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ABBREVIATIONS

ADC - Apparent diffusion coefficient
BOLD - Blood oxygen level dependent
CSF — Cerebrospinal fluid

DAI - Diffuse axonal injury

DTI - Diffusion tensor imaging

EPI - Echo-planar imaging

FA — Fractional anisotropy

FLAIR - Fluid attenuation inversion recovery
fMRI - Functional MRI

GCS - Glasgow coma scale

ICV — Intracranial volume

LOC — Loss of consciousness

LVR — Lateral ventricle ratio

MD- Mean diffusivity

MPRAGE — Magnetization prepared rapid acquisition gradient echo
mTBI — Mild traumatic brain injury
OR — Odds ratio

PTA - Posttraumatic amnesia

RR — Relative risk

ROC — Receiver operator curve

SD — Standard deviation

sTBI — Severe traumatic brain injury
SWI - Susceptibility weighted imaging
TBI — Traumatic Brain Injury

TBSS — Tract based spatial statistics



TE — Echo time
Tl — Inversion time

TR — Repetition time



I. INTRODUCTION

Traumatic brain injury (TBI) constitutes a public health problem worldwide, because of its high
incidence, morbidity and mortality. TBI is a leading cause of death and disability in the young,
otherwise healthy, employed population that does not only mean a personal, or family-wise
disaster, but a social burden as well.

TBI is a very heterogeneous disease and affects the most complex organ of the body. The
underlying pathomechanisms are still poorly understood. The present diagnostic tools might only
reveal the “tip of the iceberg”, the proper therapeutic methods are equivocal and the protocols
largely differ among the TBI centers. Hippocrates is said to have remarked in 400 BC that “No
head injury is too severe to despair of, nor too trivial to ignore”. This statement briefly
underscores the difficulties regarding the diagnosis and prognosis of TBI. His words are relevant
even today.

The aim of the present thesis is to test if advanced neuroimaging can provide better insights into

TBIl induced alterations, thus aiding TBI diagnosis.

1.1 Definitions and classification of TBI

Traumatic brain injury can be defined as a nondegenerative, noncongenital insult to the brain

from an external mechanical force, possibly leading to permanent or temporary impairment of



cognitive, physical, and psychosocial functions, with an associated diminished or altered state of
consciousness.

The definition of TBI has not been consistent and tends to vary according to specialties and
circumstances. The term brain injury is often used synonymously with head injury, which may
not be associated with neurologic deficits. The classification, especially regarding severity, also
has been problematic with variations in the inclusion criteria. When reporting studies of TBI, it is
therefore beneficial to highlight the inclusion and exclusion criteria that were applied exactly.

- It is possible to classify brain injury as primary and secondary. Primary injury is induced by a
mechanical force and occurs at the moment of the injury; the two main mechanisms that cause
primary injury are contact (e.g. an object striking the head or the brain striking the inside of the
skull) and acceleration-deceleration'. Secondary injuries include a very wide array of mechanisms
occurring hours to weeks after the primary insult. The most important contributing factors are
edema formation, raised intracranial pressure, decreased cerebral blood flow and inflammation-
like processes leading to cell death.

- Injuries can be classified as focal and diffuse. Focal injuries include e.g scalp injury, skull fracture
and surface contusions that are generally caused by the contact. Diffuse injuries include diffuse
axonal injury (DAI), hypoxic-ischemic damage, meningitis, and vascular injury; usually caused by
acceleration-deceleration forces.

- A closed (non-missile) head injury occurs when the dura mater remains intact. The skull can be
fractured, but not necessarily. A penetrating head injury occurs when an object pierces the skull

and breaches the dura mater.



- Brain injuries may be classified upon the mechanism and energy of the injury. High-energy head
injuries include: a, Falls in which the head strikes an object with significant force — a fall from a
height of 1.2 m (4 ft) may be enough to cause such an injury b, Car crashes in which the head
strikes and cracks or breaks the windshield or dents the inside of the vehicle c, Sports injuries,
such as striking the head after falling from a fast-moving bicycle d, Direct blows to the head with
a hard object, such as a fist or a baseball bat swung with significant force.

- Mechanisms may be grouped as: Object against head, head against object, head against ground,
acceleration-deceleration injury (e.g. head against relatively soft material, or head in helmet) and
blast related injury.

- Classification can be based on the clinical severity. The most widely used clinical parameters
indicating injury severity are the following:

a, Glasgow Coma Scale (GCS): A 3- to 15-point scale used to assess a patient's level of
consciousness and neurological function? ; scoring is based on best motor response, best verbal
response, and eye opening (e.g. eyes open to pain, open to command).

b, Duration of loss of consciousness (LOC): Classified as mild (mental status change or LOC < 30
min), moderate (mental status change or LOC 30 min to 6 hr), or severe (mental status change or
LOC >6 hr)

¢, Duration of Posttraumatic amnesia (PTA): The time elapsed from injury to the moment when

patients can demonstrate continuous memory of what is happening around them.

The most common classification system for TBI severity is based on the Glasgow Coma Scale (GCS)

score determined at the first presentation. A total score of 3-8 for the 3 sections indicates severe



TBI (sTBI), a score of 9-12 indicates moderate TBI, and a score of 13-15 indicates mild TBI (mTBI).
Generally, sTBI requires a neurointensive care, moderate TBI patients are admitted to a
neurosurgical department for long term observation, while an ambulatory presentation with the
exclusion of possible complications and a short observation is due for mTBI patients.

Though GCS is still the fastest and most reliable way to assess the level of consciousness, it has
significant limitations. Factors most commonly limiting the reliability of GCS are the following:
alcohol or drug intoxication, sedation, intubation, psychiatric/mental disease, direct trauma of
the eye or face/mouth and peripheral (nerve) injuries3.

Not surprisingly, most issues with the use of GCS occur in the mid-range (9-13)%.

The assessment of LOC and PTA might be substantial to better evaluate the brain injury severity
in the mild-moderate range. Several severity classification systems and mTBI definitions include
also LOC and PTA besides GCS to discriminate between mild and moderate TBI. Of course, the
evaluation of both LOC and PTA may be elusive, as their assessment mostly relies on a
heteoanamnesis (if available) and are again, biased by non-brain-injury dependent factors such
as intoxication or accompanying mental diseases. Some classification systems also include the CT
results (see chapter 1.4 - computed tomography).

As a summary, it is important to note that the severity classification of TBI is greatly based on
clinical parameters, which, however may be strongly influenced by non-injury related factors, so
the actual brain damage extent and type may not be precisely diagnosed. There’s a clear need
for additional tools such as imaging or biomarker (lab test) methods, not only to identify brain
pathologies that require a surgical intervention, but to provide a more accurate diagnosis of the

brain injury components and severity.



1.2 Epidemiology of traumatic brain injury

The epidemiology of TBI has been most extensively studied in the USA. According to these
studies, approximately 2.5 million TBI-related emergency department visits, hospitalizations, or
deaths occur in the United States annually. The following annual statistics from the Centers for
Disease Control and Prevention also apply to the United States®: TBI contributes to approximately
50,000 deaths. Approximately 475,000 TBIs occur among infants, children, and adolescents aged
0-14 years. About 80,000-90,000 people experience the onset of a long-term disability due to a
TBI.

The following groups are at particular risk for TBI: males are about twice as likely as females to
sustain a TBI, infants and children aged 0-4 and adolescents aged 15-19 years are the 2 age groups
at highest risk for a TBI, adults aged 75 years or older have the highest rates of TBI-related
hospitalization and death.

The leading causes of TBI are as follows: Falls (28%), motor vehicle crashes (20%), being struck by
or against objects (19%) and assaults (11%).

Mortality rates after brain injury are the highest in people with a sTBI. In the first year after a TBI,
people who survive are more likely to die from seizures, septicemia, pneumonia, digestive
conditions, and all external causes of injury than are other people of similar age, sex, and race®.
However, the mortality rate after sTBI has decreased since the late 20th century’.

According to the Centers for Disease Control and Prevention, the economic cost of TBI in the

United States in 2010, including direct and indirect medical costs, was estimated at $76.5 billion.



The incidence of TBI in Hungary is estimated to be around 200/100.000. Approximately 80% of
the cases are mild, and less than 10% are severe. However, mTBI appears to be vastly
underdiagnosed in the setting of systemic trauma, even in trauma centers 8. Unfortunately, the

mortality rate of sTBI in Hungary almost reaches 50%°.

1.3 Diffuse axonal injury (DAI)

Diffuse axonal injury is one of the most important pathological components of TBI, as a result of
traumatic acceleration/deceleration or rotational shear-strain forces leading to axonal/myelin
stretching or disruption'® 1, Previously, DAl has been considered a primary-type injury, with the
damage occurring at the time of the accident. Research has shown that another component of
the injury comprises the secondary factors (or delayed component), since the axons are injured,
secondary swelling occurs, and retraction bulbs form leading to complete disconnection'?.
Originally DAl was suggested upon an inferential basis, in any patient who demonstrated clinical
symptoms disproportionate to his or her CT-scan findings, and was generally restricted for
comatose patients, whose vast majority (>90%) remained in a persistent vegetative state.
Recently, however the term DAI (or the synonym traumatic axonal injury) has been more widely
used, applying to the entire severity range of TBI, including a spectrum of axonal damage from a
subtle, reversible functional disorder to the true disconnection®3.

The extent and severity of DAI is highly related to the clinical severity and outcome'3. However,

clinical diagnostic tools including imaging fail to detect DAI due to its microscopic range. One



10

possible target in order to provide better diagnosis and prognosis for advanced imaging methods

is DAI (see chapter 1.5).

1.4. Conventional imaging in traumatic brain injury

The gold standard imaging method in acute TBI is the non-enhanced head CT scan'* 1>
Performing a plain head x-ray makes no sense due to its low sensitivity and specificity to trauma-
related pathologies. CT scan plays a substantial role in the detection of pathologies that require
a surgical intervention, also in the follow-up and in the assessment of the prognosis. Though
conventional MRI has been shown to be somewhat more sensitive to small focal traumatic
lesions, its clinical value is not clear yet. Performing conventional MRI in TBI may be though
advantageous in the sub-acute phase of TBI (2-3+ days after the injury), when bleeding may

become isodense in CT scans but becomes well identifiable on MR scans.

Computed Tomography (CT)

Computed tomography is the gold standard imaging choice in TBIl. The advantage of CT scanning
is that it is readily available in every trauma center and even agitated patients can be examined
due to the short acquisition time. It provides voxelwise X-ray attenuation maps with good spatial
resolution and acute haematomas can be easily visualized due to their high degree of X-ray

attenuation.
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The disadvantage of the technique is that it applies ionization radiation thus it may add a risk to
cancer development — a problem significantly reduced in novel low radiation instruments. Other
disadvantage is that diffuse white matter lesions mostly remain hidden on the images.

The main purpose of CT scanning is the identification of those patients who need hospitalization
and further observation and surgical intervention. It should be noted that only a minority of
patients (< 10%) with inclusion criteria for mTBI will have a positive CT scan# 1617,

The question is when or when not to perform a head CT. Several guidelines'® ° have been put
forward to determine the circumstances when CT scanning is required. Probably the most widely
used CT indication system are the Canadian head CT rule?® and The New Orleans guide*.
Common points for indication of a CT in patients with mTBI are the following: LOC, vomiting,
amnesia, suspected cranial fracture (basal, open, or depressed), neurological deficit,
coagulopathy, post traumatic seizure, age > 60y, high energy injury (i.e. fall from height, motor
vehicle accident etc.)

By several definitions, TBI is considered “mild” when the CT is negative, and due to the majority

III

of classifications, is considered “complicated mTBI”, or “moderate” TBI when any pathology can
be identified. In suspected mTBI CT may visualize small macroscopic hemorrhages such as
cerebral contusions, traumatic subarachnoidal hemorrhages, extra-, or subdural hematomas.
Nevertheless, small hematomas in patients with mTBI may remain hidden due to the partial
volume effect (mostly on the bone-brain interface) on the temporal and frontal skull bases. Such
hemorrhages in mTBI appear to progress within the first 2h after injury and reach their final

volume within 24h?%, It is of note that acute CT pathologies in mTBI may not predict the outcome

3 months after injury??, and clinical variables together with age may be stronger predictors for
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long term outcome?3. DAl is basically invisible in CT, punctual hyperdensities in the white matter,
as signs of microbleeds accompany DAI only very rarely.

