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DIFFUSION TENSOR IMAGING USE IN CONCUSSION DIAGNOSIS OF
YOUNG ATHLETES
CAROLINE GRACE PORTER
ABSTRACT

Concussions in young athletes have become a critical public health concern?,
with over 1 million pediatric sports-related concussions reported annually3?. Despite the
high prevalence of concussions, especially in contact sports, conclusive quantitative
measurements of the damage associated with concussions is lacking. Most of these mild
traumatic brain injuries (mTBIs) occur without macroscopic damage and have therefore
been difficult to quantify with traditional imaging techniques such as conventional
magnetic resonance imaging (MRI) and computed tomography (CT)?2:3246,

Current concussion diagnosis criteria relies upon subjective reporting, which has
shown to be inconsistent and underreported?223, The absence of a sensitive, reliable, and
conclusive diagnostic measure for concussions is dangerous, causing mild concussions to
frequently go undiagnosed’2%22, This is particularly unsafe for young athletes in contact-
associated sports, who, due to age-related biomechanical differences, are at an increased
risk of concussive events and lasting impairments6.2933.36,

Diffusion tensor imaging (DTI) has risen to the forefront of noninvasive
concussion imaging research, as it is capable of indirectly measuring the integrity of the
axons within the brain on a microstructural level*>2%2238  Specifically, DT measures the
direction of water molecule diffusion and is able to detect even subtle changes in the

brain tissue structure that may occur with axonal injury as a result of a concussion®2%:38,



Previous studies have demonstrated the ability of DTI methods to measure significant
differences in diffusivity between concussed individuals and uninjured controls®-
8,17,20,26,29,30,32,34,39.44-46 ' Aqditionally, DTI is sensitive to normal neurodevelopmental
changes that occur, making it especially applicable to the pediatric population?®4®, It has
shown to be capable of distinguishing between severities of concussions®828 and
predicting general functional outcomes®222633.46 \While currently confined to use in
research, DTI technology shows great promise in one day becoming a routine clinical

imaging tool for use in concussion diagnosis?22:23:3845.46,
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INTRODUCTION

Concussions, or traumatic brain injuries (TBIs), are often defined as acute
neurological dysfunction resulting from direct or indirect biomechanical forces to the
head®®2°, However, this definition does not begin to address the vast array of clinical
symptoms, microstructural defects and functional implications associated with
concussions*. The complexity of the pathophysiology resulting from TBIs has only
begun to be uncovered within the last few decades, as research has shown that some of
the most critical structural deformities cannot be readily observed by traditional imaging
methods'®2024, The lack of apparent macroscopic damages in most mild traumatic brain
injuries (mTBIs), despite the presence and persistence of post-concussive symptoms, in
addition to the high degree of variation in symptomology between people and between
head impacts, have contributed to an alarming absence of an objective and conclusive
measure with which to diagnose and quantify the extent of damage resulting from
concussions?243,

This absence of a reliable, objective measure in concussion diagnosis has caused
coaches, parents, athletic trainers and health care providers to rely on questionable
sideline assessment tools, and most commonly, subjective reporting of symptoms, which
has been shown to be inconsistent, and substantially underreported??33. Underreporting of
concussions is a bigger issue among youth athletes than with adults, with significantly
less monitoring and less access to resources?. In fact, studies have shown that among

youth athletes, less than 50% of concussions are reported®?: a particularly unsettling



statistic considering that there are over 1 million new cases of pediatric sports-related
concussions disclosed every year®. High impact sports, such as football, are responsible
for the highest rates of sports-related concussions®® and a staggering 70% of all football
players in the United States are under the age of 14%3,

Over the years, general attitudes towards sports-related head injuries have notably
improved as research has continuously revealed the significant consequences associated
with TBIs. This is readily evidenced by the shift from meager leather helmets and a
“shake it off™ attitude dominating the professional football field, to highly complex, state-
of-the-art helmets with impact sensors and significant rule changes to the game,
specifically aimed at protecting the brains of athletes!23. However, as demonstrated by
the alarming numbers of unreported concussions, there is still a long way to go in
educating the general public on the dangers and potential lasting implications of head
injury?233,

Children and adolescents are at an increased risk of suffering from concussions in
contact sports and are more likely to have lasting functional impairments'>16. As a result
of recent legislative changes, a youth athlete must be cleared by a health professional
after suffering from a clinically diagnosed concussion in order to return to full activity®®.
However, with an absence of a sensitive, reliable and conclusive measure for both
diagnosing concussions and monitoring the subsequent recovery progress, clinicians have
no way to be certain that it is safe for an athlete to return to activity, which can lead to
fatal oversights?2. Diffusion tensor imaging (DTI) methods have shown promising results

within research studies as an objective measure in exposing the extent of damage that



occurs following TBI at the microstructural level in the brain, something conventional
clinical imaging techniques have failed to dp?20:22234546,

This review will first detail background information of the pathophysiology of
concussions, concussion symptomology, biomechanical differences between pediatric
and adult concussions, dangers associated with repetitive head trauma (including second
impact syndrome), current clinical imaging protocols for suspected concussions, history
and applications of DTI methods, and normal neurodevelopment and maturation
processes for white matter in children and adolescence. Next, current and pertinent
literature on DTI use for concussion diagnosis and prognosis measures in youth athletes
will be reviewed. Finally, I will discuss common limitations associated with the reviewed
studies and conclude by providing my own perspective on the applicability of DTl as a
routine clinical imaging tool in diagnosing concussions and monitoring recovery progress

in young athletes.

Neurophysiology of Concussion

Traumatic brain injuries can result from direct blunt trauma to the head, as well as
from indirect acceleration/deceleration injuries'>%°. Because energy is conserved, any
impact to the head results in a direct transfer of force to the brain tissue below. Using
Newton’s Second Law of Motion (force = mass x acceleration), we know that the greater
the force of impact, the greater the acceleration of the head (and brain)*?. When the head
collides with a hard surface, such as the ground after a tackle in football, and stops

moving abruptly, the brain inside continues to accelerate and the momentum causes it to



strike the inside of the skull, due to the presence of a naturally occurring space between
the skull and brain in humans!?43, This injury to the brain directly below the site of
impact is called a “coup” injury*C. After this initial impact, the brain essentially ricochets
off and secondarily impacts the opposite side of the skull, resulting in a “contrecoup”
injury which has been shown to be even more damaging than the initial coup injury*=°,
In addition to these contusion traumas, the unnatural rotational acceleration that occurs
causes strain and shearing within structures anchoring the brain, resulting in diffuse
microscopic damage to axons and a subsequent, post-concussive pathophysiological
cascade of eventst’19.20,

Together, these post-concussive pathophysiological processes have been termed
the “neurometabolic cascade of concussion'®”, and include but are not limited to: rapid
ionic fluxes, disturbances in neurotransmitter concentrations, altered cerebral blood flow
and glucose metabolism, mitochondrial dysfunction, cytoskeletal damage, and
inflammation, which all lead to neuronal dysfunction and in some cases cell death!2°,
Figure 1 summarizes the acute processes that occur within neurons following concussion,

which are further detailed below.
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Figure 1. Neurometabolic Cascade of Concussion. This image summarizes the

intracellular processes that take place within neurons following acute traumatic

brain injury (Figure taken from Giza and Hovda 2001%9).

