9.1.3 Significant Cluster Regions of Interest:

At p = 0.001, no surviving clusters existed after removal of clusters below threshold sizes. All
clusters in sMRI analysis shown for p = 0.005. The cluster t-stats range from -1 to 1 representing
the effect size of increase or decrease in grey matter density, respectively.

t-stat (+/-) GM Decrease (+t) GM Increase (-t)
0.005 < t < 0.33 Red Dark Blue
0.33 < t < 0.66 Orange Blue
0.66 < t < 1.00 Yellow Light Blue

Table 1: Cluster Significance Color Key

Healthy Control vs mTBI

Figure 14: Primary cluster difference between HC and mTBI groups, shows a decrease in grey mat-
ter volume in the right temporal lobe. (Axial, Sagittal views of significant color clusters overlayed
onto a structural brain template. Rendered in AFNI)
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IQ

Figure 15: Lower IQ correlated with decreased grey matter, and to a lesser extent, white matter
volume in the cerebellum. (Axial, Sagittal views of significant color clusters overlayed onto a
structural brain template. Rendered in AFNI)

Total Volume

Figure 16: Greatest differences in total brain volume were correlated with decreased grey matter ob-
served in the superomedial cingulate cortex bordering white/grey matter separation. (Axial, Sagittal
views of significant color clusters overlayed onto a structural brain template. Rendered in AFNI)
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9.2 Diffusion Tensor Imaging Results

FA and MD map analysis were performed identically. The resultant significant clusters and associ-

ated regions of interest are observed for FA first, followed by MD.

9.2.1 Neuropsychological and Clinical Measures:

There were no significant differences between mTBI and healthy control groups (p > .05) on major

clinical variables of gender, age, or education. This assures that the groups were relatively similar

in terms of participant composition, and that the matched subject design was effective.

9.2.2 Demographic Correlations:

Due to having only age, education, and gender as covariates, demographic analysis for the DTI

study is more limited than the sMRI. A Pearson’s r correlation coefficient was obtained for all pair-

wise comparisons of available cohort demographic variables. A small trend existed between age

and gender (r = 0.128, p < 0.05), indicating that on average, males in this cohort are slightly older

than female participants. There was a very weak correlation between age and education (r = 0.0719,

p < 0.05), such that older subjects were more likely to hold higher education degrees. This was

expected because some of the younger subjects were still enrolled and could not have achieved

additional years of education yet. A correlation also existed between gender and education ( r =

-0.345, p< 0.05 ). Female participants were more likely to hold higher educational degrees.

9.2.3 Significant Fractional Anisotropy Cluster Regions of Interest:

All clusters in FA analysis shown for p = 0.001. The following cluster t-stats range from -1 to 1,
representing an increase or decrease in functional anisotropy, respectively.
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t-stat (+/-) FA Decrease (+t) FA Increase (-t)
0.001 < t < 0.33 Red Dark Blue
0.33 < t < 0.66 Orange Blue
0.66 < t < 1.00 Yellow Light Blue

Table 2: Cluster Significance Color Key

FA change in HC vs. mTBI

Figure 17: A decrease in FA is observed in the body of the corpus callosum, as well as a smaller
decrease along the anterior brainstem and medulla oblongata. (Axial, Sagittal views of significant
color clusters overlayed onto a structural brain template. Rendered in AFNI)

Figure 18: TOP: descending axial montage of the FA decrease in corpus callosum (corpus callo-
sum), BOTTOM: advancing sagittal montage, revealing an increase in FA in the interhemispheric
space above the corpus callosum, and decreased FA in the anteroinferior region of the corticospinal
tract near the foramen magnum.
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HC vs. mTBI FA change differing by gender

Figure 19: Greater magnitude FA increase in males seen in the superior cerebellar peduncle (AKA
the Corpora Quadrigemina), including the inferior and superior colliculi. (Axial, Sagittal views of
significant color clusters overlayed onto a structural brain template. Rendered in AFNI)

Figure 20: Showing greater increase in FA for mTBI males compared to mTBI females. TOP:
descending axial montage of cluster. BOTTOM: advancing sagittal montage of cluster