The above listed limitations of CT in terms of resolution and/or outcome prediction ignited the
search for advanced neuroimaging modalities in mTBI.

The need of a CT in moderate and sTBI is not questionable. In these severity groups, the
occurrence of pathologies needing follow-up or intervention that can be detected by CT is very
high. Beyond its significance in the clinical management, unlike in mTBI, in moderate and sTBI,
CT plays an important role in setting up the prognosis. As mentioned before, clinical parameters
as GCS, alone have limited prognostic power. Countless CT signs and alterations have been tested
for their prognostic value?*. Not surprisingly, it turned out that some CT signs provide a better
prognostic value in combination than alone, efforts have been done to sort and weigh the most
important CT signs to create prognostic systems. The first such TBI CT classification and
prognostic system was the Marshall score?”, see Table 1.4.1. This system has been widely used

and validated?®.
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Table 1.4.1

Modified Marshall CT grade

|  Diffuse injury No visible pathology 1
||  Diffuse injury No lesions 2a

(With present cisterns,
midline shift 0-5mm and/or
small (< 25cc) high or >1 unilateral lesion 2c
mixed density lesions)

Only one lesion 2b

Bilateral lesions 2d
Diffuse injury and swellin
i Jury 8 I-1l + compressed or absent cisterns 3
IV Diffuse injury and shift I-lIl + >5mm midline shift 4
V  Evacuated mass lesion(s) Extradural 5a
Subdural 5b
Intracerebral 5c
>1 intra + extracerebral 5d
VI Non-evacuated mass lesion  Eytradural 63
(>25cc)
Subdural 6b
Intracerebral 6¢
>1 intra + extracerebral 6d

Later, Maas et al. tested the prognostic value of individual CT signs, such as midline shift, basal
cistern compression, intraventricular bleeding and traumatic subarachnoid bleeding. They
investigated if these, or a different distribution of the included signs might improve the Marshall
score. The addition of subarachnoid and intraventricular bleeding, and the further differentiation
of basal cistern compression, midline shift and mass bleeding brought a better prognostic effect.
This system is referred to as the Rotterdam score?’ (see Table 1.4.2.), and has been shown to be

a better prognostic tool than the Marshall score?® 22,
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Table 1.4.2.
Rotterdam CT classification
Predictor Score
Basal cisterns
Normal 0
Compressed 1
Absent 2
Midline shift
No shift or shift <5 mm 0
Shift >5 mm 1
Epidural mass lesion
Absent 0
Present 1
Intraventricular blood or subarachnoid hemorrhage
Absent 0
Present 1
SUM score +1

It can be noted, that midline shift and cistern compression is an important factor in both systems,
so one might conclude that bleedings or edema with a mass effect may be one of the most
frightening CT signs in TBl. The present score systems are based on largely subjective,
conventional CT scan reading. Research has focused on the possibility of enhancing the
prognostic value of CT in TBI when adapting quantitative image analysis for the aforementioned
CT signs, see chapter 1.5 - Quantitative CT in severe traumatic brain injury.

Prognostic power can be dramatically increased when clinical parameters are combined with CT
signs. Based on the investigation of several-thousand patients, the most important clinical and
CT parameters with the best weighting factor were described and included in the IMPACT
prognostic model?® 31, This model is freely available online (http://www.tbi-

impact.org/?p=impact/calc), and was externally validated3!. These prognostic systems can be
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used to predict 6-month mortality or unfavorable outcome, i.e. vegetative state or severe

disability.

Conventional MRI

Conventional MRI (T1-, T2-, proton density weighted, Fluid Attenuation Recovery -FLAIR)
generally depicts traumatic alterations, especially the focal ones in a more detailed fashion than
CT3234, MRI makes the evaluation of the brainstem, the subcortical gray matter and the
cerebellum easier. Generally, MRI reveals 10-30% more abnormalities than CT, the difference is
more pronounced in the less severe cases. However, in many cases of TBI, conventional MRl also
fails to detect the diffuse and subtle damage3> 3¢, and the clinical interpretation of the detected
lesions is debatable3’. The high expenses, low availability, relative and absolute contraindications
of MRI also significantly limit the role of MRI in acute TBI.

Although CT remains the gold standard imaging modality for acute TBI, MRI is recommended in
children and young women due to the absence of ionizing radiation. MRl may be superior to CT
48 hours after the injury, when bleeding may become isodense on CT scans but becomes well
identifiable on MR scans. Moreover, based on the altered magnetic properties of hemoglobin
degradation, MRl is able to precisely define the time of bleeding onset, i.e. is able to clearly depict
a series of re-bleeding that makes MRI an excellent tool for follow-up3® 3°.

However, the main interest regarding the use of MRI in TBI aims the advanced MRI methods,

which may be able to sensitively reveal traumatic microstructural and functional abnormalities,

see next chapter.
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1.5 Advanced imaging in traumatic brain injury

Here we define advanced imaging as quantitative modalities and/or post processing methods
that are available in research, but yet have not been widely applied in clinical environments. In
the field of mTBI, advanced imaging mainly means advanced MRI methods, as diffusion tensor
imaging (DTI), functional MRI (fMRI), volumetric analysis and susceptibility weighted imaging
(SWI) that offer very sensitive microstructural and functional mapping of TBI. Though a large set
of studies have conducted advanced MRI investigations in sTBI as well, their feasibility in sTBI is
clearly limited, not merely because of the issues related to patient management (anesthesia, MRI
safety issues), but also because the major pathologies such as bleedings, fractures and distorsions
constitute MRI artifacts and post-processing challenges.

In sTBI, advanced imaging offering novel insights into diagnosis and prognosis assessment mainly
involves quantitative CT analysis. Presently the CT signs are assessed qualitatively, quantitative
evaluation (e.g. midline shift) is restricted to the use of linear (1 dimensional) measurements.
Semi-automated 3-dimensonal, volumetric based assessment might enhance the evaluation of

traumatic CT signs.

The need for advanced MRI in mild traumatic brain injury

Mild TBI is a special field calling for advanced imaging, first of all MRl methods. The numerous

different definitions for mTBI and inconsistent terminology (e.g concussion, minor head injury,

minor brain injury, minor head trauma etc.) show that the confinement of this clinical category
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is pretty challenging. Diagnosis is mostly based on symptoms and self-reported history, yet no
generally deployable objective marker exists, however recent attempts for both imaging- and
biomarkers are promising. The most widely accepted criteria for mTBI are the following: blunt
trauma, Glasgow Coma Scale (GCS) of 13-15, brief period (< 30 min) of LOC, brief period (< 24h)
of post traumatic amnesia®® 4!, Inclusion of cases where CT scans show trauma related pathology
is debated, mostly these cases are excluded i.e. mTBI is considered to be CT scan negative.
Indeed, CT scans are normal in around 90% of the cases fulfilling the aforementioned criteria.
This is paradoxical considering the sometimes alarming neuropsychological signs and symptoms
of these patients. In these cases, probably the major part of the damage, which is related to a
certain degree of axonal = microstructural disintegration, is hidden on the CT scans. The

III

categorization of CT positive mTBI cases as “complicated mTBI” (e.g. finding of focal contusion)
seems to be useful because these cases generally deserve extra attention acutely. Focal lesions,
however may not predict the outcome 3 months after injury??, clinical variables together with
age may be stronger predictors?3.

Beyond the issues with definitions and diagnostic criteria the greater problem from a clinical
point of view is that signs and symptoms at admission are only very scarcely linked to the
prognosis and true severity of the injury. This means that e.g. LOC or the length of PTA is not
necessarily associated with the actual mechanical force suffered or the chance of developing
persistent posttraumatic complaints. It’s important to keep in mind that mTBI can be interpreted
as “mild” only when compared to moderate or sTBI known to be life-threatening. In itself, mTBI

is also potentially dangerous as in 10-30% of the cases it may lead to serious long term

complications significantly worsening life quality and also disabling work or social interactions*%
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43, Additionally, considering its extremely high incidence (up to 500/100.000) mTBI also deserves
to be called a public health problem. Long term complications may include long persisting acute
symptoms, as headache, dizziness, nausea, concentration/memory problems though new
complaints may also develop by time such as depression, sleeping disorders, or anxiety** >,
Patients suffering from repetitive mTBI, or even from repetitive sub-concussions are especially
exposed to long term complications®. This makes the decision on letting one back to work, or
return to play (in case of sports concussion) truly responsible®’. Still, without enough objective
information on mTBI related mechanisms, the background of long term complications is not fully
understood. It is debated, if they are a result of psychological or organic factors.

Until mTBI related pathomechanism remains elusive, therapeutic possibilities are also going to
be limited. Presently the only widely accepted treatment is rest, both physical and cognitive.
Medications used serve merely symptomatic treatment and their use is generally based on local
anecdotal evidence*®.

One reason why identification of the details of related mechanisms is delayed is that generally
histopathological examination is of course not possible. Human histopathological observations
are very scarce, from the rare cases when mTBI was accompanying fatal conditions by chance®.
The vast majority of histological information and data about pathomechanism of mTBI has been
therefore obtained from animal (mostly rodent) models (for an overview see *°). These models
allow an infinite range of controlled observations on different elements of brain injury, and have
provided irreplaceable findings so far. However all mTBI animal models suffer from the problem
that mTBI can only be interpreted truthfully at the complexity of the human brain. Most of the

signs and symptoms characterizing this condition are hardly transposable to animals, such as
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cognitive disorders, headache, dizziness, depression. To be simplistic, mTBI is grossly the damage
of a higher order fraction of the human brain that an animal does not even have.

The aforementioned concerns regarding mTBI diagnosis, prognosis evaluation and
pathomechanism have together called for the non-invasive, highly sensitive contemporary
imaging tools. Among single photon emission computed tomography (SPECT), positron emission
tomography (PET) and MRI, the latter has become the most widely applied in mTBI studies
because it’'s the most accessible, multimodal and is the least harmful since no ionizing radiation
is used and generally no contrast agent has to be administered either. Multimodality in MRI
means that this method, depending on actual acquisition parameters, can provide different
insights to the complex pathology of the damaged brain, from detailed microstructural to
functional components. Unlike classic neuroradiological scan evaluation, assessment of
advanced MRI data are often based on quantitative and statistical methods. This means that
though visible images are created here as well, the true information is held in the underlying
numbers allowing objective, often group-wise analyses.

One of the most promising methods in the field is diffusion tensor imaging (DTI) that is able to
detect change in water micro-compartments due to microstructural pathology such as axonal
deformation and swelling. Focal microscopic bleeds developing as part of DAl are most
successfully detectable by susceptibility weighted imaging (SWI), a method exploiting the
magnetic property of iron. High resolution, three-dimensional T1 weighted images allow precise
volumetric analyses to be performed shedding light on subtle changes in the brain

macrostructure, due to e.g. edematic and atrophic mechanisms following injury. Getting to
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functional level, the effect of injury on brain functions as perception or also cognitive tasks (as

typically affected memory and concentration functions) can be investigated fMRI.

Diffusion Tensor Imaging (DTI)

DTI measures Brownian movement of water molecules and applies at least six diffusion gradient
directions, thus is able to provide information on both the extent and directionality of diffusion®Z.
Fractional anisotropy (FA) refers to the degree of directionality, calculated from the ratio of
eigenvalues of the diffusion tensor, while mean diffusivity (MD) or the synonym apparent
diffusion coefficient (ADC) refers to the overall, directionally indifferent mobility of water
molecules. Diffusivity character in the brain is widely accepted to be associated with the fiber
tracts i.e. axons and myelin sheath®2. According to the classic theory, in the direction parallel to
axons diffusion is greater than perpendicular, since cell membranes and other structures restrict
diffusion. This is why white matter tracts can be visualized by DTI tractography. Though this
concept has never been exactly confirmed, tremendous empirical data shows that it works quite
well. FA and MD are very sensitive parameters indicating subtle alterations of white matter
because they are influenced by the axon density, -diameter, -continuity, myelin content, myelin
sheath thickness and interstitial water content. This way DTI can reveal individual differences
among healthy subjects as well, for example gender, age or education level are known to have
an effect on DTI parameters.