As described by Giza and Hovda, the initial pathophysiological events that occur
immediately following concussion, as a result of axon stretching and shearing, include an
increase in the permeability of the neuronal membranes, a strong efflux of potassium ions
(K*) due to activation of voltage-gated potassium channels, and a rapid non-specific

depolarization event that kicks off the cascade®®. The spreading wave of depolarization

leads to a massive release of the excitatory neurotransmitter, glutamate. This substantial

5



increase in extracellular glutamate causes further K* efflux and calcium ion (Ca?*) influx,
by activating multiple ligand-gated channels, including N-methyl-D-aspartate (NMDA),
D-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA), and kainate. This
continued increase in extracellular K* leads to further neuronal depolarization and
additional glutamate release, depleting the neuronal stock of the excitatory
neurotransmitter, resulting in a sweeping “spreading depression” state that has been
attributed to immediate post-concussive symptoms such as loss of consciousness and
amnesia'®?’. Neurotransmitter concentration impairment may persist long after the initial
injury in some individuals®®2°48, as evidenced by differences found in corticoexcitability
within chronically symptomatic TBI patients*®. These abnormalities in neurotransmitter
concentrations have been shown to have detrimental consequences on neurodevelopment
in rat pups?.

As the cell attempts to restore homeostasis following this ionic perturbation, the
sodium-potassium pump, or Na*/K*-ATPase enzyme, with the use of energy in the form
of adenosine triphosphate (ATP), works to pump sodium ions (Na*) out of the cell and K*
back into the cell*®. As a result, cellular concentrations of ATP decrease and adenosine
diphosphate (ADP) increases, stimulating a substantial increase in glucose metabolism,
specifically through glycolysis®®20,

The continuous influx of Ca?* through NMDA channels can increase intracellular
Ca?* concentration enough to trigger apoptosis mechanisms, or programmed cell death,
within the neuron, and it can also be sequestered into the mitochondria, disrupting

oxidative phosphorylation®®. This suppression of oxidative phosphorylation further



increases the rate of glycolysis, in an effort to maintain ATP levels, resulting in an
accumulation of intracellular lactate, which can lead to acidosis'®?°. This acidic
environment can cause cerebral edema, in addition to promoting axonal vulnerability by
increasing damage to membranes®®.

This state of increased glycolysis is coupled with a decrease in cerebral blood
flow following traumatic brain injury®2°, The decreased blood flow to the brain creates
an imbalance between supply and demand of glucose leading to an energy crisis that has
been shown to persist for as long as 24 hours after injury*®. Following this period of
increased metabolism, there is a prolonged span of significantly decreased energy
metabolism within the brain, that lasts between 7-10 days post-concussion?. Importantly,
altered reaction times and other motor and cognitive deficits that occur during this time of
altered cerebral metabolism could put athletes at increased risk of injury if allowed to
return to play, and additional trauma to the brain during this period of vulnerability could
be catastrophict?. Of note, this timing was determined through experiments with rats, and
is therefore likely to be prolonged within humans®’.

The initial shearing of axons at time of injury, coupled with the transient acidotic
period, lead to microscopic structural damages, including cytoskeletal defects that disrupt
electrical transmission across axons and an increase in the permeability of the cell
membranes, which permits an influx of Ca?* into the axons'®. Accumulated Ca?* within
the axon can cause phosphorylation and additional compaction and/or destruction of
microtubules, key structural elements in intra-axonal transport, and other essential

cytoskeletal components®®2°, The cytoskeletal abnormalities can lead to axonal swelling,



interruptions and “bulb” formation>!°, as depicted in Figure 2. This axonal dysfunction
can lead to spreading disconnections which can cause white matter atrophy within the

brain, neuronal shrinkage, and may lead to permanent damage or cell death®20,
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Figure 2. Histological Axonal Pathologies Following TBI. Using APP
immunohistochemistry, this image shows (a) extensive intra-axonal abnormalities
such as disconnections and bulb formation within a portion of the corpus callosum
in the brain of a deceased young male following TBI. (b) Increased magnification
of a single axon bulb. (c-d) Increased magnification of single axons highlighting
the intra-axonal disconnections. Note: scale bars are 30um (Figure taken from
Johnson et al. 2013%4).



Inflammation within the brain develops following a TBI, regardless of the
severity of the insult?®. Neuroinflammatory markers have been shown to persist months
following injury and may contribute to persistent functional impairments2%43,
Interestingly, it has been shown that the neuroinflammatory process is different in mature
brains compared to those still undergoing developmental changes, with evidence of

increased likelihood of permanent alterations occurring within immature brains*3.

Concussion Symptomology

There are vast inconsistencies in head trauma symptoms and impairments
between patients. In an unpredictable and seemingly random fashion, some patients are
asymptomatic, with no lasting impairments within days following a concussion, while
others have residual symptoms and impairments for weeks, months or even years
following a concussive event'®46, Though multifaceted, common signs and symptoms
associated with concussions include a loss of consciousness, headache, dizziness, nausea,
vomiting, photophobia, phonophobia, poor memory and attention, and depression and
irritability!”434%, Figure 3 provides a more detailed, but not comprehensive, list of acute
signs and symptoms relating to the manifestation of physical, cognitive, emotional and
sleep disturbance impairments following a concussion“®. Because the pathologies
associated with head injuries continue to develop after initial impact, various symptoms
can also evolve at different time points in recovery*®. Additionally, children have been
shown to be at an increased risk of lasting symptoms and deficits, compared with

adults®®43, This heterogeneity in symptomology between patients and different age



groups, paired with the lack of macroscopic abnormalities seen with conventional
imaging techniques, makes it extremely difficult to estimate the severity, judge the

recovery process and predict the functional outcomes of a TB122:26:2943,
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Figure 3. Acute Signs and Symptoms of Concussion. This image shows

common impairments in physical, cognitive, emotional, and sleep-related abilities
11

as a result of a concussion (Figure taken from Toledo et al. 201243).



Multiple attempts have been made to correlate acute symptomology and chronic
impairments with specific pathophysiological processes of concussion and affected gross
anatomical brain structures®®43, However, natural anatomical variation between
individuals, especially children still developing, as well as the unique biomechanical
properties of each head injury complicates this immensely*®. Table 1 presents proposed
correlations between certain pathophysiological processes that occur during the

neurometabolic cascade of concussion and resulting clinical symptoms?,
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Table 1. Pathophysiological Processes of TBI and Clinical Correlates. This

table shows certain pathophysiological processes associated with the

neurometabolic cascade of concussion and proposed acute symptom correlations
13

(Table taken from Giza and Hovda 2014%9).



In addition to developing new concussion symptoms at different times, existing
signs and symptoms have been shown to both spontaneously resolve and return in
individuals along the recovery path 3. One recognized source of symptom exacerbation
is premature return to activity. In previously asymptomatic individuals, symptoms such
as headache and difficulty concentrating have been shown to resurface when exposed to
physical stress (such as running or return to play), or mental stress (such as reading or
returning to school)!43, This critical finding highlights the importance of the need for an
objective and definitive measure in monitoring the recovery progress following a TBI,
particularly in children, as premature return to activity can increase the risk of subsequent
injury, aggravate symptoms, and delay the recovery period. This measure is also needed
in order to not keep children out of activity, whether it be recreational or educational, for

an extended period of time that is longer than necessary*?.