9.2.4 Significant Mean Diffusivity Cluster Regions of Interest:

All clusters in MD analysis shown for p = 0.001. The following cluster t-stats range from -1 to
1, representing an increase or decrease in mean diffusivity, respectively.
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t-stat (+/-) MD Decrease (+t) MD Increase (-t)
0.001 < t < 0.33 Red Dark Blue
0.33 < t < 0.66 Orange Blue
0.66 < t < 1.00 Yellow Light Blue

Table 3: Cluster Significance Color Map

MD change in HC vs. mTBI

Figure 21: An mild increase in MD is observed in the body of the corpus callosum, as well as
an increase along the medial prefrontal cortex. (Axial, Sagittal views of significant color clusters
overlayed onto a structural brain template. Rendered in AFNI)

Figure 22: TOP: ascending axial montage of the MD increase along the corpus callosum, internal
capsule, and prefrontal cortex, BOTTOM: advancing sagittal montage, revealing the increased areas
of MD lateral to the corpus callosum, and in the medial prefrontal cortex
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HC vs. mTBI MD change differing by gender

Figure 23: Greater decrease in MD in males seen in the superior cerebellar peduncle (AKA the
Corpora Quadrigemina), including the inferior and superior colliculi. (Axial, Sagittal views of
significant color clusters overlayed onto a structural brain template. Rendered in AFNI)

Figure 24: Showing greater decrease in MD for mTBI males compared to mTBI females. TOP:
descending axial montage of cluster. BOTTOM: advancing sagittal montage of cluster
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HC vs. mTBI MD change differing by education

Figure 25: An increase in MD correlated with more years of education observed in the genu of
the corpus callosum (Sagittal view of significant color clusters overlayed onto a structural brain
template. Rendered in AFNI)

Figure 26: Advancing sagittal montage. Shows MD increase in the genu correlated with education.

10 Discussion

First we will examine the significance of the sMRI results. Only three significant clusters were

identified at the p = 0.005 threshold. The structural MRI detected a significant region of decreased

grey matter in the right temporal lobe of the mTBI sample. This region was the primary cluster

differentiating between the mTBI patients and the healthy control subjects. The position of this

cluster within the middle of the hemisphere may be influenced by the comparison of such large

sample sizes. Regions of individual subject differences are more likely to overlap towards the

center of the hemisphere. The cluster also lies directly under the thin pterion skull region, which

is at risk for sustaining damage to the relatively weak middle meningeal artery. A correlation was

found between the mean value of voxels within the primary cluster, and a subject’s total lifetime

loss of consciousness (LOC). This confirms existing literature that has found stronger outcome
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correlations with LOC, and supports the diagnostic use of LOC as a predictive measure of injury

severity.[94, 91] Ipsilateral expression of injury is much more common than contralateral expression

(counter-coup injury). Therefore, the position of this cluster within the subcortical grey matter of

the right hemisphere may also be due to subject injuries being more common on the right side within

the observed sample.

The greatest changes in IQ were correlated with grey and some white matter decrease in the

cerebellum, a region which is implicated with motor memory and attentional coordination. This

correlation of cerebellar grey matter volume with general intelligence as measured by IQ or similar

inventories has been shown previously.[107] However, all of the subjects with head injury had their

IQ tests done post injury. Therefore, it is possible that decrease of grey matter in the cerebellum

correlates not in an actual decrease in intelligence, but simply with an impaired ability to answer

questions intended to measure intelligence.

The cluster correlated with the greatest change in overall brain volume was in the superomedial

right cingulate gyrus, lateral to the interhemispheric fissure. This appears to be a clear indication of

lateral trauma of greater severity being likely to cause cingulate herniation, leading to compression

against the falx cerebri, the interhemispheric separating tissue of the dura mater. Cingulate hernia-

tion exhibits high risk for further ischemia and tissue necrosis, leading to the observed correlation

for loss in overall brain volume. This expression of injury is also consistent with the right-sided

preference of injury displayed within the cohort. The greater severity of any injury also usually

results in increased loss of volume of all tissues. Despite these interesting results seen in the sMRI

studys forensic population, there remain a number of confounds to consider. The population ob-

served is quite large with 383 subjects, and despite cluster simulation to account for the rate of Type

I error, the risk is always present with larger size samples. Jackknifing trials of 100 subject sub-

populations only produced significant results overlapping the original cluster regions in 30-46% of

samples. This shows that within the sample, the effect sizes of these observed clusters is moderate at

best, and may not be strongly representative of the general population. In addition, a potential con-

found of the forensic population is a higher rate of co-morbidity of other diseases and neurological

disorders, which may have effects despite efforts to exclude diagnosed subjects from participation.