Therefore, it’s not surprising that DTl is able to detect axonal pathology in sTBI, however it might

be surprising that up till now it can be regarded as a fact that DTl finds white matter abnormalities
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in mTBI as well. These abnormalities include axonal disintegration related to shear-strain
deformation of the fiber structure, basically a mild form of DAl Changes in water micro-
compartments because of vasogen or cytotoxic edema may also be present, and are detectable
with DTI%3,

A large cohort of studies investigated diffusion in mTBI focusing on several different relations,
e.g. with age, acute or chronic phase, clinical symptoms or neuropsychological tests, recovery,
sport- and combat related injuries®*.

Findings of follow-up studies are also various. Some longitudinal studies revealed partial

normalization of DTI indices after different periods %>°’

, While other investigations indicated
traumatic microstructural alteration to be more permanent®® or even to evolve over time®®. There

are promising observations about the relation of DTI findings with cognitive or psychological

60, 61 57,63

dysfunction and clinical outcome®?, especially in moderate to severe cases
Beside temporal features of white matter changes, spatial characteristics also imply several
guestions. Though axonal pathology is regarded mostly diffuse in mTBI, it’s clear that some
regions must be more vulnerable due to general mechanical and anatomical rules even if
considering subject variability. For instance, posterior corpus callosum seems to be the most
susceptible to mild injuries®. In some cases, injury of a certain white matter tract is obviously
associated with the accompanying complaint. In other situations the complaint can rather be
linked to the extent of overall injury. Based on clinical history only, it's impossible to exactly draw
the model of biomechanical forces and thus predict the predominant site (fascicle) of injury,

though some attempts can be performed on e.g. sports concussion cases where video recordings

of the incident are available and can be analyzed by specialized computer algorithms. DTI offers
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retrospective assessment of the manifestation peak sites of axonal injury that can be correlated
with occurring signs and symptoms. For example in case of damage of tracts originating from
hippocampal areas impaired memory functions may be more easily understood. If imaging is
performed in the chronic phase, it’s challenging to decide if DTl abnormalities then are a cause
or a result of the clinical disorders, since mTBI independent disorders (as e.g. depression)
themselves may also be associated with DTl abnormalities®®. The specificity of posttraumatic
neuropsychological testing for DTI results in mTBI is a topic of debate as well, since non-TBI
factors may affect both®.

Though several aspects of DTl in TBI has been revealed, it’s unclear if DTl is still able to detect
alteration in very mTBI (GCS = 15, minor LOC, CT and conventional MRI normal). The literature is
scarce on understanding the acute dynamics of DTl parameters, the aforementioned different
(opposite) parameter findings may be explained by the different timing of the acquisitions. If
image acquisition timing affects DTl parameters after the injury, DTl dynamics should be

profoundly known to draw the proper conclusions from the findings.

Susceptibility weighted imaging (SWI)

Susceptibility weighted imaging is particularly sensitive in detecting both intravascular venous
deoxygenated blood and extravascular blood products®” 8. This method exploits the magnetic
property of heme iron. Iron causes local magnetic field distortion altering both T2 star relaxation
times and phase data that are measurable and can be visualized by proper MRI sequence (high

resolution fully velocity-compensated T2* 3D gradient echo). Anatomical structures do not
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appear well on these images, contrast is low between e.g. cortex and white matter or
cerebrospinal fluid (CSF), in turn iron content, most importantly bleeding is shown pronouncedly
in form of hypointense (black) lesions.

SWI was shown to be the most sensitive MRl modality for detecting micro hemorrhages, primarily
in pediatric TBI of mixed severity®® °. SWI does not only reveal more focal lesions in a certain
patient than other MRI modalities such as T2 weighted imaging, FLAIR, gradient recalled echo or
CT does, but SWI hemorrhagic lesions are also less likely to be overlooked. This is supported by
inter-rater-reliability data’ .

It was possible to explore correlation of SWI lesion number, volume and location with
neuropsychological functioning®® or with outcome’ in children. A pediatric patient can be
reliably placed in the spectrum of mild- to sTBI based on SWI, with a better prediction of cognitive
outcome’?.

In contrast, adult data and especially studies focusing strictly on mTBI are limited. A study proved
the superiority of SWI over CT or conventional MRI in sensitivity to microhemorrhage in a group
of adults including dominantly sTBI patients’.

Microhemorrhages do not seem to be that frequent in mTBI. Based on a study of amateur and
professional boxers’®, and on experiences of SWI using diagnostic centers, SWI lesions in mTBI
occur in about one or two out of ten patients. Thus, large cohorts are needed to make
correlations with clinical parameters possible. An attempt toward this was successfully done by
Yuh EL et al. who found that hemorrhagic lesion number of four detected early after injury can

be regarded as a threshold in predicting a poorer three month outcome’®.
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Based on SWI findings, it has been proposed to classify mTBI as hemorrhagic and non-

hemorrhagic’®. The clinical importance of this classification still needs to be addressed.

Volumetric analysis

Brain volume changes like edema and chronically developing atrophy are long while known
mechanisms in sTBI. These dramatic volume disorders can be well evaluated by classical manual
morphometric measurements. Different manifestations of brain atrophy following injury were
identified in a large number of morphometric studies conducted on mixed (mainly moderate to
severe) TBI populations®®" 77: Injury severity or cognitive function was correlated with atrophy
rate’® °. In one group outcome the was found to be independent from atrophy®. Some studies
presented the association of post-traumatic stress disorder with atrophy of whole brain®, corpus
callosum?®, anterior cingulum® and hippocampus®.

However in mTBI the volume changes are not that apparent, i.e. if present at all, they are too
subtle for routine neuroradiology methods to detect them, hence far less data are available.
Furthermore, an important point is that in case of comparing two healthy subjects’ brain volumes
even when normalizing for total intracranial volumes (ICV) we can find great differences between
structure volumes. For instance if we compare the normalized ventricular volume of two healthy
subjects of same age, gender, education, two-fold or even bigger difference can be found. Hence
it's clear that detecting a volume change of a few percent and regarding it trustworthily as a
consequence of mTBI is quite problematic. For such investigations, structural images of the

highest possible resolution are needed beside proper quantitative-automatic volumetric analysis
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algorithms and high-enough subject number. Follow up arrangement is also advantageous®.

Among the yet few volumetric studies focusing on homogenous mTBI groups, MacKenzie et al.
found global atrophy developing in 3 months in a group of mild and moderate injured patients
that was correlated with LOC®. The presence of atrophy in mTBI was supported by others as

15, Gray matter atrophy was detected years after injury by Cohen et al. in a mTBI group®’.

wel
Messe et al. showed decreased gray matter volume, but this was not predictive for outcome®.

Though group-wise studies providing valuable data of mTBI volumetric changes are growing, yet
the single time point volumetric assessment at subject level is not informative enough in mTBI.
However, follow-up volumetric analysis was shown to possibly be beneficial in single cases as

well®,

Functional MRI (fMRI)

Functional MRI detects local hemodynamic changes following increased metabolic rate in neural
activity, by measuring the blood oxygen level dependent (BOLD) contrast®?: 88,

Specific cognitive, motor, memory tasks or sensory stimulation are repeated and the associated
BOLD signals are recorded®. Investigation of functional connectivity reveals brain areas with
correlated fluctuations (i.e. coupled functionality) during an experimental task or resting state (in
the absence of any active task or external stimulus)®.

Cognitive disorders such as impaired processing speed, concentration and memory problems are

typical in mTBI. Functional MRl is hence a plausible tool in mTBI to better understand underlying

neural function abnormalities and plasticity, or to detect specific mTBI related functional
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patterns®®. An outstanding advance of fMRI is the opportunity of measuring actual task
performance of a patient simultaneously with functional imaging. For example, during a memory
task, the number of correct answers or reaction speed can be quantified. This helps the observer
interpret the findings, e.g. additional activations in an injured patient performing just as good as
a control subject are indicating compensational neural recruitment.

Most studies concentrated on memory functions, especially working memory®%. The altered
activation of primarily the dorsolateral prefrontal cortex was suggested to underlie working

%-% |n these

memory dysfunctions. A few studies focused on declarative/episodic memory
studies, various injury related changes of BOLD signal level and distribution were detected. Some
investigators found attenuated activation in mTBI patients compared to healthy individuals that
may be a result of injured neural networks®> % 9100 Others reported increased or additional
activation, i.e. involvement of new, normally silent areas®® % % Latter findings are generally
explained to be an effect of neural reorganization or functional accommodation. The discrepancy
across these findings of hypo- and hyperactivation patterns in mTBI memory tasks was somewhat
solved by a recent study pointing out the significance of a working memory task being a
continuous or a discrete task!®L.

Correlations between BOLD signal change and neuropsychological findings or task performance
were proposed by some studies® % % however the alteration of BOLD signal distribution was
observed independent of clinical complaints or performance as well®® %, Because fMRI can reveal
abnormal brain activity beside normal behavioral performance of the patients, it was suggested

to be a more sensitive tool for neuropsychological evaluation than classical tests are'®. A
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relatively low number of longitudinal studies showed the cessation of symptoms over time to be
associated with the normalization of cortical patterns®® 1%,

The recent wave of resting state fMRI studies on mTBI patients provided further important
insights to the functionality of the injured brain. In this method, the brain’s intrinsic connections
(functional connectivity) are mapped by the analysis of low frequency fluctuations. An important
network of the resting (or deactivation) state of the brain is called default mode network. Default
mode network involves brain areas as medial prefrontal cortex, parietal and retrosplenial areas®.
The extent of these areas and their connectivity strength may get altered due to injury.
Depending on the explored areas, both decreased and increased connectivity were registered'%
107 Alterations in the default mode network connectivity were suggested to be predictive for not
only the acute neuropsychological complaints'® 1%, but for the later developing post-concussion
syndrome as well®3.

Abnormal functional patterns in mTBI can be interpreted both as cause or consequence of
neuropsychological malfunction. This takes the question to a near philosophical question. If
certain cortical areas or linked axonal pathways are injured and cause complaints, those may
appear as altered function. It is also possible that injury causes a more general and complex
abnormality and a certain local BOLD signal alteration is only a mark of that. Integration of
structural and functional connectivity data may be a subsequent step to elucidate these
dilemmas'®,

Because of the inherent heterogeneity of mTBI, an effort has to be made to study larger and

more characterized cohorts by means of injury type, age, psychosocial factors, image acquisition

timing following injury.
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Quantitative CT in severe traumatic brain injury

The present sTBI CT evaluation protocols are mainly based on the subjective reading of the
images resulting in qualitative findings regarding the presence or the absence of certain
pathologies. An exclusion is the assessment of the midline shift, for which a linear measurement
is applied, i.e. the distance between the septum pellucidum and the theoretical midline (a line
connecting the anterior and posterior internal protuberances) of the brain is measured at the
level of the interventricular foramina. Rough volumetric estimation of the mixed or high density
lesions, to describe if the lesion is over or under 25ccm, may be used to define grades 4 and 6 in
the Marshall score. However, in these cases not the actual extent of the pathology (actual size of
midline shift in millimeters, or actual size of lesion) is used for further analysis or prognosis
assessment, but the “binary output” referring again to the presence or absence of the pathology.
One may address the question, if quantification of the pathologies such as cistern compression
rate, lesion volume, actual midline shift, bleeding volume etc. might further increase the
prognostic value of the CT scans. The literature upon this question is surprisingly scarce. A
number of studies proposed linear measurements?® 19 110 that are simple enough to be
performed in a clinical set as well, however, results from these approaches did not conclusively
overcome the conventional CT reading. A reason for this supposedly is that linear measurements
are very biased by slice plane and orientation and so might not be sensitive enough to carry extra
information. Two-dimensional (area) measurements are affected by the same issue. One way to

avoid this problem is to perform three-dimensional, multi-slice measurements. This can be
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performed by manual, semi-automated and fully automated techniques, but neither can be
widely applied for clinical purposes yet because of their time or software dependence. However,
from a scientific point of view, these techniques might be of interest, since they can shed light to
alterations and correlations that are not obvious for the bare eye. Through this,
pathomechanisms might be better understood. A study applying quantitative analysis has shown
that predictive CT markers are largely inter-related, and their importance may be linked to their
status as surrogate measures of a more fundamental underlying clinical feature, such as the
severity of intracranial mass effect!?. This study also has shown that the quantitative markers
might improve outcome prediction. Yet understanding the temporal features of CT sign inter-

relations is necessary.