Biomechanical Differences Between Youth and Adult

Multiple age-specific anatomical and physiological factors contribute to an
increased vulnerability to concussions, and their subsequent damages, in children
compared to adults62%3336 As detailed below, differences in brain water content,
myelination, relative head size, cervical neck muscle strength, and skull structure, lead to
increased susceptibility to TBI in children?®33:3¢,

The pediatric brain has a significantly higher relative water content compared to
the fully developed adult brain?®2¢, as demonstrated in Figure 4. This renders younger

brains particularly vulnerable to axonal stretching and shearing with

14



acceleration/deceleration injuries, as the brain is softer and more likely to “slosh” around
within the cranial cavity?®. Additionally, without the protective enveloping effects of
myelin, unmyelinated axons are more susceptible to injury than myelinated axons: a
critically important factor considering children have a significantly higher proportion of

unmyelinated axons within the brain?°,

Pediatric Adult

Figure 4. Relative Brain Water Content. This image shows the difference in
relative brain water content between a (left) developing pediatric brain and a
(right) fully developed adult brain. The arrows indicate areas of particular
differences in hyperintensity between the scans as a result of higher relative water
content and a lower degree of myelination in the pediatric brain (Figure adapted
from Lindsey et al. 2019%°).

Children have significantly larger heads compared to their bodies than fully
developed adults?®3, effectively creating a larger target and increasing the likelihood that

an impact will result in direct trauma to the head?°. Figure 5 depicts the changes in

relative head-to-body ratios that occur throughout development from an infant to adult.
15



This greater head-to-body ratio in children also contributes to the head being
proportionally heavier®, The comparatively larger, heavier head sits upon a smaller neck
with significantly weaker, less developed cervical neck muscles, resulting in decreased
stability®3. It has been shown that greater cervical muscle strength and degree of muscle
tone at the time of injury, considerably increases the effective mass of the head, allowing
the neck and the upper torso to bear some of the force of impact, thereby decreasing the
amount of force transmitted to the brain'>33, Together, with a less developed, thinner
skull that is more likely to fracture, developing children are more likely to suffer from a
concussion and experience more extensive brain damages, including cerebral edema and
diffuse axonal injuries, than an adult, following an acceleration/deceleration impact event

of the same magnitude??33.36,

16



Newborn Age 2 Age 6 Age 12 Age 25

Figure 5. Developmental Changes in Head-To-Body Ratio. This image depicts
the changes in relative head-to-body ratio that occur during development from

infancy to adulthood. Note the relatively larger head in children compared to the
adult (Figure taken from Lindsey et al. 2019%°).

Danger of Repeat Head Trauma

While single concussive events can cause anatomic and cognitive dysfunction,
repetitive concussive events in which another head injury takes place prior to recovery of
the initial event, have been shown to significantly increase the severity of anatomical
damage, symptom intensity and cognitive impairments, even more-so than two isolated
concussions alone®%’. The window of increased damage associated with repetitive head
trauma is thought to be attributed to a period of vulnerability within the brain in which
multiple systems, including cerebral blood flow and glucose metabolism matching,
intracellular Ca?* level management and neurotransmitter concentrations are impaired or

already operating at their limit from the inflicted damage. The subsequent injury can be

17



too overwhelming for mechanisms to overcome and lead to more severe or chronic
axonal damage and even neuronal death%%,

This intensification of injury from subsequent concussive events within a period
of vulnerability, has been termed “second impact syndrome” (SIS) and has been shown to
have devastating long-term effects’. A particularly influential case of SIS occurred in
2006, involving Zackery Lystedt, a 13-year-old middle school student in the state of
Washington. Zackery sustained a concussion in the first half of a football game and was
allowed to return to play after sitting out only three plays. In the second half of the game,
Zackery collapsed after a hit and had to be air-lifted to a trauma hospital where he
underwent emergency brain surgery to relieve the severe intracranial pressure that had
accumulated due to cerebral edema from the impacts and exertion. While he did survive,
Zackery suffered from catastrophic brain damage that left him permanently and severely
disabled?. In an effort to prevent this from occurring in other youth athletes, legislation
was introduced, and in 2009, the Zackery Lystedt Law was passed in the state of
Washington®%, It outlined three core elements regarding repetitive concussion prevention
in youth athletes, including: 1) A requirement for coaches, parents and athletes to be
educated on concussions, 2) Mandatory removal of the athlete from the remainder of the
game if a concussion is suspected or diagnosed, and 3) The athlete must be cleared by a
health professional prior to return to play. The Zackery Lystedt Law has since provided
the groundwork for similar legislation across all 50 states®.

While the introduction of this legislation has undoubtedly prevented many tragic

outcomes, there is a growing body of evidence regarding the danger of lasting deficits

18



with even mild, sub-concussive repetitive head trauma, particularly among youth
athletes'®®’. Previous behavioral and histological studies of juvenile rats following
repetitive head trauma demonstrated that after an initial mild head injury, cognitive
deficits, in the absence of macroscopic damage, were present. After a second mild
impact, delivered one day following the initial, macroscopic injury was evident in
addition to increased memory impairment®’. Considering the average 7-12 year old tackle
football player sustains over 200 sub-concussive head traumas in one season and high
school players sustain an average of over 500, per player, per season'>!3, with one study
documenting one high school athlete alone sustaining over 2,000 impacts*?, there is
substantial need for a reliable, quantitative and clinically-applicable method to monitor
microscopic neurological damages associated with mild traumatic brain injury that are

currently overlooked with traditional clinical imaging techniques®2°.

Current Imaging Protocols for Pediatric TBIs

The Center for Disease Control and Prevention (CDC) issued guidelines in 2018
regarding the best clinical practices for mild traumatic brain injury in pediatrics3Z.
Neuroimaging through CT and MRI scans were not recommended for routine clinical
diagnosis of pediatric patients who suffered from a concussion, unless specific criteria
were met, including evidence of intracranial hemorrhage or skull fracture®3, These
guidelines limiting neuroimaging use are shared by both the American Academy of
Neurology and the American Medical Society for Sports Medicine!-2245, While it may

seem counter-intuitive that imaging is being limited to these circumstances, there is vast
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evidence that because of the insensitivity of both clinical CT and conventional MRI scans
to microstructural white matter damage, these scans may often miss pathologies
associated with mild concussions in pediatrics®20293845 n addition, due to the radiation
exposure inherent in CT scans and the high cost associated with both conventional MRI
and CT scans, these guidelines are not expected to change until a more sensitive and

reliable method becomes readily clinically available??34.