The use of the rivermead post-concussive questionnaire as a self report is not as strongly confirmed

for severity of injury as the Glasgow coma scale, but remains a decent predictive measure of head
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injury including mTBI.

There remains poor consensus in sMRI research regarding the brain regions in which mTBI may

have a consistent expression of damage. Our sMRI results indicate no regions strongly implicated

by previous similar mTBI research. This is in part due to the heterogeneous pattern of injury ex-

pression for mTBI, but is also likely due to the poor ability of sMRI to detect diffuse axonal injury,

as evidenced by the weak effect size of the jackknifing reproducibility. The corpus callosum, and

especially the genu, is one of the only regions which has consistently exhibited a trend of observable

changes in mTBI research. This is likely because the region has a large concentration of unmyeli-

nated neurons, which are more susceptible to the DAI from torsion, shearing or stretching on their

unprotected axons.[65] Finally, the expression of white matter abnormalities at sub-threshold levels

dispersed throughout the prefrontal cortex appear consistent with multi-focal DAI, but no sound

inferences can be made regarding their significance.

The diffusion tensor imaging results revealed significant clusters for the majority of demo-

graphic variables available at a p = 0.001 threshold. As expected, the primary clusters differentiating

the mTBI and healthy control groups showed decreased FA and increased MD in the body of the

corpus callosum, while the increase in MD extends to the internal capsule as well.[69, 64, 57] Based

on repeated detection of significant regions in previous DTI studies, the three areas most commonly

involved in DAI are the subcortical white matter, corpus callosum, and the dorsolateral aspect of the

upper brain stem.[15] Additionally, FA and MD are frequently observed as being inversely related,

regardless of region.[15] The corpus callosum is at greater risk since close to 80% of its fibers are

unmyelinated, which experience traumatic axonal shearing from less force than myelinated fibers.

When lateral acceleration or deceleration occurs, the most strain is put on the regions connecting

tissues of different densities, because each tissue reacts at different speeds. Because the corpus

callosum is the major interhemishperic commisure, it also experiences more strain from lateral

separation of the hemispheres than most other brain regions.[70, 65] Primary clusters also included

decreased FA in the anteroinferior corticospinal tract along the foramen magnum, and increased FA

in an area within the interhemishperic fissure superior to the corpus callosum. The combination of

greatly decreased FA and increased MD along the body of the corpus callosum indicates disruption

of axonal cytoskeleton membranes. The shearing and stretching on this region leads to breakdown

of the cytoskeleton, via Ca2+mediated degeneration.[99, 44] This causes increased permeability of
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the axolemma and eventually apoptosis. Both lead to an increased amount of extra-cellular space,

resulting in the greater MD observed within the area. Such damage is typical of white matter tract

injury in mTBI, and supports previous findings of reduced FA and increased MD in the corpus

callosum.[25, 27, 33, 56]

The increased FA in the interhemispheric fissure above the corpus callosum seems unusual at

first. However, because the expected FA for this region is very low already, it is very likely that other

more anisotropic tissues now occupy that same space in mTBI subjects. This displacement could

be from movement caused by the primary injury, or by hematoma and cytotoxic swelling leading to

tissues being pushed into that area. The possible presence of a displacing hematoma is supported

by the decreased FA in the brainstem and corticospinal tract, indicative of radial compression along

the spinal opening to the skull. A significant cluster was observed between gender differences in

the expression of FA and MD changes for healthy controls and mTBI patients. The superior and

middle cerebellar peduncles, tracts of white matter fibers connecting to the cerebellum and contain-

ing the superior and inferior colliculi, experienced increased FA and decreased MD indicative of

acute-phase cytotoxic edema. This acute-phase cellular swelling within the area often occurs from

forward whiplash. The results indicate that mTBI males within our cohort experienced greater FA

and MD changes within this region than their female counterparts. This indication of increased

cytotoxic edema in cohort males may simply represent a bias for forward whiplash injuries within

the studys male subject population. Alternatively, the result could represent a real difference in the

risk of males to experience cytotoxic edema in these tissues. This would be supported if significant

white matter structural differences between males and females exist within the superior and mid-