30

Il. AIMS

The aim of the present thesis is to test if advanced neuroimaging can provide better insights into
TBIl induced alterations, thus aiding TBI diagnosis.

Advanced MRI techniques were applied in mTBI patients where conventional imaging completely
fails to detect any pathology. Quantitative CT was applied in sTBI patients for whom MRI is often
not applicable because of practical factors, however objective parameters might provide

important additional information that may be missed during conventional CT reading.

Specific aims:

1. To clarify if advanced MRI such as DTI, volumetric analysis, fMRI, SWI are able to detect any
brain alterations in the acute to subacute phase after injury in mTBI patients with completely

negative CT and routine MRI (T1W, T2W, FLAIR) scans (=”"uncomplicated mTBI” patients).

2. To develop a quantitative assessment method of lateral ventricle asymmetry and test if lateral
ventricle volume asymmetry might precede midline shift and so might be an early prognostic

marker.
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lll. ADVANCED MRI IN MILD TRAUMATIC BRAIN INJURY

3.1 Subjects and methods

Subjects

Fourteen patients (five females) from the outpatient unit of the department of Neurosurgery
with history of mTBI participated in this study. Patients fulfilled the criteria of “uncomplicated”
mTBI'!2, Patients had a Glasgow Coma Scale of 15, LOC for less than one minute, PTA for less than
30 minutes (based on the Galveston Orientation and Amnesia Test!!3) and negative
posttraumatic CT. Exclusion criteria consisted of history of a neurological or psychiatric disease,
alcohol abuse, substance dependence, an earlier TBI and MR incompatibility. All patients were
right-handed according to the Edinburgh Handedness Inventory 4. A control group of 14 age-
and sex-matched healthy volunteers following the same exclusion criteria were also involved in
the study. All subjects gave a written informed consent under a protocol approved by the local
ethical committee. Demographic characteristics of patient and control groups are shown on

Table 3.1.1.
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Table 3.1.1.
Demographic characteristics of patient and control groups

Data Patients (n = 14) Controls (n = 14) (p)
Age (y)

Men 34,3+ 19,4 (20-72) 35+19,6 (20-71) 0,94

Women 36 £ 18,6 (21-61) 37,2+ 18,6 (21-58) 0,92

Total 34,9 + 18,4 (20-72) 35,8 + 18,5 (20-71) 0,90
No. of women 5 5 1
Education (y) 13,4+2,2 13,8+ 2,5 0,69
Right handedness 14 14 1

Data are mean; £ standard deviation; numbers in parentheses are the ranges

Image acquisition

Initial MRI data of patients were acquired within 72 hours after injury (mean: ~2 days, ranging
from 12 hto 72 h, referred to as 72h). The second acquisition was performed approximately one
month later (mean: 35 days ranging from 28 days to 43 days after injury, referred to as one
month). The control group also underwent the two time point acquisition with a similar time
frame (average 30 days difference ranging from 27 to 36).

Magnetic resonance imaging was carried out on a Siemens Magnetom TIM Trio 3 Tesla scanner
(Enlargen, Germany) with a 12 channel standard head coil. The sequences consisted of high
resolution T1-weighted scan (MPRAGE) for volumetric analysis, T2-weighted scan, DTl and SWI
which were applied on all subjects. After the localizer scanning for proper orientation, shimming
was carried out to maximize field homogeneity.

Anatomical imaging: T1-weighted high resolution images were obtained using a three-

dimensional (3D) MPRAGE sequence (TR /Tl / TE =1900 / 900 / 3.41 ms; Flip Angle = 9°; 160 axial
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slices; slice thickness = 0.94 mm; no interslice gap; FOV = 210 x 240 mm?; matrix size = 224 x 256;
receiver bandwidth = 180 Hz/pixel).

T2 weighted images were acquired using a turbo spin echo sequence (TR / TE = 6000 / 93ms; Flip
Angle = 120°; 30 sagittal slices; slice thickness = 4 mm; no interslice gap; FOV = 193 x 220 mm?;
matrix size = 280 x 320; receiver bandwidth = 220 Hz/pixel.

DTI: DTl was performed using a 2D single-shot diffusion-weighted, spin-echo, echo-planar
imaging (EPI) sequence. Diffusion tensor imaging was achieved using twenty optimum non-
collinear encoding directions with a diffusion weighting of b = 700 s/mm? and a single volume
was collected with no diffusion gradients applied. (TR / TE = 8500 / 90 ms; 60 axial slices, slice
thickness = 2 mm; FOV = 208 x 256mm?; matrix size = 208 x 256; receiver bandwidth = 1563
Hz/pixel; 4 averages. The total acquisition time was 12 minutes.)

Advanced shimming was performed prior to the DTI acquisition to optimize the homogeneity of
the magnetic field across the brain and to minimize EPI distortions.

SWI: 3D gradient echo SWI sequence was run with following parameters: (TR / TE =27 / 20 ms;
72 axial slices; slice thickness = 1.5 mm; flip angle = 15; matrix size = 182 x 256; FOV =173 x 230
mm?; receiver bandwidth = 120 Hz/pixel).

fMRI: A subset of the subjects (10 patients and 10 control subjects) also underwent fMRI at both
time points using the following data acquisition and tasks:

Functional imaging was carried out using 2D single-shot spin echo echo-planar imaging (EPI)

sequence with the following parameters during
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(1) hometown walking task: TR / TE = 3000 / 36 ms; Flip Angle = 83°; axial slice plane was
adjusted to the plane of hippocampus relying on T2 images; 27 slices; slice thickness = 3 mm; no

interslice gap; FOV = 200 x 200 mm; matrix size = 128 x 128; receiver bandwith = 1185 Hz/pixel

(2) covert word generation task: : TR / TE = 2000 / 36 ms; Flip Angle =76°; 23 axial slices;
slice thickness = 4 mm; no interslice gap; FOV = 210 x 210mm?; matrix size = 92 x 92; receiver

bandwidth = 1360 Hz/pixel

Interleaved slice order was applied to avoid crosstalk between contiguous slices. A total of 165
volumes were acquired during the hometown walking task and 210 volumes during the covert

word generation.

Subjects were positioned supine in the scanner. Foam cushioning was used to immobilize the
head within the coil to minimize motion degradation. The process of MRI examination and the

task paradigms were explained in details previous to the image acquisition.

Hometown walking task paradigm

To evaluate declarative memory retrieval, Roland’s hometown walking task!'> was adopted for
fMRI similarly as in previous studies'® 117, The task design was made up of five activation blocks
and five baseline blocks each lasting 45 seconds, alternating. The blocks were introduced by

relevant single words using the headphone designed especially for fMRI (NordicNeurolab,
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Bergen, Norway). The proper sound volume was adjusted before the examination. The task was
explained to the participants in detail before scanning and an individual hometown walk
encompassing a central point, main landmarks as destinations was prepared. During the active
block the subjects were asked to mentally navigate through the different routes among
landmarks and to imagine as many details as possible while navigating. Subjects were instructed
to look around if they reached the destination before the baseline condition. After 45 seconds,
each route was interrupted by the baseline task. The baseline condition consisted of covertly
counting odd numbers starting with 21 to hold patients back from further spontaneous mental

navigation and to avoid the possible disturbing effect of the attention caused contrast.

Covert word generation task paradigm

This task involved alternating active covert word generation and passive resting state periods in
a block design as presented earlier!'® 119 Both periods lasted 30 seconds and the cycles were

repeated seven times. The beginning of an active period was cued by a certain letter that was
given to the subject via a headphone designed for fMRI. During active condition, subjects were
asked to mutedly generate as many words as possible beginning with the given letter. The end
of the active period was indicated as well. The patients were asked not to move at all, including
pronunciation during the examination and were observed through a camera for further
confirmation. To avoid disturbing effects of visual processing and linked functions such as

working memory, the patients were told to keep eyes closed.
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Data processing

Diffusion tensor imaging and Tract-Based Spatial Statistics (TBSS)

Initial diffusion image processing was carried out to generate Tract-Based Spatial Statistics (TBSS)
input data using the FDT tool (FMRIB'’s Diffusion Toolbox), part of FSL (FMRIB's Software Library,
www.fmrib.ox.ac.uk/fsl)1?°. The steps included eddy current correction and motion correction
using a 12 parameter affine registration to a reference volume (i.e. non diffusion weighted data,
b =0s/mm2), averaging of the four sets of 20 diffusion directions and automated brain extraction
with BET (Brain Extraction Tool)*!, which was manually supervised to avoid incorrect brain
extraction. Diffusion data was then fed into DTIFit?° to calculate the diffusion tensor model for
each brain voxel and subsequently to compute FA and MD values from the tensor’s three
eigenvalues!??,

Voxelwise statistical analysis of the FA data was carried out using TBSS'%3, part of FSL'2°. TBSS
projects all subjects' FA data onto a mean FA tract skeleton in standard space, before applying
voxelwise cross-timepoint or cross-group statistics. We run TBSS for other diffusion-derived data,
MD as well. The voxelwise statistics were performed on skeletonized data using the permutation-
based non-parametric Randomize analysis, involved in FSL'?4. The two time point FA and MD data
from both mTBI and control groups were compared by non-parametric paired t-test to maximize
statistical power. We compared the mTBI to control group by non-parametric unpaired t-test, in
both first and second time points. Results were considered significant for p < 0.05, corrected for

multiple comparisons using ,threshold-free cluster enhancement”, which avoids making an
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arbitrary choice of the cluster-forming threshold, while preserving the sensitivity benefits of

clusterwise correction.

Volumetric analysis

T1-weighted high resolution images were fed into volumetric segmentation that was performed
with the FreeSurfer image analysis suite (Athinoula A. Martinos Center for Biomedical Imaging,
2005)1%>131 This processing includes the removal of non-brain tissue using a hybrid
watershed/surface  deformation procedure!3!, automated Talairach transformation,
segmentation of the subcortical white matter and deep gray matter volumetric structures?” 132,
intensity normalization'33, tessellation of the gray matter-white matter boundary, automated
topology correction®3* 135, and surface deformation following intensity gradients to optimally
place the gray/white and gray/CSF borders at the location where the greatest shift in intensity
defines the transition to the other tissue class!?*> 126:13¢_Each of the following steps were checked:
the Talairach transform, the accuracy of the skull strip, the accuracy of the white matter and pial
surface segmentation. Corrections were performed when necessary. The output volumes of
cortex, white matter, corpus callosum, ventricles, extracerebral CSF, hippocampus, amygdala,
pallidum, caudate nucleus, thalamus, and nucleus accumbens were statistically compared
between first and second time point by simple paired t-test, both in traumatic and control groups.
Analysis between patient and control groups was carried out using unpaired t-test on volumes

normalized to ICV.
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Longitudinal brain volume change calculation and illustration were carried out on MPRAGE
images using FSL “SIENA” package *?° . First, percentage brain volume changes between two time
points were estimated. Next, for each subject, the edge displacement image (encoding, at
brain/non-brain edge points, the outwards or inwards edge change between the two time points)
was dilated, transformed into MNI152 (Montreal Neurological Institute and Hospital developed
standard space, http://nist.mni.mcgill.ca/?page_id=714) space, and masked by a standard
MNI152-space brain edge image. This way the edge displacement values were warped onto the
standard brain edge'®’. Next, the resulting images from all subjects were fed into voxelwise
statistical analysis using Randomize tool'?* (non-parametric paired t-test, results were considered
significant for p < 0.05, corrected for multiple comparisons using ,threshold-free cluster
enhancement”) to test brain volume change in the traumatic and control group between the 72h

and one month measurements.

