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RESUMO

Grassi DC. Analise longitudinal por imagens de tensor de difus@o do encéfalo de pacientes com
lesdo axonial difusa traumatica moderada e severa [tese]. Sdo Paulo: Faculdade de Medicina,
Universidade de S&o Paulo; 2021.

Introducdo: Atualmente, o traumatismo cranioencefalico (TCE) é um problema de saude
publica mundial devido a sua alta prevaléncia, morbidade e mortalidade. Os mecanismos
envolvidos no trauma sdo complexos e diferentes tipos de lesdes podem estar presentes, dentre
elas a lesdo axonial difusa (LAD). Sabe-se que a LAD é altamente prevalente em vitimas de
trauma moderado e grave, sendo caracterizada por diferentes processos fisiopatoldgicos
complexos e prolongados que determinam um processo neurodegenerativo encefalico.
Objetivo: Avaliar longitudinalmente com imagens de tensor de difusdo (DTI) a integridade da
substancia branca cerebral de pacientes com LAD moderada e severa em trés momentos apos
0 trauma e comparativamente com individuos controles normais. Além disso, verificar se ha
correlacdo entre os parametros quantitativos de DTI e dados dos exames neuropsicolégicos dos
pacientes. Métodos: Foram selecionadas 20 vitimas de TCE moderado e grave e 20 controles,
pareados para idade e sexo. Foi realizado exame de RM em trés diferentes tempos: 2 meses
(tempo 1), 6 meses (tempo 2) e 12 meses (tempo 3) do TCE. No grupo controle, o exame de
RM foi realizado em um Unico momento. Utilizamos métodos de anélise de tratografia para a
avaliacdo do fasciculo longitudinal superior e do corpo caloso, bem como a técnica de analise
voxel a voxel para a avaliacdo do encéfalo total para extrair os parametros quantitativos de DTI.
Além disso, diferentes dominios cognitivos foram avaliados, bem como analise do desfecho
clinico dos pacientes. Testes de correlacdo foram feitos usando os parametros de DTI com o0s
dominios cognitivos examinados. Foram considerados positivos os resultados com p< 0,05.
Resultados: O grupo de pacientes apresentou em todos 0s segmentos estudados valores médios
de FA menores e valores médios de DM maiores em relacdo ao grupo controle. A analise
baseada em voxel indicou mudangas significativas ao longo do tempo nos parametros de DTI
no grupo dos pacientes. Foram observadas melhora na atencdo e memoria dos pacientes.
Identificamos diferentes correlacBes entre os parametros de DTI e as diferentes funcdes
cognitivas ao longo do tempo. Discusséo e conclusdes: Observamos alteragdes quantitativas
nos valores de DTI nos tratos estudados. A FA esta relacionada com a integridade axonial e
valores reduzidos estdo presentes em estados de perda da coesdo da substancia branca. Além

disso, altos valores de DM podem estar relacionados com a perda da organizacdo tecidual
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microestrutural. A diversidade dos achados de correlacdo dos indices cognitivos avaliados e as
respectivas areas estudadas demonstram qudo heterogéneas e extensas sdo as alteracbes
microestruturais no grupo dos pacientes estudados. A mudanca destas relacdes ao longo do
tempo confirma o carater dindmico e prolongado dos mecanismos biolégicos envolvidos na
LAD. Os resultados deste estudo demonstram que mesmo ap6s 12 meses do evento traumatico,
ha alteracbes microestruturais na substancia branca e estas sdo detectaveis por DTI.
Acreditamos que, no futuro, os parametros quantitativos de DTI poderdo ser Uteis como

biomarcadores na estimativa da gravidade de lesdo e guiar processos de reabilitacdo.

Descritores: Traumatismos craniocerebrais; Lesdo axonal difusa; Imagem por tensor de
difusdo; Testes neuropsicologicos; Degeneragédo neural; Neuroimagem.



ABSTRACT

Grassi DC. Longitudinal analysis of brain diffusion tensor imaging in patients with moderate
and severe traumatic diffuse axonal injury [thesis]. S&o Paulo: Faculdade de Medicina,
Universidade de S&o Paulo; 2021.