dle cerebellar peduncles. A significant cluster correlated with years of education was observed in

the genu of the corpus callosum. A general increase in MD within the cluster was associated with

mTBI subjects who had received more years education. Abnormalities within the genu of the cor-

pus callosum is consistently implicated in mTBI injury, and is correlated with persistent cognitive

impairment.[64] Because this cluster correlated with increased years of education does not coincide

with increases in age, we can rule out age as a causal factor for this increased risk. More years

education and learning could lead to greater white matter bundle connectivity, synaptic strength,

and volume within the corpus callosum, to facilitate the greater demands of interhemishperic com-

munications. This would put these subjects at risk for greater changes in diffusion characteristics
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within the area. An increase in MD with no associated change to FA within the region could imply

either minor diffuse axonal injury without a disruption of overall white matter tract integrity, or

the additional increased presence of reactive microglia. Increased microglia presence in response

to inflammation and tissue damage would increase MD within that region without a change in FA,

and would slowly decrease back to baseline MD level within a few weeks. This is because mi-

croglia are blobby macrophages, and would have relatively isotropic diffusion characteristics. This

added diffusivity would show up less and less as the region recovered and exhibited lower microglia

counts. A follow-up DTI checking for MD decrease within the genu could confirm the microglia

hypothesis.

11 Conclusion

Overall, the DTI study produced greater numbers of significant clusters, and at a higher threshold

for significance than the results of the sMRI study. The sMRI study presented a number of potential

confounds, and relatively weak effect sizes for surviving clusters. This sMRI study supports the

use of loss of consciousness as a predictor of injury severity, the implication of cerebellar injury for

cognitive impairment, and the common lateral bias of head injuries. From these results, however, T1

structural imaging does not appear able to show consistent differences of mTBI from healthy control

brains in a way that would be clinically useful for diagnosis. Especially in large populations, the

effect sizes of unknown variances in subpopulations obscure the mTBI structural changes we wish

to identify. The ability to detect DAI and similar small changes in physiology following mTBI is

imperative to accurate diagnosis of the injury, and sMRI seems capable only of detecting more gross

anatomical abnormalities, such as hematoma and lesion. Like CT scan, sMRI remains important in

observing large-scale physical deformities often occurring in more severe TBI.

Comparatively, results from the DTI study had much larger effect sizes and produced more sig-

nificant mTBI affected regions of interest. Each observed cluster in DTI was more informative as

to the nature of the underlying pathophysiology than those seen in the sMRI study. This DTI study

supports previous findings of the corpus callosum as a region of interest in mTBI, in light of the oth-

erwise heterogeneous pattern of injury. It also suggests that DTI is effective at detecting hematoma
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or other fluid buildup, an important factor for head injury mortality and short-term treatment. A

clear region of cytotoxic edema was also detected, confirming DTI efficacy for detecting cellular

swelling of white matter fiber bundles.[66] This type of swelling may correlate with a delayed onset

of cognitive impairment, and may be an important biomarker in acute mTBI considering that many

patients do not develop behavioral symptoms until after medical attention or imaging. DTI has

proven useful in identifying regions at risk for DAI and other shearing type damage, but DTI may

also be sensitive to changes besides histological or structural ones, such as the increased presence of

reactive microglia.[70, 61] Regardless of whether the observed changes imply a detection of DAI in

the subject or something else, the ability for the modality to consistently identify significant change

in mTBI gives it great potential as a predictive measure for diagnosis.

Therefore, based on these findings and the supporting research, a change to current TBI diagnos-

tic and imaging protocol is encouraged. Current procedure for head injury performs CT scan as the

initial check. If the CT scan presents negative for pathologies, the psychological and cognitive eval-

uation is usually used to determine the appropriate follow-up. If no major cognitive impairments are

observed, the patient is often released without further follow-up.[10] If cognitive impairment such as

<15 on the GCS or other symptoms are present, a structural MRI is the default imaging follow-up.

Our suggestion is to expand the criteria for suggested follow-up, and that follow-up be performed

using DTI instead of sMRI as the standard for evaluation. Expanded criteria would include all cur-

rent measures, plus presentation of any post-traumatic amnesia or loss of consciousness following

trauma. Since LOC and PTA are such effective indicators for severity of injury, their mere presence

warrants follow-up imaging. Unfortunately, it is not reasonable to assume that the majority of clini-

cal settings would be able to accommodate the suggested protocol changes to head injury diagnosis.