Susceptibility weighted imaging

Susceptibility weighted images were searched for hemorrhagic lesions by a board-certified

neuroradiologist.

Functional MRI

Pre-processing and statistical analysis were performed using FEAT (FMRI Expert Analysis Tool)

Version 5.98, part of FSL. Pre-processing included BET (brain extraction tool, part of FSL)!3%,
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MCFLIRT (motion correction FMRIB'’s linear image registration tool)3°, spatial smoothing with 5
mm full width at half maximum and high-pass temporal filtering with 120 s cut-off. The temporal
filtering applied to the data was used for the model as well. Whole brain general linear model
(GLM) time-series statistical analyses of individual data sets were carried out using FILM (FMRIB's
Improved Linear Model) with local autocorrelation correction'4?. To model the BOLD response a
box-car function with “task” vs. “rest” conditions was convolved with the FSL's canonical gamma
haemodynamic response function (HRF). The temporal derivative of this waveform was also
included in our design-matrix to correct for slight overall temporal shifts between the model and
the data.

Single session data sets were registered into standard space using a three-step process. First,
low-resolution fMRI data from each subject were registered to that subject's (brain-extracted)
high-resolution T1 weighted structural image (7 degrees-of-freedom linear fit). Second, the high-
resolution image was registered to the MNI152 standard brain image (12 degrees-of-freedom
linear fit) using FLIRT (FMRIB’s linear image registration tool )'3°. Third, the registration from
structural image to the standard space was further refined using FNIRT (FMRIB’s non-linear image
registration tool)**" 42, The resulting linear and non-linear deformations were combined
mathematically and applied to the first-level statistical maps to take them into standard space.
Interpolation was only used for the final step, not in the registration calculations.

Next, second-level mixed effects analysis was carried out using the first level statistical maps to
test for mean group activations within group changes over the one-month period and differences
between the control and mTBI groups. For a more accurate group analysis, the option FLAME

(FMRIB's Local Analysis of Mixed Effects) with both stages (FLAME 1+2) was chosen. This option
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includes a full MCMC (Markov Chain Monte Carlo sampling) based analysis of voxels close to
threshold that is advantageous at small sample sizes (n < 10). To calculate group average
activation maps (e.g. < 72h acquisition in mTBI group) the “single group average” model was set
up. Group average deactivation maps were also produced. When calculating extraction based
contrast maps between time points of one group (e.g. < 72h data minus 1 month data and vice
versa in mTBI group) the “two groups, paired” design was applied (paired t-test). When
calculating contrast maps between groups (control group minus mTBI group and vice versa at
both < 72h and 1 month) the “two groups, unpaired” design was selected (unpaired t-test).
Average activation maps for both groups at both time points and contrast maps of all possible
variations were calculated.

Statistical map thresholds were set using clusters determined by Z > 2.3 and a corrected cluster

significance of p < 0.0543,

3.2 Results

Structural images

T1- and T2-weighted structural images were found to be free of trauma related pathology.
No low-signal foci referring to microhemorrhages were apparent on the SWI in the traumatic or

in the control group.
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Tract-Based Spatial Statistics

Longitudinal analysis:

TBSS analysis between 72h and one month acquisition of traumatic patients showed significant
difference (corrected p < 0.05) in voxels of anterior corpus callosum, right corona radiata and
internal capsule for both FA and MD values. FA was lower, while MD was higher at 72 h than after
one month (see Fig. 3.2.1. and Table 3.2.1. for details). No voxels appeared to be significant on
the opposite contrasts (72h > 1 month for FA, one month > 72h for MD). The two time point

comparison of control subjects revealed no statistical difference regarding MD or FA.
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Fig. 3.2.1. Results of the Tract-Based Spatial Statistics (TBSS) analysis of the 72h and 1 month data
of the mTBI group. The red-yellow voxels represent significantly (corrected p < 0.05) decreased
fractional anisotropy (FA) and increased mean diffusivity (MD) values in the 72h data compared
to the one month data. Significant voxels are thickened into local tracts and overlaid on the group
mean WM skeleton (green), and the group mean fractional anisotropy (FA) image (grayscale).
Images are shown in radiological convention (right = subject’s left). Slice coordinates (MNI 152

aligned anatomical): x=0mm, y =10 mm, z=22 mm
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Cross-sectional analysis: imaging within 72h after injury:

Comparison between the mTBI group’s 72h imaging and the control group’s first time point
imaging showed FA to be significantly decreased (corrected p < 0.05) and MD to be significantly
increased (corrected p < 0.05) in the traumatic group diffusely in several white matter tracts of
both hemispheres (see Fig. 3.2.2. and Table 3.2.1. for details). The contrast of control group MD

minus mTBI group MD, or mTBI group FA minus control group FA yielded no significant voxels.
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Fig. 3.2.2. Results of the Tract-Based Spatial Statistics (TBSS) analysis of the control and mTBI
group at the 72h. The red-yellow voxels represent significantly (corrected p < 0.05) decreased
fractional anisotropy (FA) and increased mean diffusivity (MD) in the mTBI group compared to
the control group. Significant voxels are thickened into local tracts and overlaid on the group
mean WM skeleton (green), and the group mean fractional anisotropy (FA) image (grayscale).
Images are shown in radiological convention (right =subject’s left). Slice coordinates (MNI 152

aligned anatomical): x=0mm, y=-10 mm, z=7 mm
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Cross-sectional analysis: imaging at one month:

The comparison of mTBI group data at one month to control group data at the second time point
also highlighted significantly (corrected p < 0.05) reduced FA in the mTBI group, but only in the
right hemispherium, in much smaller extent (see Fig. 3.2.3. and Table 3.2.1. for details). The
opposite contrast did not reveal any significant results. MD values showed changes in the

opposite direction as FA values, but without reaching statistical significance.
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Fig. 3.2.3. Results of the Tract-Based Spatial Statistics (TBSS) analysis of the control group and
mTBI group at one month. The red-yellow voxels represent significantly (corrected p < 0.05)
decreased fractional anisotropy (FA) in the mTBI group compared to the control group. Significant
voxels are thickened into local tracts and overlaid on the group mean WM skeleton (green), and
the group mean fractional anisotropy (FA) image (grayscale). Images are shown in radiological
convention (righ = subject’s left). Slice coordinates (MNI 152 aligned anatomical): x =0 mm, y = -

17 mm, z=19 mm
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Table 3.2.1.

Details of significant (corrected p < 0.05) voxels yielded by TBSS

Contrast Voxel no. Average? pP
72h 1 month
FA
mTBI 72h < mTBI 1 month 3408 0.5653 0.5883 0,041
mTBI Control
mTBI 72h < Control 40737 0.4994 0.548 0,01
mTBI 1 month < Control 1932 0.5541 0.612 0,045
MD¢
mTBI 72h > mTBI 1 month 7450 8.12 7.7 0,032
mTBI Control
mTBI 72h > Control 39078 7.9 7.36 0,005
mTBI 1 month > Control 0 - - 0,084

@Average values of subjects’ white matter “skeleton” voxels that were yielded significantly different in
given contrast. PP value for voxel with highest statistical difference €104 mm?/sec.

Fig. 3.2.4 illustrates the relations of FA and MD values found across sessions and groups.

T
—FA
A
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Initial 1 month

mTBI

FA

Control

Fig. 3.2.4. Illustration of relations of FA and MD values
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Volumetric analysis

FreeSurfer volumetric segmentation:

Significant differences (p < 0.05) were detected between the 72h and one month volumes of the
cortex, ventricles and extracerebral CSF in the mTBI group. Cortical grey matter volume at 72h
was larger than at one month. Ventricular (more pronouncedly lateral ventricle) and
extracerebral CSF volume was lower at 72h. No significant volume change over time was found
in other investigated structures such as white matter, hippocampus, amygdala, pallidum, caudate
nucleus, nucleus accumbens and thalamus. The average loss of cortical volume over one month
was 1.02%. Gain of average ventricular volume over time was 3.4%. Volume changes in control
group were not significant. Table 3.2.2. shows details of longitudinal brain structure volume
comparison in the mTBI and control groups. Cross-sectional comparison of any normalized (to
ICV) brain structure volumes revealed no significant difference between control and traumatic

group either at 72h or one month, see Table 3.2.3.
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Table 3.2.2.
Longitudinal comparison of brain structure volumes (pl) in mTBI and control groups
mTBI Control
72h 1 month Initial 1 month

Structure Mean (SD) Mean (SD) p? Mean (SD) Mean (SD) p®

Cortical GM 474917 (69264) 470068 (65550) 0,029 479175 (52835) 478777 (51015) 0,44
Ventricles 20198 (16545) 20882 (16830) 0,023 20860 (16443) 20920 (16151) 0,38
\L/Ztnet:';"clles 16857 (14736) 17558 (15075) 0,007 17160 (14800) 17212 (14717) 0,34
E.C. CSF 1402 (572) 1466 (597) 0,013 1436 (315) 1444 (300) 0,3

E.C. CSF = Extra cerebral cerebrospinal fluid; GM = Grey matter; SD = Standard deviation ®Paired t-test

Table 3.2.3.
Comparison of brain structure volumes between mTBI and control subjects
mTBI 72h mTBI 1 month Control

Structure Mean (SD) p® Mean (SD) p? Mean (SD)
Cortical GM /ICV 0,3601(0,0424) 0,41 0,3569 (0,0409) 0,49 0,3568 (0,0352)
Ventricles/ICV 0,0148 (0,0111) 0,47 0,0153 (0,0114) 0,43 0,0145 (0,0104)
Lateral ventricles/ICV ~ 0,0123 (0,0099) 0,45 0,0129 (0,0102) 0,40 0,01189 (0,0097)
E.C. CSF/ICV 0,00105 0,47 0,00110 0,32 0,00104

(0,00039) (0,00041) (0,00019)

E.C. CSF = Extra cerebral cerebrospinal fluid; GM = Grey matter; ICV = Intracranial volume; SD = Standard
deviation 2Unpaired t-test
FSL SIENA:
Analysis of edge displacement data (edge flow) showed significant outwards edge movement in
several voxels lining the 3rd and the lateral ventricles from the 72h to one month imaging in the
traumatic group, as it is presented on Fig. 3.2.5. Opposite edge displacement (inwards) or edge

displacements in control group were not significant.
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Fig. 3.2.5. Results of voxel based multi-subject SIENA analyis in the mTBI group. Blue voxels
indicate significant (p < 0.05) outward edge displacement over time in the traumatic group. Slice

coordinates in MNI 152 space: x=-14y=-182z=20

Functional MRI

All participants were able to perform the fMRI tasks and gave feedback reporting that they had

performed the tasks according to the instructions given.

Cortical patterns during hometown walking task:

Average activation map of the mTBI group at <72h is presented on Fig. 3.2.6. Activation was
detected bilaterally in the parahippocampal gyri, temporal fusiform cortex, precuneus cortex and
lateral occipital cortex; details are listed in Table 3.2.4. No marked difference appeared by visual
inspection when comparing the <72h average activation map to the activation map at 1 month,

or to activation map of the control group at any time point.
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Figure. 3.2.6. Average activation map related to hometown walking task of the mTBI group at

<72h after injury. Significant clusters (red-yellow, Z > 2.3, p < 0.05) are overlaid on standard MNI
152 brain images. Cortical activation clusters appear in bilateral parahippocampal gyri, temporal
fusiform cortex, precuneus cortex and lateral occipital cortex. Images follow radiological

convention (R = Subjects right).

Longitudinal analysis, i.e. contrast of <72h and 1 month images of the traumatic group revealed
significantly (Z > 2.3, p < 0.05) higher BOLD signal at 1 month bilaterally in voxels of the
parahippocampal gyri and temporal pole (Fig. 3.2.7.). Details are listed in table 3.2.4. BOLD signal

was not significantly higher in any voxels at the <72h acquisition.
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Figure. 3.2.7. Comparison of <72h and 1 month activation related to hometown walking task in
the mTBI group. Red-yellow clusters (overlaid on MNI 152 standard brain) represent brain regions
where significantly (Z > 2.3, p < 0.05) higher BOLD signal was observed at 1 month compared to
<72h. These clusters are located bilaterally in the parahippocampal gyri and the temporal pole.