Introduction: Currently, traumatic brain injury (TBI) is a worldwide public health problem
due to its high prevalence, morbidity, and mortality. The mechanisms involved in trauma are
complex, and different types of injuries may be present, including diffuse axonal injury (DAI).
DAL is highly prevalent in victims of moderate and severe trauma, being responsible for most
individuals who are in a vegetative state or with severe loss of ability after injury. It involves
different and prolonged pathophysiological processes which lead to neurodegeneration.
Objective: To evaluate longitudinally using diffusion tensor imaging (DTI) the integrity of the
cerebral white matter in patients with moderate and severe DAI at three moments after trauma,
and in comparison with healthy control subjects. In addition, we aimed to test correlations
between the DTI parameters and patients' neuropsychological data. Methods: Twenty victims
of moderate and severe TBI and 20 controls, matched for age and sex, were selected. MRI exam
was performed at three different times: 2 months (time 1), 6 months (time 2) and 12 months
(time 3) of the TBI. In the control group, the MR examination was performed in a single
moment. We evaluated the superior longitudinal fascicle and the corpus callosum with
tractography analysis, as well as the the whole brain with voxelwise analysis to extract DTI
quantitative parameters. In addition, different cognitive domains were tested, and patients'
clinical outcome was assessed one year after trauma. Correlation tests were performed using
the DTI parameters with the cognitive domains examined. Results with p <0.05 were considered
significant. Results: The patients group had lower mean FA values and higher mean MD values
in all sites when compared to the control group. Voxelwise analysis indicated significant
changes over time in DTI parameters in the patients group. We observed improvements in
patients' attention and memory. We identified different correlations between the DTI
parameters and the different cognitive functions over time. Discussion and Conclusions: We
observed gquantitative changes in the DTI values in the studied segments. FA is related to axonal
integrity and reduced values are present in states of loss of white matter cohesion. Moreover,
high MD values may be related to the loss of the microstructural organization of neuronal
tissues. The various correlations between cognitive indexes and DTI parameters in different

brain areas demonstrate how heterogeneous and extensive the microstructural changes are

Xi



present in trauma victims. Changes in the correlations over time confirms the dynamic and
prolonged nature of the biological mechanisms involved in DAI. The results of this study
demonstrate that even after 12 months of the traumatic event, there are microstructural changes
in the white matter, and these are detectable by DTI. We believe that, in the future, the
quantitative parameters of DTl may be useful as biomarkers in estimating the severity of the

injury and guiding rehabilitation processes.

Descriptors: Craniocerebral trauma; Diffuse axonal injury; Diffusion tensor imaging;
Neuropsychological tests; Nerve degeneration, Neuroimaging.
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1 INTRODUCTION AND LITERATURE
REVIEW
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1.1 The introduction and literature review of this thesis are based on the following two
articles

Publication 1 is a literature review of diffusion tensor imaging (DTI) in the evaluation of
diffuse axonal injury (DAI). This article was commented in a Letter to the Editor by Santos et
al. (http://dx.doi.org/10.1590/0004-282x20180113). Therefore, we have also published a Reply
Letter (Publication 2).

a) Publication 1

1. Title: Current contribution of diffusion tensor imaging in the evaluation of diffuse
axonal injury

2. Literature review

3. Journal: Arquivos de Neuropsiquiatria

4. Status: published in March 2018 (https://doi.org/10.1590/0004-282x20180007)

Current contribution of diffusion tensor imaging in the evaluation of diffuse axonal injury

Daphine Centola Grassi*, David Macedo da Conceigdo?, Claudia da Costa Leite!, Celi Santos
Andrade!