DTI can be costly, take a long time to perform, and even longer to manually compute into maps of

diffusivity measures. Not all MRI machines can be configured to scan diffusion weighted images

either, which prevents them from producing DTI data. However, as the technology improves and

becomes more widely available and economically feasible, the current restrictions disappear, and

diagnostic practices should always update to produce the best possible outcomes for patients. The

suggestion remains that DTI should be more widely used in clinical follow-up imaging of head

injuries, to improve diagnostic recognition of mild traumatic brain injury.
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Future work

The studies conducted in this thesis are limited by their separate subject populations, preventing

direct comparison of results except for general observations of statistical significance. Therefore,

future research should perform analysis using sMRI and DTI data of the same population. The DTI

study subject population already have structural MRI anatomical data that could be obtained from

MRN and processed, and on which similar voxel-based morphometry analysis could be performed.

This would allow for direct comparison of observable clusters in sMRI and DTI scans for each

subject. The within-subject comparison design could easily be added to the between-subject group

analysis already done, and would provide important insights into which aspects of the same injury

are detectable by each modality. Secondly, the DTI analysis could be improved by adding addi-

tional covariates such as subject GM, WM, and CSF volumes, and other demographic info for each

participant. Similar research studies have also produced significant results using other types of DTI

measures, such as brain maps of apparent diffusion coefficient, radial diffusivity, and tractography-

based spatial statistics.[61, 68, 67] Followup research to this study could compute and analyze the

group differences for these measures as well.

Future directions of research beyond the present studies should seek the establishment of di-

agnostic protocols that include multi-modal imaging to characterize brain alterations in mTBI, as

one imaging modality may not accurately capture brain alterations in mTBI. There remains great

potential for longitudinal studies of military personnel and combat setting prevalence of head injury.

Great research opportunities with numerous practical applications like blast-related DAI prevention

and other deliverables may be possible. The US remains in a position where new neuroimaging

studies conducted in cooperation with the Army and the Department of Defence/Veterans Affairs

could greatly benefit combat setting treatments, and long-term recovery. Entire platoons of soldiers

could receieve healthy sMRI, DTI, and fMRI or MRS imaging done prior to their deployment. The

ability to work with a population who have all had an extensive battery of healthy data already on

record is invaluable, not only for the extensive and pristine potentials for research design, but for

the personalized treatment options participants would be able to receive in return.

Further research for improving neuroimaging diagnostics should aim to develop greater automa-

tion of methods to acquire and compute DTI image maps of FA, MD and other diffusivity measures.

72



The greater ease of use in data acquisition could significantly improve the availability and use of

DTI modalities in clinical settings. With improved automation of data acquisition, preprocessing,

and cutting edge applications of machine learning classifiers to predict disease states, the emergence

of almost fully automated neuroimaging diagnostics could occur within the next few decades. Imag-

ine if a subject could get a brain scan done, and all preprocessing and analysis is computed before

the person leaves. A battery of neurological disorder and injury trained machine learning classifiers

could serve as an early warning system directing more involved human investigation and analy-

sis. Similar machine learning classifiers could also use initial symptomatology reports to prescribe

the appropriate multi-modal follow up scans that would provide the most information for making

accurate diagnoses. It is important that future emerging automated diagnostic technologies not be

used as substitute for real clinical evaluation by medical professionals and technicians, but instead

to supplement them and make neuroimaging diagnostic advancements more widely available to the

population.

Appendix

AFNI Licensing and Copyright

AFNI, its associated programs, and its documentation are provided as is, and no warranty for their

correctness or usefulness for any purpose is made or implied by the Medical College of Wiscon-

sin (MCW), the National Institutes of Health (NIH), by the authors of the software, or by anyone

else. Neither MCW, the NIH, nor the author accept any liability for any defects in this software

or its manuals, or for any damages caused by use of this software. Clinical applications are not

recommended or advised; the software is designed for research purposes only.

AFNI is distributed freely under the Gnu General Public License. Major portions of this soft-

ware were written at the Medical College of Wisconsin, which owns the copyright to that code. For

complete details, see the file http://afni.nimh.nih.gov/pub/dist/src/README.copyright.
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