Images follow radiological convention (R = Subjects right).

In the control group, apart from a subtle cluster (275 voxels) referring to significantly (Z > 2.3, p
< 0.05) higher BOLD signal at the first acquisition compared to the second at the occipital lobe
(table 3.2.4.), no significant differences were observed between the first and second measures.
The contrast of mTBI and control data revealed no significant (Z > 2.3, p < 0.05) differences in

BOLD signal.
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Table 3.2.4.
Local maxima related to hometown walking task
Analysis Cluster Voxel# Zmax x y z Anatomical area
mTBI 72h 1 2212 9.29 -20 -40 -18 Parahippocampal gyrus p.d. (L)
7.02 -28 -32 -26 Temporal fusiform cortex p.d. (L)
5.64 -22 -16 -30 Parahippocampal gyrus a.d. (L)
2 1591 6.54 20 -34 -18 Parahippocampal gyrus p.d. (R)
5.37 30 -32 -20 Temporal fusiform cortex p.d. (R)
4.6 22 -16 -30 Parahippocampal gyrus a.d. (R)
3 648 6.06 0 -68 54 Precuneus cortex
4 505 5.78 -34 -76 42 Llateral occipital cortex s.d. (L)
5 451 4.37 50 -70 36 Lateral occipital cortex s.d. (R)
mTBI 72h > 1 month - - - - - - -
mTBlI 1 month>72h 1 1415 4.22 54 10 -36 Temporal pole (R)
2.9 16 -6 -28 Parahippocampal gyrus a.d. (R)
2 1333 3.82 -54 6 -32 Temporal pole (L)
3.36 -20 -18 -28 Parahippocampal gyrus a.d. (L)
2.65 -18 -32 -20 Parahippocampal gyrus p.d. (L)
Control 15t > 2™ 1 275 3.6 16 -88 46 Occipital pole

Control 2" > 15t

List of local maxima in group analyses related to hometown walking task cortical activations. The x-, y- and

z-values correspond to the MNI coordinates of local maxima in mm. More local maxima are reported in

each cluster when the cluster encompasses more than one anatomical location. L = left hemisphere, R =

right hemisphere, a.d. = anterior division, p.d. = posterior division, s.d. = superior division.
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Cortical patterns during covert word generation task:

Covert word generation task related average activation map of the mTBI group at <72h is
presented on Fig. 3.2.8. Activation was detected in the left inferior frontal gyrus triangular and
opercular part (Broca area), frontal orbital cortex, supplementary motor area, right insula and
cingulate gyrus, see table 3.2.5. Subcortical activations occurred in the caudate nucleus, thalamic
nuclei, putamen and pallidum bilaterally. No marked difference appeared by visual inspection

when comparing the <72h average activation map to the activation map at 1 month, or to

activation map of the control group at any time point.

Figure. 3.2.8. Average activation map related to covert word generation task of the mTBI group
at <72h after injury. Significant clusters (red-yellow, Z > 2.3, p < 0.05) are overlaid on standard
MNI 152 brain images. Cortical activation clusters appear the left inferior frontal gyrus triangular
and opercular part (Broca area), frontal orbital cortex, supplementary motor area, right insula

and cingulate gyrus. Images follow radiological convention (R = Subjects right).
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Contrast of the <72h and 1 month measurements of the traumatic group revealed significantly
(Z > 2.3, p < 0.05) higher BOLD signal at <72h compared to 1 month mainly in the medial

prefrontal cortex (Fig. 3.2.9.). Exact locations are presented in table 3.2.5. The opposite contrast,

i.e. 1 month data minus <72h data showed no significant results.

Figure 3.2.9. Comparison of <72h and 1 month activation related to covert word generation task
in the mTBI group. Blue-light blue clusters (overlaid on MNI 152 standard brain) represent brain
regions where significantly (Z > 2.3, p <0.05) higher BOLD signal was observed at <72h compared
to 1 month. These clusters are located in the medial prefrontal cortex and cingulate gyrus

posterior division. Images follow radiological convention (R = Subjects right).

The contrasts of the two time point data in the control group can be seen on Fig. 3.2.10. First
time point minus second showed significant (Z > 2.3, p < 0.05) difference in BOLD signal in the

right frontal opercular cortex and left subcortical areas. Second time point minus first showed
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significant difference in the left anterior hippocampus. Cluster details are included in Table 3.2.5.

The contrast of mTBI and control data has revealed no significant (Z > 2.3, p < 0.05) differences.

®

Figure 3.2.10. Comparison of first and second time point activation related to covert word
generation task in the control group. Red-yellow clusters (overlaid on MNI 152 standard brain)
represent brain regions where significantly (Z > 2.3, p <0.05) higher BOLD signal was observed at
the second time point compared to the first. These clusters are located in the left anterior
hippocampus. Blue-light blue clusters represent brain regions where significantly (Z > 2.3, p <
0.05) higher BOLD signal was observed at the first time point compared to the second. These
clusters are located in the right frontal opercular cortex. Images follow radiological convention

(R = Subjects right).
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Table 3.2.5.
Local maxima related to covert word generation task
Analysis Cluster Voxel# Zmax x y z Anatomical area
mTBI 72h 1 3067 8.31 -52 -2 46 Precentral gyrus (L)
8.1 -32 22 -10 Frontal orbital cortex (L)
8.0 -40 34 4 Inf. Frontal gyrus triangular part (L)
3.6 -54 16 14 Inf. Frontal gyrus opercular part (L)
2 2901 9.14 -2 -4 60 Supplementary motor area (L)
8.18 38 18 -8 Insula(R)
7.63 8 18 34 Cingulate gyrus a.d. (R)
mTBI 72h >1 month 1 1485 4.89 -16 58 14 Frontal pole (L)
4.68 -10 50 -4 Medial prefrontal cortex (L)
2 512 5.01 22 -46 6 Cingulate gyrus p.d. (R)
MTBI 1 month >72h - - - - - - -
Control 15t > 2™ 1 353 3.78 36 22 10 Frontal opercular cortex (R)
Control 2" > 1% 1 318 3.98 -20 -10 -16 Hippocampus (L)
3.2 22 0 -28 Parahippocampal gyrus a.d. (L)

List of local maxima in group analyses related to covert word generation task cortical activations. The x-, y-

and z-values correspond to the MNI coordinates of local maxima in mm. More local maxima are reported

in each cluster when the cluster encompasses more than one anatomical location. L = left hemisphere, R =

right hemispheres, a.d. = anterior division, p.d. = posterior division, inf. = inferior
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The deactivation average maps at <72h and 1 month are presented in fig. 3.2.11. A smaller extent

of deactivation at <72h compared to 1 month is evident.

Figure 3.2.11. Deactivation average maps of the mTBI group during covert word generation at
<72h and 1 month after injury, focusing on the medial prefrontal cortex (blue circle). A
deactivation of smaller extent can be seen at <72h (first row). Images follow radiological

convention (R = Subjects right).

3.3 Discussion

These studies investigated the structural alterations detectable by DTI, volumetric analysis and
SWI, and also functional changes detectable by fMRI in a longitudinal set after mTBI. We found
marked differences in microstructure and brain volumes between the acute and sub-acute state

by DTl and volumetric analysis, and characteristic functional activation and deactivation
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alterations. We suppose that these changes over time provide an insight to structural-functional

alterations and regeneration following mTBI.

Diffusion tensor imaging

We found DTI parameters FA and MD to substantially differ between the acute phase mTBI
patients and control subjects in nearly all white matter tracts. Mild TBI patients showed
decreased FA values, and oppositely, increased MD values (which is not surprising considering
the theoretically opposite denotation of these indices) compared to healthy subjects. After one
montbh, this difference to controls remained only to a distinctly smaller extent —limited to nearly
20 times less voxels in the right hemisphere regarding FA, and got insignificant regarding MD.
The approach of DTI values to normal was also presented by the longitudinal analysis, which
yielded significant increase of FA, and significant decrease of MD in the mTBI group over one
month. The DTI parameters remained reliably constant in the control group across the two
acquisitions.

Overall, these findings suggest that the DTI-detectable abnormality developing in the acute phase
is resolving dynamically in the first month after mild injury.

The exact mechanisms behind the detected changes of DTl indices remain still elusive. Due to
different observations, DTI parameters of the brain following TBI are related to a complex set-up
of dependent and independent factors. Axonal and myelin sheath pathology, ratio of
extracellular and intracellular water compartments linked to edema or cell death together have

an effect on the diffusion tensor. Many studies reporting reduced FA or elevated MD of mild
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traumatic patients explain this type of alteration with reduced integrity i.e. misalignment of
axonal and myelin structures as a consequence of shear-strain forces, including local expansion
of the axonal cylinder, or axonal disconnection®> 61144 On the other hand, some more recent
studies observed elevated FA or reduced MD short after mild injury along several white matter
regions®® 145146 Qne possible underlying mechanism is cytotoxic edema, as in this condition the
injury induced altered function of gated ion channels results in intracellular swelling and decrease
in extracellular water that causes reduced radial diffusivity®3 147148 The output yielded by DTI
may be a summarized effect of the two basic mechanisms, microstructural disintegration and
cytotoxic edema.

The actual dominance of these substantial mechanisms in the white matter may theoretically
depend on temporal, spatial factors, attributes of the patient and the circumstances of injury4?.
Although a recent study presenting bidirectional changes in FA of mTBI patients raised the
possibility of spatial factors contributing to alterations in FA®, our data rather support the
significance of temporal factors. Both FA and MD changed significantly in a relatively short period,
and no bidirectional changes were detected. The rapid consolidation of MD hypothetically may
be associated with the recovery process from edema, since edema is thought to pass over in a
similar pace after mTBI'**% 152, However, the insignificant difference in MD values driven by TBSS
between one month mTBI patients and controls do not necessarily mean normal MD values for
the patients at one month. Furthermore, FA remained significantly reduced in different white
matter regions after one month. This is somewhat surprising regarding that FA is thought to be

more variable among subjects and thus potentially less sensitive'*3. However, this type of slower
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consolidation of FA values may mirror a process of cellular re-alignment and a clean-up of
degenerative residuals by phagocytes.

Considering that FA and MD are averaged parameters resulting from the eigenvectors and
eigenvalues, some important characteristics of microstructure may get hidden. A separate
investigation of the eigenvectors and eigenvalues in mTBI may help to better understand the
correlation between DTl indices and underlying pathology.

Beyond the theoretical considerations, the most important practical implication of our findings
is that the timing of DTI acquisition plays a crucial role in the results, and needs to be considered
when interpreting the data. We suggest a standardized DTI timing is needed for future clinical

application.

Volumetric analysis

The volumetric analyses demonstrated significant reduction of gray matter volume accompanied
by significant CSF volume gain over one month after mTBIl. Overall, these changes indicate
reduction of brain tissue volume, which may be a consequence of both the recovery from initial
subtle edema and the initiation of atrophy. To elucidate the contribution of these two factors,
cross-sectional analysis was carried out, which, surprisingly yielded no significant differences
between the control and the TBI group at any time points.

This is probably the kickback of the high inter-subject variability of brain structure volumes, and
that of the low number of subjects, also observed as an obstacle in a previous volumetric study®.

Previously, Warner et al.>* found lateral ventricle volumes to be significantly smaller in acute TBI
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patients than in control subjects. This supports the theory that acute edema formation (brain
swelling) may take place in TBI patients. Nevertheless, the presence of volumetric changes
detectable over the first month mandates further investigations.

Both the amount of brain swelling and the subsequent atrophy correlates with clinical severity
and outcome as described in previous studies®> 152 155157 Hence, the rate of brain volume change
at the acute — to sub-acute stage is likely to have prognostic value as it represents the effect of
impact and the following degeneration. Furthermore, based on the inter-session sensitivity of
Freesurfer volumetric segmentation presented here, MRI volumetric analysis may be applied as
a non-invasive tool in measuring brain edema retrospectively at an optimal interval after injury.
Our data showed lateral ventricles to be the structures with the most potential for detecting

volume changes after injury.