Diffusion Tensor Imaging

Diffusion tensor imaging is an advanced MRI method that indirectly measures the
integrity of white matter in the brain at a microstructural level'>202238 \While still a
relatively new technology, with the first application of DTI on the human brain occurring
in 1986, its clinical applications have been influential ever since, including: detection of
changes in white matter following strokes, monitoring neurodegenerative changes
associated with diseases such as multiple sclerosis (MS), and allowing neurosurgeons to
map areas of the brain around tumors prior to surgical resection®. To date, DTI use in
diagnosis and prognosis of concussions has been limited to research applications, but it
shows great promise as a future routine clinical imaging tool*520:21.2338:45,

DTl is able to indirectly determine white matter integrity by measuring the
directionality of water diffusion through axons: essentially mapping the movement of
water in the brain'®20:38 \Water molecules within our cells and in our cerebrospinal fluid
(CSF) experience isotropic diffusion, that is they randomly and freely diffuse at the same

rate in all directions unincumbered, similar to water molecules in a glass®®8. However,
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diffusion through white matter tracts in the brain is more similar to water going through a
straw3, Diffusion in white matter is anisotropic, meaning it’s no longer in random
motion, due to disruption of movement of water molecules in the direction perpendicular
to the axon?®. Therefore, diffusion proceeds more uniformly in the direction parallel to
the axon, and the more uniform the movement of water is, the higher the degree of
anisotropy346, Diffusion of water in the direction perpendicular to the axons is further
inhibited by decreasing the amount of intercellular space between axons, which can be
accomplished by many factors, including increasing the number or diameter of fibers
confined together or by increasing the degree of myelination around axons. Therefore,
higher measures of anisotropy are associated with intact and more mature white matter
tracts within the brain®,

There are multiple quantitative diffusivity measurements that DTI methods can
provide, including fractional anisotropy, mean diffusivity, radial diffusivity and axial
diffusivity®>17-3, Fractional anisotropy (FA), the measurement mostly closely associated
with determining the integrity of the white matter microstructure, is the most commonly
reported DTI measurement and is expressed as a value between 0 and 1, with 0
representing completely random, isotropic diffusion, and 1 representing more uniform,
anisotropic diffusiont®17.21-23.384546 Therefore, in normal healthy white matter tracts, FA
should be higher, and in damaged or degenerated white matter, FA should be lower,
while FA in CSF is 02146, Mean diffusivity (MD) is the overall average diffusivity of the
area and generally increases with damage to white matter. Radial diffusivity (RD)

measures the rate of diffusion in the direction perpendicular to the dominant diffusion
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direction, and axial diffusivity (AD) measures the rate of diffusion in the direction
parallel to the dominant diffusion direction'®>?138, Table 2 describes the changes in FA,

AD and RD that are expected under different conditions of white matter.

White Matter

Characteristics/ Fractional  Axial Radial
Conditions Anisotropy Diffusivity Diffusivity
Dense axonal packing  High Unaffected Low

Large axonal diameter/

high myelination High High Low
Axonal degeneration Low Low High
Demyelination Low Unaffected High

Table 2. Diffusivity Measures as a Function of White Matter Condition. This

table summarizes the changes expected in diffusivity measures of FA, AD and

RD in white matter under various axonal conditions (Table taken from Feldman et

al. 2010%).

DTl is able to analyze the data it gathers using multiple different methods, with
whole brain analysis, region of interest (ROI) analysis, and fiber tract reconstruction
(tractography) being frequently used in TBI research®>2%, Whole brain analysis, as the
name suggests, is typically a method used to quantify a single diffusivity measure across
the whole brain. It is a thorough and effective way to measure diffusivity across multiple
structures in order to obtain a broad view, and it is effective in detecting trends across
areas to be assessed in more detail using alternative methods. The natural anatomic

variation in size and shape between subjects’ brains can be problematic when attempting
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to compare across subjects using this method, as alignment must be precise in order to
ensure analysis of the same structures. This can be remedied with the additional use of a
derivative of whole brain analysis called tract-based special statistics, in which a formula
is used to calibrate and align various brain structures across multiple subjects using
diffusivity measures, thereby increasing confidence in data across subjects®®.

ROI analysis focuses on gathering measurements from precise regions in the
brain, such as the corpus callosum or frontal lobe. Due to its specificity, multiple
quantitative diffusivity measures can be obtained without accumulating an overwhelming
amount of data to sift through, as would occur if multiple measures were collected using
whole brain analysis®>?!. Often, whole brain analysis is done initially to identify trends in
particular brain areas and ROI analysis is subsequently implemented to more accurately
assess the observed areas of interest. If ROl is used in isolation, without consulting
previous whole brain analysis data, discrepancies in areas of the brain outside the region
of interest can be overlooked®. ROl and/or whole brain analysis can be used in
conjunction with tractography to generate distinctive images, as discussed below, or used
individually where regions of disparity between subjects or within subjects overtime are
depicted with different colors or shade intensities overlaying an existing anatomical

image'>?!, as shown in Figure 6.
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Figure 6. Diffusion Tensor Imaging ROI. The white shading in this image,

indicated by the arrow, represents alterations in diffusion within the splenium of

the corpus callosum of a young patient following a traumatic brain injury (Figure

adapted from Grassi et al. 20182%).

Fiber tract reconstruction, more commonly known as tractography, is a method of
DTI used to create 3-dimensional (3-D) illustrative models of individual fibers and larger
tracts within the brain'®. Utilizing either whole brain analysis or ROl methods,
tractography estimates fiber orientations and piece-by-piece builds a reconstructed

representation of the tract(s) of interest, allowing for visualization and identification of

specific white matter connections throughout the brain, typically with the use of vibrant
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colors. The 3-dimensional image is often shown 2-dimensionally with different colors or
shades representing either distinctive white matter tracts or defined orientations of
various fibers. A system commonly applied illustrates fibers running anterior/posterior as
green, fibers running left/right as red, and fibers running superior/inferior as blug!®2%.38,
Figures 7, 8 and 9 represent examples of the diverse images generated using DTI

tractography methods.

Figure 7. ROl with Tractography. This image shows a 3-D representation of the
region of the forceps major of the corpus callosum set upon a conventional MRI
scan (Figure taken from Hulkower et al. 2013%).

25



Figure 8. DTI Normal Tractography. This image was generated using DTI
tractography methods of an uninjured control subject (Figure taken from
Ranzenberger and Snyder 2020%8).

Figure 9. DTI 3-Dimensional Tractography. This image, generated using DTI
tractography, shows a frontal view of traversing interhemispheric white matter
tracts of a previously concussed patient (Figure taken from Guenette et al.