1Universidade de Sdo Paulo, Faculdade de Medicina, Departamento de Radiologia, S&o Paulo
SP, Brasil.
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Abstract:

Traumatic brain injury (TBI) is the number one cause of death and morbidity among
young adults. Moreover, survivors are frequently left with functional disabilities during the
most productive years of their lives. One main aspect of TBI pathology is diffuse axonal injury
(DALI), which is increasingly recognized due to its presence in 40 to 50% of the cases that
requires hospital admission. DAI is defined as widespread axonal damage, characterized by
complete axotomy and secondary reactions due to overall axonopathy. These changes can be
seen in neuroimaging studies as hemorrhagic focal areas and diffuse edema. However, DAI
findings are frequently under-recognized in conventional neuroimaging studies. In this
scenario, diffusion tensor imaging (DTI) plays an important role because it provides further
information on white matter integrity that is not obtained with standard magnetic resonance
imaging (MRI) sequences. There are extensive reviews concerning the physics of DTI and its
use in the context of TBI patients, but these issues are still hazy for many health-allied
professionals. Herein, we aim to review the current contribution of diverse state-of-the-art DTI
analytical methods to the understanding of the pathophysiology and prognosis of DAI, to serve
as a quick reference for those interested in planning new studies and who are involved in the
care of TBI victims. For this purpose, a comprehensive search in Pubmed was performed using
the following keywords: “traumatic brain injury”, “diffuse axonal injury”, and “diffusion tensor

imaging”.

Key Words: Magnetic resonance imaging; diffusion tensor imaging; tractography; diffuse

axonal injury, traumatic brain injury

Traumatic brain injury

Currently, traumatic brain injury (TBI) is a worldwide public health problem due to its
high prevalence, morbidity and number of deaths. The most affected individuals are young
males, who are more likely to engage in risk-taking behaviors. These traumatic events may
result in several disabilities, loss of productivity and impaired quality of life. Therefore,
understanding the mechanisms of trauma, grading it, and providing adequate medical care to
the victims are essential to minimize the large social and economic consequences of TBIs'2,

One of the most important aspects for guaranteeing an optimized approach for tretating

a TBI victim is understanding how the trauma occurred and providing a detailed and prompt
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clinical examination of the victim. Neurotrauma mechanisms are complex, and multiple types
of injuries over the CNS may coexist, such as skull fractures, contusions, hematomas, and
diffuse axonal injury (DAI)**. The Glasglow Coma Scale (GCS) is the most widely used
clinical classification and depends on the best eye, verbal and motor responses. According to
GCS, a TBI can be graded as mild, moderate or severe. This scoring system was created in 1975
and lacks the sensitivity to predict subtle but meaningful residual dysfunction, such as physical,
cognitive, psychological and behavioral deficits®.

More comprehensive clinical algorithms have been developed to determine mortality
and persistent disabilities in TBI victims. Two of the most used and well-known are the
IMPACT and CRASH algorithms. The IMPACT algorithm was developed during clinical trials
of severe TBI victims, and CRASH algorithm was developed with mild and moderate TBI
patients. Both algortithms use clinical predictors such as age, GCS score and pupillary reactivity
at hospital admission. The addition of biomarkers, such as protein S100-beta, microtubule
associated protein 2 and myelin basic protein, as well as imaging data from head computed
tomography (CT) scans, has been shown to improve the reliability of these prognostic models®.
However, the clinical manifestations present after traumatic events vary, and predicting
prognosis in an individual patient remains challenging in daily practice®~.

In particular, patients with DAI frequently exhibit an apparent discrepancy between
clinical status (usually moderately to severely compromised) and early imaging findings (often
normal or minimally abnormal)3#. Moreover, it is not well established why some survivors
regain complete function while others remain severely disabled. Therefore, it is critical to
understand the pathophysiology of DAI and to foster non-invasive neuroimaging tools to reveal
the damage to the central nervous system and provide guidance for therapeutic decisions and

counseling for TBI patients and their families.