Susceptibility weighted imaging

Although compared to other imaging methods, SWI is extremely sensitive to microhemorrhages
and reveals a high number of them in severe to moderate TBI”3, microhemorrhages do not seem
to be frequent in mTBI’4. Thus the absence of detectable microhemorrhages is not surprising in
the very mildly injured group presented here. SWI may be implemented to sub-classify mTBI,
declaring microhemorrhage positive or negative cases. This distinction may be helpful when
interpreting DTI results in mTBI, as in this study, SWI data ensured that DTI data were not

influenced by hemorrhagic lesions.
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Functional MRI

Hometown walking task

Hometown walking task is aimed to assess visuo-spatial memory retrieval process and this type
of function is known to be one of the most efficient in activating bilateral mesiotemporal
structures, particularly the parahippocampal gyrus'®®1 This task was proved to be robust
enough and is also performable by children or patients with a slight cognitive impairment?!6: 161,
representing a potential tool in the assessment of mesiotemporal structures in mTBI at an early
phase.

The cortical patterns of either individual images or group averages were similar to the expected
patterns!!® 161 Qualitative differences between activation patterns of traumatic and control
subjects were not apparent by visual inspection. Instead, longitudinal analysis performed on the
mTBI group revealed significantly lower activation at the acute time point (<72h) compared to
the one month delayed time point. This hypoactivation was located in structures that are
involved during the hometown walking task, most importantly in the parahippocampal gyrus.
Unlike in the mTBI group, the comparison of the two time points of the control group showed no
relevant difference, proving the reproducibility of this task and excluding that any additional
activation pattern is generated by the repetition itself.

Somewhat surprisingly no significant difference was seen on the cross-sectional analyses, either
at <72h or 1 month. A possible cause of this is the relatively high inter-subject variance of cortical
patterns in fMRI examinations as demonstrated earlier'®2. Because of the lack of cross sectional

data, the cortical pattern alteration detected in the traumatic group over time remains relative.
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However, we supposed that the <72h hypoactivation represents the pathological state followed
by a partial or total recovery as similar outcome was reported by others!%, The finding of reduced
activation following injury is congruent with a branch of previous studies, although these
investigators focused on working memory tasks and the reduced activation patterns were found
in the dorsolateral prefrontal cortex, a locus known to be responsible for working memory
functions®?* 103,163 One study concentrating on the medial temporal lobe by cognitive tests and
n-back task presented inverse correlation of symptom severity in mTBI and activation level in the
MTL, particularly the hippocampus®®. This study also joined the theory that MTL injury underlies
memory dysfunctions. Although it is not possible to record task performance during hometown
walking, the hypoactivation located at the parahippocampus and temporal areas itself may be
regarded as an additional possible cause of memory disturbance following mTBI.

The underlying mechanism is likely to be associated with axonal damage, namely DAI that was
demonstrated by a wide range of studies using DTI**°. Axonal disruption and- swelling may lead
to impaired axonal potentials, and so purportedly also explain the abnormal activation patterns

related to hometown walking task in our study.

Covert word generation task

The covert word generation task, also applied in our study, similarly to the hometown walking
task, is a robust and easily conductible task that can also be performed on brain injured patients
with cognitive deficit®*. This paradigm was originally developed to localize language production

and lateralization, and is often used to exchange Wada test!1® 165,
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In the present study, we used this task to investigate the effect of mTBI on cortical patterns during
such essential function as language production. The fMRI results of individual and group averages
both in traumatic and control subjects validated that the task was performed properly since
typical areas of activations appeared!®®. Similarly as in hometown walking task, no marked
difference was apparent on functional images of traumatic and control subjects, instead, group
analyses were required to reveal the quantitative differences in activation patterns. The
comparison of the <72h and 1 month data of the mTBI group presented elevated BOLD signal at
<72hin a circumscribed area of the medial prefrontal cortex and in a subtle part of the posterior
cingulate gyrus. As in the hometown walking task, the cross sectional comparison yielded no
significant results, thus we relied on the longitudinal data and expected the <72h state as more
altered supposing a recovery over time.

Considering the BOLD signal reduction seen in our study during the <72h hometown walking task,
BOLD signal elevation after brain injury is also a previously observed phenomenon, and is often
explained to be an effect of neural reorganization or functional accommodation®% 94 167,

In the present case the additional BOLD signal during word generation task after injury was seen
in the medial prefrontal cortex that is not known to be included in the language generation,
instead is regarded to be part of the default mode network*>% 168 ' which involves brain areas that
conduct functions when not concentrating on external information. On the other hand, these
areas get inactive during different tasks that require concentration'®.

From this point of view, one possible cause of the additional BOLD signal apparent at <72h
compared to 1 month is a reduced deactivation capability at <72h. To confirm this, we performed

additionally the calculations of deactivation contrast averages at both traumatic and control
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groups at both time points and compared the extents of deactivations, focusing on the medial
prefrontal area. In this area, a smaller extent of deactivation at <72h compared to 1 month was
evident of the covert word generation deactivation patterns of the mTBI group (presented on
Fig. 3.2.11). Supposing a similar variance of BOLD signal at the two time points, this result
supports that the initially observed extra BOLD signal of the mTBI group at <72h is an effect of
reduced deactivation. This finding is consistent with the report of Chen et al*’®. The reduced
deactivation during the task is likely to represent an inability of proper redistribution of neural
resources. This alteration may lead reasonably to cognitive deficits, as the impairment of default
mode network was showed to correlate with different diseases, e.g. autism, schizophrenia and
Alzheimer’s disease 112 168,

The presence of the few significant clusters at the longitudinal analysis of the control groups on
word generation task was unexpected. The cluster located at the anterior hippocampus-
parahippocampal gyrus, seen on second time point minus first time point contrast, may be an
effect of the task repetition, just as the subject was inevitably remembering the words generated
at the first time point —an assumption subsequently confirmed by the subjects. However, this
alteration is clearly different from the one seen in the traumatic group.

In sum, the findings of reduced activation and deactivation within the same group of patients are
congruent with the theory that recruitment of neural substrates is impaired in mTBI. Previous
studies suggested different explanations of the altered BOLD distribution observed in mTBI, as
axonal disruption, neural reorganization, functional compensation and recently, the mechanism
of cognitive control?’% 172, Based on the relatively dynamic change of cortical patterns presented

in this study, the altered patterns following mTBI are rather caused by functional disarrangement
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than reorganization. Our study did not confirm the role of cognitive control after injury in the
absence of true additional activation areas.

To date, the exact association between mTBI related symptoms and altered cortical patterns
remains controversial. Some studies presented correlation of abnormal patterns and worsened
performance or ongoing symptoms®¥ 193173, while others found altered patterns in mTBI patients
even beside normal performance®! %6 167 We assume that such inconsistency may originate from
the relatively large differences in actual injury severity involved in the mTBI class. Susceptibility
weighted imaging, as used in this study, may be a helpful tool in assuring more homogeneous
groups concerning injury severity.

The tasks performed in this study were intended to be easy to perform for mTBI patients as well,
as both tasks involve essential functions. Therefore these tasks do not differentiate participants
by the performance. Despite of this, the mTBI group showed significantly different fMRI findings
between the two time points. This means that the altered cortical patterns are not necessarily
dependent on actual performance but are a consequence of the injury per se. Other puzzling
factor in the assessment of neural mechanisms behind cortical patterns is the matter of
attention, as some studies have proposed!’® 74, The potential effect of differences in attention
among patients was somewhat eliminated in the hometown walking task, given that the baseline
period was active counting by odd numbers instead of resting. The contrast between the two
periods theoretically did not depend on the actual level of attention itself, rather on memory
recall.

Overall, our results suggest a general impairment of neural flexibility after mTBI that is

convalescing in the first month after the injury and tends to be independent of actual
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performance or the status of attention of our patients. The reduced rate of both deactivation and
activation that may lie behind the complaints in mTBI demonstrates the importance of proper

capacity of metabolic recruitment, and the network —like functioning of the healthy brain.

Limitations

The main limitation of these studies were the relatively low number of subjects. This was most
disadvantageous during the volumetric cross-sectional analysis which revealed no significant
differences, due to great variance in volumes of cerebral structures. The need of a far greater
population to perform reliable cross-sectional volumetric analysis was established in previous
studies?’>. Thus, the exact direction of volume changes detected in the TBI group remained
undetermined.

A weakness of DTI, resulting from its technical nature is the unpredictable effect of complex fiber
architecture as fiber crossing or merging'’®. The potentially higher vulnerability of these complex
fiber sites increases the importance of this problem when performing DTl studies in TBI.

For the fMRI studies, the low number of patients may be a reason why cross sectional analysis is
not able to reveal significant differences between control and mTBI patients and so the exact
direction of activations remains speculative. Although the tasks applied are relatively equally
performable both by healthy and injured patients, thus a disturbing effect of difference in
performance is not expected, the actual performance cannot be monitored in this method. The
hometown walking task baseline period did also involve conscious function (counting), that is

from one side advantageous as the concentration itself did not affect the fMRI contrast, while on
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the other hand the absence of resting state in the paradigm complicates the interpretation and
no inference can be drawn concerning the default mode network. The altered cortical patterns
may be associated at a certain degree with the BOLD redistribution related to counting function
as well. However, the anatomical site of detected differences in BOLD signal refers to the function
that it is related to.

Originating from the nature of fMRI examination and group analysis, the projection of these
results to individual level is challenging, nevertheless is required when fMRI is used to evaluate
clinical correlates of a mTBI patient. For this purpose, considering the higher reproducibility of
fMRI within a subject than across subjects'®> 177, the implementation of follow up investigations

is suggested.
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IV. QUANTITATIVE CT IN SEVERE TRAUMATIC BRAIN INJURY

4.1 Subjects and methods

Subjects

This retrospective analysis was performed on data from 84 adults with blunt sTBI (Glasgow Coma
Scale<8) requiring a ventriculostomy presenting to a Level | Trauma Center (University of Florida
Trauma System, Shands Hospital in Gainesville, Florida) from 2007 to 2010. For image analyses,
76 patients were included for whom both admission and follow-up CT scans were available (eight
patients without follow-up imaging were excluded from the analyses). This group of patients
included 57 males and 19 females, with an average age of 40 years (SD = 15.1, min = 18, max =
75).

To test normal lateral ventricle volume asymmetry, a control group including 74 random patients
from University of Florida Shands Hospital (26 patients) and the Department of Neurosurgery,
University of Pécs (48 patients) without a history of moderate or sTBI nor any pathological CT
alteration were added to the study (40 males, average age: 57.27 years, SD = 18.68, min = 18,
max = 93).

Approval from the Institutional Review Board (IRB) of the University of Florida, and University of
Pécs to conduct this study was received. Written informed consent was obtained from all
participants (or legally authorized representative) in the study.

Imaging
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Admission CT scans were performed within three hours in average after injury (average = 2.44,
min =1, max = 7, SD = 1.56, hours). An average of three follow-up scans within the first 10 days
of sTBl were available. Routine head trauma imaging protocol was performed on Toshiba Aquilion
One helical CT scanner. For the present study, standard, non-contrast head scans were used,
acquired with the following parameters for both admission and follow-up scans: Slice thickness
=5 mm, axial slices, kVp = 120, mAs = 300, FOV = 512*512 pixels (227.33mm*227.33mm).

Scans of same parameters were acquired in the control group.

Image analysis

Lateral Ventricle Volume measurement

Computer assisted manual volumetric measurement was conducted using Osirix™ 5.8.5 [open
source] Imaging Software (http://www.osirix-viewer.com/)*’8, Left and right lateral ventricles
were manually outlined in each slice using “Pencil” (freehand region of interest) tool (see Fig.
4.1.1). Based on the outlined areas and slice thickness information a three dimensional (3-D)
reconstruction and volume estimation of the lateral ventricle was performed. Choroid plexus and

intraventricular hemorrhage were included in ventricle outlines, if present.