2018%).
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Normal Maturation Patterns of White Matter

The development and application of DTI has led to significant advancements in
our general understanding of typical neurodevelopment and maturation processes of
white matter in the brain®>16, Myelination of axons within the brain is essential for
typical neurodevelopment to occur, and disruption or alteration of this maturation process
has been associated with numerous developmental disorders and functional deficits®.
Myelin within the central nervous system (CNS) is formed by cells called
oligodendrocytes. Myelin acts as an insulator for axons within the CNS and its structure
allows for more rapid electrical signal transmission, in addition to protecting the axons it
surrounds®®. Typical brain maturation is associated with a higher degree of myelination,
and though this timing varies, myelination appears to occur in distinct spurts throughout
development and within specific brain structures and regions at different times®!°. The
deposition of myelin that occurs with age is known to decrease the intercellular space
between fibers in the brain, thereby increasing the anisotropy within the associated axons,
as demonstrated in DTI studies as an increase in FA. Therefore, maximal levels of FA
within white matter structures in the brain are associated with mature, healthy fiber
tracts'®. Figure 10 illustrates typical developmental changes that occur with age, as
measured by FA levels within the white matter of the brain, from infancy to early

adulthood?®.
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Figure 10. Typical Brain Maturation with FA. This image depicts increasing
levels of FA that occur with typical development across subjects between (A) 6
months (B) 2 years (C) 7 years (D) 12 years and (E) 22 years of age (Figure
adapted from Bashat et al. 2005°).
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Critical periods of neurodevelopment have been proposed to occur throughout
maturation and to correspond with surges of particularly rapid rates of myelination within
distinct brain regions?%3L. The most rapid rate of myelination throughout the whole brain
has been shown to occur prior to age 5, but peaks continue through childhood and
adolescence, with some changes continuing into early adulthood, depending on the region
of the brain*542, Both the anterior and posterior regions of the corpus callosum have
been shown to reach 90% of their maximal FA by age 11%°, with a significant increase in
rate of myelination shown between the ages of 8-12, defining this critical period*?.

The many studies that have utilized DTI methods to observe the typical
developmental changes occurring in children’s brains have been crucial for the
compilation of data to set a basis as to what is considered typical. The result is a method
of imaging with continuously advancing sensitivity in the ability to detect abnormalities
in the microstructure of white matter, particularly in the brains of children, where

development is continuously occuring®.
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PREVIOUS STUDIES

DTl is capable of identifying pathologies associated with milder head injuries that
no other imaging technology has been able to accomplish?°-22, It is significantly more
sensitive in recognizing microscopic abnormalities within the brain following mild
traumatic brain injury than the imaging methods currently in clinical use, including CT
and conventional MR12022.234546 Qver the last two decades, research into traumatic brain
injuries using DTI methods has uncovered astonishing data regarding damage associated
with even mild head trauma and the potential for lasting implications?. This section will
summarize current and pertinent literature regarding DTI data in white matter
microstructural damage following concussion; the effect of timing between injury and
imaging on DTI measures; the functional correlates relating to structural damage; and
evidence provided by DTI into the dangers and consequences of repetitive, sub-

concussive head trauma, all in the context of youth athletes.

White Matter Microstructural Damage in TBI

Research has shown that immature, unmyelinated areas of the brain, and
especially regions currently undergoing rapid maturation through myelination, are more
susceptible to injury than fully developed sections*2%4?, The anterior and posterior
portions of the corpus callosum are particularly vulnerable and have been by far, the most
researched areas of injury in DTI studies on pediatric concussions®14.2329.4546 The fact

that the corpus callosum is undergoing a period of rapid myelination in children between
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the ages of 8-12 years, coupled with its relatively massive size and vast fiber
interconnectedness, render it particularly susceptible to shearing injury, making it an
excellent area of focus®°1542, Additionally, post-mortem studies on TBI patients
frequently reveal lesions on the corpus callosum*®. Other areas researched with DTI that
have commonly shown abnormalities in children following head injury include, but are
not limited to: the frontal lobes, the inferior fronto-occipital fasciculus (IFOF), the
superior longitudinal fasciculus (SLF), and the uncinate fasciculus’19.16:2334,

Among pertinent research studies, the overwhelming majority demonstrated a
relationship between altered diffusivity measures and traumatic brain injury, even in the
absence of a clinical concussion diagnosis®817:20.26.29.30,32,3439,44-46 "I fact, an article that
reviewed one hundred studies on DTI in traumatic brain injuries, including twenty-nine
on pediatric TBIs, found that DTI was able to effectively distinguish patients who had
suffered TBIs vs. the non-TBI controls in each case, regardless of the severity of the head
trauma or the amount of time after injury?3. Additionally, multiple studies, including a
recent study in 2021, demonstrated that pediatric TBI patients could not only be
distinguished from controls based on FA values measured within the corpus callosum,
but that different classifications of severities of injury within the different TBI groups,
including mild/moderate and moderate/severe TBIs could be accurately
distinguished®828,

Most commonly, studies have found significantly lower levels of FA in various
white matter structures of the brains of previously concussed patients, when compared to

controls”:8:10.14,20,21,26,29,30,32,3445-47 Eiguyre 11 illustrates an example of DTI images taken
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of a pediatric patient, post-TBI compared to an age-matched control, post-orthopedic
injury, emphasizing the significant and widespread differences in FA measured between
the two**. Figure 12 depicts a portion of a DTI scan focused in on a specific area of
axonal disconnection, measured through decreased diffusivity, within the centrum
semiovale secondary to trauma from a TBI“3. There have been a few studies that
produced confounding results and instead showed a significant increase in FA in TBI
patients compared to controls; an outcome thought to be associated with the time span

between injury and imaging and will be discussed in greater detail in the subsection

bE|OW16'17’20’22'23’45

Figure 11. Difference in FA Between TBI Patient and Control. This image
compares DTI FA measures between (left) a 12-year-old who suffered from a
severe TBI and (right) an age-matched control who suffered from an orthopedic
injury (OI). In all areas visualized, the TBI patient had significantly lower FA
measures. Note the absence of the posterior corpus callosum connection in the
TBI patient (Figure taken from Oni et al. 2010%).
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Figure 12. DTI Evidence of Axonal Disconnection. This image, created using

DT]I tractography methods, shows a portion of the right centrum semiovale of a

patient following a mild concussion. The arrow points to an area of axonal

disconnections that occurred following the trauma (Figure taken from Toledo et

al. 20124).

In one study, white matter microstructural and macrostructural changes were
examined longitudinally in 7-17 year-olds following traumatic head injury, at 3 months
and 18 months post-TBI, using DTI and conventional MRI techniques*’. These values
were compared to a similar-aged control group of patients who suffered orthopedic
injuries without head involvement. As demonstrated in Figure 13, at both time points, the
TBI patients showed significantly decreased FA in all areas of the corpus callosum
compared to the controls. Longitudinally, the TBI group showed significant macroscopic
loss of overall volume, indicating extent of neuronal degradation, in all areas of the
corpus callosum, except the posterior portion®. Interestingly, both the TBI group and the

control group had an overall small increase in average FA across the corpus callosum,

though the results were only significant in the posterior portion. This demonstrated
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continued maturation, development, and possible repair processes, in addition to the
degradation, taking place microscopically in the injured brains, despite conventional MRI

macroscopic images only highlighting the losses?®4’.

3 months > 18 months

TBI Patient

Figure 13. Longitudinal Changes in FA in Pediatric TBI Patient vs. Control.
This image illustrates the significant difference in FA between the TBI patient and
the control at both the 3 month and 18 month timepoints, with FA measures
significantly lower in the TBI patient. Additionally, the change within each group,
between timepoints, shows the overall slight increase in mean FA overtime,
associated with normal maturation and developmental processes (Figure adapted
from Lindsey et al. 2019%°).

34



While DTI studies comparing previously concussed patients with age-matched,
non-head injured controls have led to important discoveries and have been essential for
gathering large amounts of data, there can be considerable differences between the brains
of subjects, particularly young children who are still actively developing that can lead to
discrepancies in results!#. One study sought to mitigate this and collected data on two sets
of twins, in which one twin in each pair had suffered from a TBI. The results paralleled
non-twin studies and revealed significantly decreased levels of FA in all regions of the
corpus callosum in each of the pediatric TBI patients, compared to their uninjured twin4,

as shown in Figure 14.
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Figure 14. DTI1 Across Twins with TBI. This image shows DTI measurements
of FA in two sets of twins (top, bottom) with the uninjured subjects on the left and
the corresponding twin who suffered from a previous severe TBI on the right.
Note the significant thinning of both anterior and posterior regions of the corpus
callosum in the TBI patients, compared to their twin (Figure adapted from Ewing-
Cobbs et al. 2006%4).

Timing After Injury Influencing DTI Measures
Traumatic brain injuries were once thought of as static events, with damage to

brain structures occurring exclusively at the time of injury. However, research has shown
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that multiple pathologic processes continue well after the initial impact, leading to
chronic changes in brain tissue microstructure'®#6, DTI methods have been shown to be
effective in detecting abnormalities in tissue microstructure, in both acute and chronic
stages, following TBI2%23, White matter abnormalities have been revealed with DTI
within hours following injury!®, while others have revealed significantly decreased FA
values in multiple white matter cortical structures in pediatrics following mild to
moderate TBIs as far out as 6-12 months after injury, compared to uninjured controls,
Another study noted significantly decreased FA in the corpus callosum 18 months
following mild/moderate TBI in pediatric patients*’. Interestingly, a study examining DTI
measures in patients following moderate/severe TBIs showed that between the first
imaging session at 2 months post-injury and the second imaging session at 12 months
post-injury, FA measures significantly decreased, highlighting the prolonged pathological
processes that continue to occur following TBIC, Significantly decreased FA values have
been shown to persist for over 3 years following moderate/severe TB1142226 while
patients who suffered from a mild TBI recovered by this timepoint with no significant
difference in FA between the mild TBI group and the control group?.

While FA measurements are associated with microstructural alterations in white
matter, it is intuitive that with microstructural axonal damage through head trauma, the
FA in the affected area will decrease. This holds true for the vast majority of studies done
on the topic, with a few notable exceptions where FA has been shown to increase in

previously concussed patientst®17:20.222345 This discrepancy is thought to be due in part
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to the dynamic and fluid nature of brain injury progression as well as differences in
timing between injury and scan®’2345,

One such study examined pediatric patients who suffered mild to moderate TBIs
and were each scanned within six days of injury®. Of the ten pediatric TBI patients
examined, eight showed significantly higher FA within the corpus callosum, compared to
the uninjured controls. The increase in FA has been attributed to cases of cytotoxic
edemal’-2>45 where there is subtle transient swelling in the area, compressing the
intercellular spaces between fibers within the corpus callosum, thus forcing diffusion into
a more anisotropic, uniform direction within the fibers*®. The two pediatric TBI patients
in this study who showed decreased FA, had the longest intervals between injury and
scan (4 and 6 days) of the TBI patients. Coincidentally, cytotoxic edema is thought to
reach peak levels between 24-48 hours after injury and may have had time to subside in
these two patients and not in the others*. Therefore, multiple time points have been
proposed for optimal initial timing of DTI scans following mild head trauma, with one
study determining that the subacute stage, greater than or equal to 8 days post-injury is
best for the initial scan?!, while another study propose that the most consistent results

have been seen with an initial DTI scan around 4 weeks post-injury?.

Functional Correlates from Structural Damage
Multiple DTI studies have investigated the correlation between region-specific
white matter abnormalities caused by TBIs and post-concussion symptoms and cognitive

and behavioral impairments10.14-16.23.26,2932.46 These correlations are of particular
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importance within the pediatric population as younger age groups appear to have a
prolonged recovery period with greater duration of post-concussion symptoms and
functional impairments than adults®?. Despite an array of highly variable methods
applied, both in the outcome measures and in the specific brain areas examined, DTI
technologies across studies showed considerable promise as effective indicators of
prognosis following head injuries®2326:34.46,

In order to effectively evaluate the impact of microstructural damage caused by
head trauma on cognitive and behavioral functions in children, it is imperative to have an
understanding of the relationship between normal developmental trends in various areas
of the brain and associated cognitive and behavioral functions®®. A study in 2005
examined the relationship between white matter microstructure, using DTI, and certain
cognitive abilities in a group of typically developing children®. Their results showed a
significant and positive correlation between intelligence quotient (IQ) and FA measures
in multiple brain structures, including the anterior portion of the corpus callosum, the
frontal lobes, sections of the right parietal lobe, and the left arcuate fasciculus®#°, This
study supported evidence in previous literature that normal white matter microstructure
development is essential for optimal cognitive performance?.

It has been demonstrated that DTI is the far superior neuroimaging technique for
predicting functional outcomes of patients with previous TBIs, ranging from mild to
severe, when compared to acute CT scanners and conventional MRI?8, Pediatric patients
with a history of TBI reliably showed lower FA within areas of the corpus callosum that

were shown to be associated with decreased measures of intelligence, attention and
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working memory and encoding in verbal memory?. More recently, a significant
correlation and prediction ability was demonstrated between early (6-17 days post-injury)
abnormal DTI measures of diffusivity within the corpus callosum and lower intelligence,
determined by poorer outcomes on performance 1Q scores in pediatric TBI patients, taken
12 months post-injury, compared to uninjured controls. However, in contrast to many
previous studies, they found no significant association between DTI measures and
attention or memory, an outcome they attribute to timing of imaging, and propose a
different outcome if initial imaging had been delayed?.

Another important recent study revealed the association between DTI measures of
concussion severity and long-term performance on verbal memory tasks in pediatric
patients?®. Verbal memory has been shown to be a particularly important indicator of
success in traditional schools?’. The pediatric patients in the study had each suffered from
a mild-complicated, moderate, or severe concussion at a young age, between 1-10 years
old, and were subsequently scanned and tested at least 5 years post-injury, making the
range for the patients at time of testing between 6-18 years of age?®. Based on results
from previous literature, they chose to examine the corpus callosum, fornix, bilateral
cingulum bundles, perforant pathways and uncinate fasciculi. Within each structure, they
found the TBI patients had significantly lower measures of FA compared to age-matched
healthy controls and that the level of FA corresponded to the injury severity at initial
diagnosis within the TBI group. Additionally, they found significance with the level of

FA within the corpus callosum, left perforant pathway and left uncinate fasciculus
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predicting performance on verbal memory tasks, such that those with lower levels of FA
had a poorer performance®.