Lateral ventricle volume ratio (LVR) calculation
Lateral ventricular asymmetry was quantified by dividing the larger lateral ventricle volume by
the smaller which we term the LVR. For each sTBI patient’s admission scan, the LVR was

calculated. Evaluators were blinded to later patient CT scans, clinical information and outcomes.
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LVR was also calculated in each control patient, to assess normal lateral ventricular asymmetry.

Inter- and intra-rater reliability of LVR measurement

Inter- and intra-rater reliability of LVR measurement was determined using Intraclass Correlation
Coefficient!’®. | measured LVRs on 10 random traumatic CTs twice for intra-rater analysis, and a
second rater measured them for inter-rater analysis. Two-way model, absolute agreement type
was applied, both single and average measurement reliability was calculated. Analysis was run in

MedCalc statistical software!80.

Midline shift assessment

Midline shift was measured as the distance between skull midline (line between anterior and
posterior attachment of the falx to the skull) and the septum pellucidum at the level of the
foramina of Monro. A midline shift greater than 5mm was considered significant. Midline shift

was evaluated on all (admission and follow-up) scans of the sTBI patients.
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Figure 4.1.1. lllustration of manual lateral ventricle outlining. Left and right lateral ventricles were
separately, manually outlined based on image anatomy and contrast in each relevant slice.
(Present image shows outlining of the left ventricle in one slice.) Then, using outlined areas from
each slice and slice thickness information the software performed 3D reconstruction and volume

calculation of each lateral ventricle separately.
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Statistics

ROC analysis of LVR and midline shift development

To determine the best admission scan LVR threshold that may be associated with the
development of midline shift, a Receiver Operating Characteristic (ROC) curve analysis'®? 182 was
performed using LVR as variable and midline shift development as the classification variable as
follows:

Negative group: patients with no significant midline shift on admission or follow-up scans.
Positive group: patients with no significant midline shift on admission scan, but with significant
midline shift present on any follow-up scans. Thus, patients with significant midline shift on
admission scan were excluded from this test. ROC analysis was performed according to DelLong
et al'8, an exact binomial confidence interval for the Area Under the Curve was calculated. ROC
analysis was performed using MedCalc statistical software.

Odds ratio and relative risk test for “high LVR” and midline shift development

The LVR threshold of best sensitivity and specificity yielded by ROC analysis was then used to
define “high admission LVR” and “low admission LVR” patient groups. Odds (OR) and relative risk
(RR) ratios were calculated taking “high admission LVR” group as exposed group; “low admission
LVR” group as control group; patients with no midline shift on admission or follow-up scans as
good outcome cases, patients with no significant midline shift on admission scan, but with
significant midline shift on any follow-up scans as poor outcome cases using MedCalc statistical

software.
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4.2 Results

The average LVR for all evaluated sTBI patients (n = 76) on admission scans was 2.03 (SD = 1.401),
median was 1.51 (min. LVR = 1.01, max. LVR = 9.67). Sixteen patients had significant midline shift
on admission scans while 60 did not. Of these 60 patients, 15 (25%) patients developed significant
(>5mm) midline shift on follow-up scans.

In the control group (n =74), average LVR was 1.14 (SD = 0.11), median was 1.11 (min. LVR = 1.00,

max. LVR = 1.44).

Inter- and intra-rater reliability of LVV ratio measurement

Intra-rater intraclass correlation was 0.9445 for single measures (95% confidence interval =
0.8018 - 0.9858) and 0.9715 for average measures (95% confidence interval = 0.8900 - 0.9928).
Inter-rater intraclass correlation was 0.9061 for single measures (95% confidence interval =

0.6840 - 0.9755) and 0.9508 for average measures (95% confidence interval = 0.8124 - 0.9876).

ROC analysis of LVR and midline shift development

Admission LVR of >1.67 was shown to have a sensitivity of 73.3% and a specificity of 73.3% for
subsequent midline shift development (AUC = 0.782, standard error = 0.0659, 95% confidence
interval = 0.657 to 0.878, z statistic = 4.28, Significance level p (area = 0.5) <0.0001). ROC curve is

shown in Fig 4.2.1.
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Figure 4.2.1. ROC curve analysis of Lateral Ventricle Volume Ratio (LVR) on predicting

subsequent midline shift development. Only patients without significant midline shift on

admission scan were included. Positive group was formed by patients who developed significant

midline shift on follow-up scan, negative group was formed by patients who did not.

Odds ratio and relative risk test

When using LVR of >1.67 as criterion for “high admission LVR”, 23 patients out of 60 were

included in the “high admission LVR” group without significant midline shift on admission scans.

Eleven of these patients (47.8%) developed midline shift on follow-up scans. In the “low

admission LVR” group (n = 37), 4 patients developed midline shift on follow-up scans (10.8%).
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This yielded an OR of 7.56 (95% Cl = 2.0173 - 28.3502, p = 0.0027), and a RR of 4.42 (95 % Cl =
1.5965 to 12.2586, p = 0.0042).

Fig. 4.2.2 shows a representative CT from the “high admission LVR” patient group with a LVR of
3.24 at admission (< 3 h post-injury) who developed midline shift on the follow-up CT scan

(performed at 20 h post-injury).

Admission
(<3h)

Figure 4.2.2. Admission and follow-up CT scan images of a representative patient with high
admission LVR who subsequently developed significant midline shift. Midline shift was
measured 1mm (not significant) on admission scan (<3 h post-injury) (left), while it has become
7mm (significant) on the follow-up scan at 20 h (right). The red line indicates the midline. External

ventricular drainage is present on follow-up scan (hyperintense dot near right lateral ventricle).
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4.3 Discussion

In this study, we investigated whether lateral ventricular asymmetry on admission CT scans was
related to subsequent midline shift development in patients with sTBI. LVR measurement was
introduced as a simple way of quantifying lateral ventricle asymmetry. In the group of patients
who had no significant midline shift in their admission CT scan (< 3hr), ventricular asymmetry
predicted subsequent midline shift development.

The best threshold of defining high lateral ventricular asymmetry was determined to be a LVR of
>1.67, which had a 73.3% sensitivity and specificity in predicting midline shift on follow-up scans
(AUC of 0.782). Patients with high LVR in admission scans had more than four-fold greater risk
(RR of 4.42) to develop subsequent significant (> 5mm) midline shift than patients with low LVR.
This value of “high” LVR (>1.67) was found to significantly differ from the normal (control group)
LVR range (average LVR was 1.14 (SD =0.11), median was 1.11 (min. LVR = 1.01, max. LVR = 1.44).
It is possible that ventricles have a higher “compliance” for ongoing asymmetric pathologies and
consequential inter-hemispherical pressure gradients than midline structures and therefore may
indicate asymmetric brain pathology earlier. When unilateral hemispherical pressure is increased
(by e.g. bleeding, edema), it may cause ipsilateral ventricular compression that precedes
subfalcine herniation or distortion of the cerebral falx. Another possible mechanism is unilateral
ventricular entrapment (foramen of Monroe blockage), where the ventricle itself causes
hemispherical pressure increase and then midline shift. Fig. 4.3.1 illustrates our concept of

ventricular asymmetry predicting midline shift during asymmetric pathology development.
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Figure 4.3.1. Concept of asymmetric intracranial pathology development.

A; 1. Normal brain 2. Initiation of asymmetric brain pathology (e.g. bleeding, edema) 3. Pathology
propagation, ipsilateral ventricle compression causing lateral ventricular asymmetry 4. Further
propagation causing midline shift.

B; 1. Normal brain 2. Initiation of ventricular entrapment 3. Pathology propagation, ventricle

enlargement causing lateral ventricular asymmetry 4. Further propagation causing midline shift

This theory also raises that compartmental pressure elevation may predict and precede general
intracranial pressure increase.

No other mass effect signs may so simply and directly indicate forthcoming midline shift. It’s
technically very difficult to evaluate other factors that would correctly indicate the level of inter-
hemispheric pressure differences such as sulcal effacement, cisternal compression, or

intracranial bleeding. Moreover, these signs often appear in combination and in both
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hemispheres to a certain extent. Therefore, ventricular asymmetry may act as the “resultant CT
sign” among other mass effect signs when evaluating inter-hemispheric pressure gradient.

Such an early indicator of asymmetric brain distortion may be clinically relevant and facilitate the
detection of evolving intracranial pathology better than midline shift. LVR can be quickly and
reliably detected on routine CT scans using open source software. For an experienced observer,
the evaluation of LVV and LVR per patient took less than 5 minutes to complete. This multi-slice,
3-D reconstruction of ventricles is superior to single slice or linear ventricle measurements since
3-D measurement is less affected by image orientation and accounts for all portions (horns) of
the lateral ventricles. However, in a routine clinical situation (emergency radiology) when 3D
analysis may not be possible, linear measurements or subjective evaluation may still help to
recognize a roughly two-fold or higher difference between lateral ventricle volumes that we
propose to be predictive for midline shift. 3D analysis might be only performed in inconclusive
cases.

This study has certain limitations. All patients received standard treatment for sTBI (including
external ventricular drainage-EVD immediately after admission) that was modified based on type
and extent of the patient’s injury. Therefore, the treatment may have prevented the
development of significant midline shift in some patients with lateral ventricular asymmetry on
admission CT scan. Since midline shift did not necessarily develop at the time of follow-up image
acquisition, it was not possible to describe the temporal features of midline shift development
and compare it to lateral ventricular asymmetry dynamics.

Future studies will be needed to investigate the value of LVR as an imaging marker in outcome

prediction, compared or added to established prognostic signs and systems. However, we
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propose that the main benefit of recognizing a certain level of lateral ventricular asymmetry is
not outcome prediction, but the ability to detect the development of inter-hemispheric pressure
gradient at a very early stage. Thus, categorization of patients into high and low risk group for
development of midline shift is possible, allowing the initiation of management strategies to

attenuate midline shift.
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V. NOVEL FINDINGS AND CONCLUSION

Ad. Aim 1.:

Even in uncomplicated mTBI, in which by definition, conventional imaging (CT, T1w-, T2w-, FLAIR
MRI) is negative, both structural and functional alterations can be detected by advanced MRI
acutely after the injury:

a. High resolution volumetric analysis revealed significant brain volume changes indicative of the
presence of edema in the hyperacute phase, or accelerated degenerative process in the subacute
phase.

b. DTl showed a widespread diffusivity alteration in the white matter suggesting axonal
disintegration acutely, which did not fully recover in a month.

c. Functional MRI has shown that both activation and deactivation rate might be reduced in the
acute phase that is indicative of an overall reduced flexibility in the brain blood flow
redistribution.

d. SWI allows the dichotomization of DAl into hemorrhagic and non-hemorrhagic forms based on
the presence of microbleeds. Uncomplicated mTBI was associated with non-hemorrhagic DAl in

our studies.

Though the majority of these alterations appeared to recover over time, a portion of them still
exists over a month, in the sub-acute phase. These findings suggest that organic pathology might

be just as important as the psychogenic factors in the development of the persistent post-
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traumatic disorders. These and similar findings by other groups should induce a paradigm shift in
the understanding of mTBI. The possible long-term consequences of the mild head injuries
including sports concussions should not be overlooked, a referral to these cases as “mild” appears
to be an understatement. Legal regulations regarding mTBI and concussion should be re-stated
since mTBI, or a significant portion of the mTBI cases do not seem to be a disease that recovers
within 8 days.

MRI may become a unique tool to recognize mTBl patients with significant underlying
microstructural pathologies. These patients should be selected for a timely neurorehabilitation,

which is known to lead to better outcome®4 185,

Ad aim 2.:

The three dimensional volumetric analysis allowed an objective assessment of the ventricle
deformation and asymmetry that may follow sTBI due to space occupying pathologies as
bleedings and edema. We have shown that lateral ventricle asymmetry is not just linked to, but
generally precedes midline shift, which is known to be a prognostic factor of poor outcome and
might indicate a need of surgical intervention. The recognition of ventricular asymmetry might
therefore have a similar clinical significance as midline shift has, however it indicates pathologies

having a mass effect earlier than midline shift itself.
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