In a study comparing adolescents who suffered TBIs with their healthy twins,
measures of diffusivity and cognitive functioning were obtained*. It was shown that
lower levels of FA in specific areas throughout the corpus callosum were significantly
associated with worse scores in math, reading, and working memory tasks. Specifically,
math and working memory scores were associated with FA measures within the rostral
body of the corpus callosum and reading scores were associated with FA measures in the
rostrum, genu, isthmus and anterior and posterior bodies of the corpus callosum?,

A significantly higher incidence of depression symptoms and residual behavior
impairment has been shown in pediatric patients 6-12 months after enduring a mild
sports-related concussion, compared to healthy controls®?. DTI scans were collected at 1
month and 6-12 months following injury and revealed significantly lower measures of FA
in the concussed group compared to controls at the 1 month timepoint and an overall
trend in lower FA in the concussed group at the 6-12 month follow-up, though
significance was not achieved. Each patient received cognitive rehabilitation treatment
through his or her respective physician between imaging timepoints, and by 6-12 months
post-injury, the concussion patients showed evidence of active recovery in cognitive
performance measures but had sustained mental health impairments, such as symptoms of
depression and behavioral issues, raising concern for the importance of mental health

therapy following such injuries®?. Additionally, a study found an association between
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lasting post-concussion symptoms and decreased FA measures in the left uncinate
fasciculi of previously concussed patients, compared to uninjured control?®,

Not all studies have found specific associations between white matter
microstructural integrity and cognitive impairments, and others have had variable
outcomes!>16:2346_QOne study on pediatric patients between the ages of 10-18 who
suffered from mild to moderate concussions found no abnormalities within the corpus
callosum of the TBI patients compared to controls, and therefore no association between
corpus callosum injury and specific neurocognitive deficits*®. However, they did find a
significant decrease in FA within the frontal lobes and the supracallosal area that both
correlated with defects in executive functioning (though in pediatric patients, executive
functioning measures can be excessively complicated). Additionally, they noted a
relationship between decreased supracallosal white matter integrity and adverse
behavioral symptoms, including aggression, hyperactivity and issues with attention?®.

Research into post-injury abnormalities in the frontal lobes of pediatric patients is
a particularly unpredictable undertaking*®. The frontal lobe with its complicated
connections does not fully mature in humans until approximately 25 years of age'®.
Therefore, younger pediatric patients who sustain injuries to the frontal lobe may not
show the associated deficits in critical executive functioning until years later when those
systems are expected to be “turned on” and fully developed*®. However, in more severe
pediatric head injuries involving the frontal lobe, DTI measures of white matter integrity
have the potential to be biomarkers of less specific outcome measures®. A study

involving children and adolescents between 8-16 years of age who suffered moderate to
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severe TBIs had conventional MRI and DTI scans done approximately 3 months post-
injury, in addition, they were given routine clinical rating scales by healthcare providers
into the physical state of recovery for each patient. The TBI group showed significantly
decreased measures of FA in the frontal lobes compared to controls. Additionally,
researchers found a significant correlation between these measures of white matter
integrity and the Glasgow Coma Scale (GCS) and Glasgow Outcome Scale (GOS),
supporting the predictive ability of DTI into functional outcomes. Notably, this
correlation was not identified with conventional MRI techniques®4.

Not only have studies utilizing DTI methods uncovered these associations
between cognitive functioning and the integrity of white matter microstructure in
developing children, one exciting study demonstrated the coordinated change in both
cognitive ability and diffusivity measures following extensive remediation training®.
They showed significantly lower measures of FA within the left anterior centrum
semiovale in children who were poor readers, compared to age-matched good readers.
Half of the poor reader group underwent an intensive 6 month remedial instruction
program, in addition to regular school, and half of the group continued with normal
school. Children in the poor reader group who had the additional instruction showed
significantly increased levels of FA in the left anterior centrum semiovale and a
corresponding improvement in reading ability, compared to pre-remediation in the same
group and in the non-remediation poor reader group?®. This study opens up opportunity
for, and supports the eventual use of, DTI as a quantitative method of evaluating the

progress in anatomical recovery of white matter structures following insult and
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monitoring the effectiveness of interventional behavioral and therapeutic rehabilitation
techniques!®>?°, as well as providing a much-needed objective measure to assess return-to-

activity??.

Repetitive Head Trauma and DTI

The evidence of DTI reliably exposing deficits in white matter integrity and the
correlation of white matter damage to functional impairments following more severe
clinically diagnosed concussions is extensive?>?3, while the data on DTI exposing deficits
following mild concussions or sub-concussive repetitive head trauma is relatively new
but rapidly evolving?®3’. Much of the attention on repetitive head trauma has been
centered around its association with chronic traumatic encephalopathy (CTE), a
dementia-like condition in which the pathophysiology is thought to be caused by
repetitive concussive and/or sub-concussive head impacts. It is currently only diagnosed
with postmortem autopsy*®. CTE has been famously diagnosed in former retired
professional football players, but it’s possible that the detrimental, pathophysiological
processes associated with the neurodegenerative changes may be triggered as early as
childhood with lasting changes in white matter integrity36.18,

A study in 2016, followed a youth football team through one season of play to
detect changes in white matter integrity from pre-season to post-season using DTI, in the
absence of any clinically diagnosed concussions’. Each player’s exposure to head contact
was monitored through the Head Impact Telemetry (HIT) system during practices and

games, allowing researchers to compile useful data on the impacts. From pre-season to
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post-season, FA changed in various directions in different athletes throughout the season,
but they found that the higher the head impact exposure, the lower the FA within the
IFOF and the SLF'. These white fiber tracts were likely still maturing, as shown with the
increase in FA in some of the athletes. Importantly, those with higher impact exposure
who demonstrated increases in FA, showed a lower increase than those with less impact
exposure, further demonstrating this repetitive head impact exposure may have
detrimental effects on the development and integrity of white matter tracts’-%’.
Interestingly, this study found no significant correlation between head impact exposure
and decreased FA within the corpus callosum’. Figure 15 illustrates the changes in FA
that occurred within the IFOF in one of the youth athletes over a single tackle football
season’. These startling results have not only been observed with contact sports such as
American football, but increasingly in other sports, such as soccer where frequent
heading of the ball occurs®°. In fact, an association between headers in soccer and
significantly decreased FA levels compared to controls has been demonstrated, at a level
similar to what is seen in TBI patients. It was also noted that the athletes exposed to
heading the ball performed significantly lower on neurocognitive tasks, specifically

relating to memory,
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Figure 15. Changes in FA Measures Over Single Youth Football Season. This
image compares the measures of FA in the IFOF of a single youth athlete taken
(A) pre-season, (B) post-season, and (C) with the pre-season and post-season
measures superimposed on another. In the superimposed image (C), the blue
region is pre-season and the red region is post-season. This highlights the
decrease in FA that occurred over one season of youth tackle football, due to sub-
concussive repetitive head trauma in the absence of a clinical concussion
diagnosis (Figure adapted from Bahrami et al. 20167).
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A 2015 study examined the relationship between age of first exposure to tackle
football and later-life white matter integrity and cognitive impairments*?. Through the use
of DTI, researchers demonstrated that former National Football League (NFL) players
who began playing tackle football prior to age 12 had significantly lower FA in multiple
anterior corpus callosum regions and higher RD in the anterior-most corpus callosum
region, when compared to former NFL players who began playing tackle football at the
age of 12 or later. Their conclusions support the concept of repeated head traumas
inflicted during certain critical periods of development disrupting neurodevelopmental
processes, leading to potentially predictable and long-term white matter alterations®42,
Since both anterior and posterior portions of the corpus callosum show a peak in rate of
myelination occurring between the ages of 8-12%, it is possible that even sub-concussive
repeated head trauma in young athletes during this critical developmental period can alter
normal neurodevelopmental process and lead to long-term white matter instability and
functional deficits*2%4142, Additionally, it was found that former NFL players who began
playing tackle football prior to age 12 tested significantly worse on executive
functioning, memory and verbal intelligence measures compared to former NFL players
who began playing tackle football after the age of 124142, Though the group of players
who were exposed prior to age 12 played for an average of 2 years longer than the after
age 12 group, duration of play was not a significant factor in predicting outcome of white
matter integrity in this study#2. Furthermore, a more recent 2017 study expanded the
participant cohort to include both former professional and amateur football players.

Regardless of the length of time spent as a football player, it was found that those who
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were exposed to tackle football prior to age 12 were significantly more likely to suffer
from impairments in behavior regulation and executive function and more likely to be

clinically depressed, compared to those who were exposed to tackle football after age

123,
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DISCUSSION

In this section | will discuss common limitations of the research studies
mentioned above, as well as provide my own impressions and conclusions on DTI use in

concussion diagnosis of young athletes.

Limitations of Previous Research

Multiple limitations were highlighted within the research discussed above, with
small sample size being by far the most frequently declared limitation across
studies®814.17.26:3245  Additionally, there was a large amount of heterogeneity between
studies in the time frame between injury and scan and in the age ranges and sexes of the
pediatric subjects. Timing between injury and DTI scan varied across studies, spanning
from days to years. Studies ranged in defining the maximum age of their pediatric
subjects between 19 and 13 years old, leading to significant incongruence in the state of
neurodevelopment and level of white matter maturation within subjects>23, Males and
females were often intermixed within studies, which can further alter data, as
neurodevelopment has been shown to proceed at differing rates between sexes®1522 and
females have been shown to experience cognitive impairments more frequently following
a concussion than males?2. Lack of a universal measure for determining concussion
severity led to a variety of approaches used to categorize the injury magnitude. Some
studies categorized their TBI subjects into groups of mild, moderate, or severe head
injury*®>#6, others included a separate category of mild-complicated*?, some grouped

mild-complicated into the moderate category?® and others combined moderate and severe
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into one®. Severity was determined using many diverse methods, including GCS scores,
post-concussion symptoms, alternative imaging techniques based off of the presence of
macroscopic injuries, previous diagnoses, or some combination of them%:324546 \While
significant trends were noted, the variety of areas within the brain that different studies
focused on, in addition to the range of timepoints images were acquired at, make it
difficult for generalizations to be made across studies and therefore applied to other
groups>42,

One study was able to compare pre-season to post-season DTI scans within
athletes’, but otherwise, studies relied on control subjects to detect changes from normal,
as pre-injury scans are rarely available®1417324546 Therefore, an inherent limitation in
most of these studies is the presence of natural anatomical and physiological variation
between subjects!>?. Finally, as concussions often go unreported, it’s possible that some
control subjects, particularly those also involved in contact sports, had a history of

undiagnosed concussions, possibly skewing data in various studies?’.

Conclusions

With traumatic brain injuries being a leading cause of death and disability in
children?6:% and surging evidence supporting the extensive detrimental effects that
repetitive sub-concussive head injury can inflict’-*842, concussions are an urgent public
health concern 2¢. This is true particularly for children, who, due in part to
developmentally-related anatomical and physiological differences within the pediatric

population, have been shown to be significantly more vulnerable to concussions and to
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their lasting functional implications6:2°33.36_ \With an extremely heterogeneous symptom
profile and discordantly broad range of recovery periods between individuals and head
impacts, it is difficult to determine concussion severity based on subjective measures
alone?. This is further complicated when the injured are children, who may be less
capable of clearly articulating their symptoms and feelings and may experience
unpredictable age-related delays in the presentation of deficits following TB126:3436,

Unfortunately, due to the lack of sensitivity in detecting microstructural defects,
the current clinically-accepted objective measures of concussion, including conventional
CT and MRI scans, often overlook detrimental brain abnormalities®20.2%3845 This leaves
a critical void in the need for a conclusive, objective, and reliable measure with which to
diagnose concussions, measure their severity, and monitor patients’ post-concussion
recovery progress. This puts children at risk and also puts health care providers in a
difficult position, having no definitive method to determine if a child is fit to return to
activity or not. Fortunately, DTI is increasingly becoming a more accurate and reliable
method for detecting changes in the microstructure of white matter in the brain following
insults, particularly within pediatric patients, due to its inherent sensitivity to normal
neurodevelopmental patterns?°46,

DTI methods have shown to be not only capable of reliably identifying
microstructural white matter damage in patients with clinically diagnosed concussions
who had clear, unremarkable conventional MRI and CT scans?2022:234546 ' pyt also in
patients with a history of head trauma that was too mild to be clinically diagnosed as a

concussion”#, The overwhelming majority of studies have demonstrated that lower FA
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values in DTI measures correspond with microstructural damage caused by TBI?3. In
addition to discerning these damages, DTl methods have demonstrated their effectiveness
in predicting the extent of general functional impairments based off of anatomical
abnormalities®2326:3446 DTI methods have also proven sensitive in monitoring
improvements along the path of recovery in patients who suffered from a TBI12°4/, and in
capturing objective evidence pertaining to the impact that rehabilitation strategies and
therapeutic interventions can have'®>%,

However, parents and health care providers should not breathe a sigh of relief yet.
There are still issues that need to be solved, and guidelines established, in order for DTI
to be used as a routine clinical imaging tool for the diagnosis and prognostic monitoring
of concussions*>162°, Notable variabilities and deficiencies with DTI measures must be
accounted for, including setting specific parameters and thresholds for concussion
diagnosis based on diffusivity measures, and determining the optimal timing between
injury and scan. While researchers have proposed a few timepoints for scans, no general
agreement has been made®223, More longitudinal studies using DTI methods are needed.
Specifically, research incorporating pre-injury DTI measures to compare to post-
concussion measures. These results are crucial, but due to inherent difficulties in
methodology, such studies have been scarce!®2326:29,

Once specific, measurable parameters and guidelines are established, | believe
DTI technology will prove invaluable as the go-to clinical tool in the diagnosis of
concussions. With other broad clinical applications of DTI methods previously

established and currently in use, many clinics and hospitals already have access to the
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associated technology, and for others, it can be easily incorporated into existing MRI
scanners®8, It is my hope, though improbable for the near future, that DTI scans will
eventually be incorporated into routine pre-season sports physicals, as an additional
requirement for young athletes to compete in contact sports, such as football. This would
enable health care providers to have access to accurate baseline measures for each athlete
with which to compare to, in the event of a head injury over the season. In turn, this
would increase assurance of the appropriate diagnosis and provide reliable, objective data
for health care providers to be more certain of the appropriateness and timing for affected
athletes to return to activity. This remains a distant goal for the future, with patient cost
barriers and hospital infrastructure challenges to be solved, but in the meantime, DTI is a
very promising imaging technology that following a few more years of research, will

hopefully begin to be used clinically in the diagnosis of concussions in young athletes.
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