Pathophysiology of diffuse axonal injury

DAl is defined as wide axonal injury with microscopic and macroscopic components,
which may only be visible in severe cases upon CT and magnetic resonance imaging (MRI).
The mechanism of injury is based on the inertia of the brain: when fast and strong accelerations
and decelerations occur, different structures with distinct densities (such as gray and white
matter) suffer shearing and straining forces which stretch and damage axons, leading to diffuse

axonal injury>*. Commonly affected brain sites are the corpus callosum, fornices, subcortical



Introduction and Literature Review-5

white matter and cerebellum’. Once the victim presents in a comatose state with a GCS less
than 8, the probability of brainstem involvement becomes significant and the prognosis
worsens®,

It is very important to understand that DAI does not only consist of the axonal injury
itself. Complex neuropathological processes ensue, such as an inflammatory response
secondary to the traumatic event associated with protein deposition. After direct axonal injury,
multiple changes occur microscopically, including cellular death, synaptic dysfunction,
activation of glial cells and anomalous protein deposition (Tau and AB proteins)®*L,

Damage to an axon does not always means its disconnection: connections may
occasionally still be present, but it is not well known if they remain functional®?. It is well
established that neuronal death per se evolves into Wallerian degeneration, which is defined as
the progressive anterograde disintegration of axons and accompanying demyelination that
occurs after injury to the proximal axon or cell body®. Furthermore, it has been increasingly
recognized that anomalous protein deposition secondary to axonal injury might be related to
the future manifestation of Alzheimer’s disease in some patients**°,

Histopathologically, DAI can be divided into three degrees: grade I - microscopically
widespread axonal injury in any location; grade Il: grade | findings plus focal lesions in the
corpus callosum; and grade I11: findings of grade Il plus focal lesions in rostral portion of the

brainstem?®.

Neuroimaging

Neuroimaging evaluation of a TBI patient is based on CT and MRI studies. During
emergency care, TBI victims are usually first evaluated with CT scans, which are fast and
accurate in identifying life-threatening conditions that may require prompt intervention, such
as extra-axial hematomas’.

There is a mismatch between the CT findings and clinical presentation in TBI patients.
For instance, punctate microhemorrhages on the corpus callosum and gray-white matter
junction are shown in only 10% of all TBI patients. Within two weeks after a traumatic event,
neuronal loss can be inferred on CT as a discrete ventricular enlargement in some patients’4.

An MRI, despite being less widely available and requiring longer scan times than a CT,
is the best modality to assess brain injuries because it provides a better identification of

anatomic features and higher spatial resolution®. Hemorrhages are represented by loss of signal
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in gradient echo and susceptibility-weighted sequences (Figure 1), whereas areas of edema
present as high signals in T2-weighted and fluid attenuation inversion recovery (FLAIR)

sequences (Figure 2).

Figure 1: A 19-year-old male patient with DAI and GCS of 8 after a motorcycle accident.
While T2 conventional sequences (A) are rather insensitive for hemorrhagic lesions, T2*-GRE
(B) shows numerous foci of signal loss (circles) in the subcortical white matter corresponding
to areas of extravascular blood. SWI (C) is even more sensitive than the previous two
sequences, exhibiting more conspicuous (circles) and numerous lesions (squares) on both
cerebral hemispheres. The images were performed sequentially during the same examination at

a 3 Tesla scanner.
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Figure 2: A 27-year-old male patient with moderate TBI due to a motorcycle accident. At
admission, Glasgow Coma Scale score was 10 and he presented with left hemiparesis and left
third nerve palsy. Axial FLAIR images show hyperintense lesions (arrows) in the lateral aspect
of the right cerebral peduncle (A), right internal capsule (B), splenium of the corpus callosum,
as well as subtle lesions in the subcortical bilateral frontal white matter (C).

Nevertheless, more advanced techniques, such as diffusion tensor imaging (DTI), is more
sensitive to neuronal lesions in areas that appear normal on conventional MRI sequences,

especially in patients with DAI*417-19,

Diffusion weighted imaging

Since its medical debut, diffusion weighted imaging (DWI) has largely been used in
routine clinical practice in applications ranging from diagnosing stroke to helping physicians
determine tumor cellularity. Diffusion weighted imaging is an integral part of any MRI brain
examination and is of paramount importance in radiological diagnosis.

Diffusion weighted imaging is based on the random motion of water molecules, which
was first described by the botanist Robert Brown in 1827. In a homogeneous liquid environment
without any barriers, water diffusion is free (isotropic); in other words, it has no preferred
direction. In contrast, when there are surrounding structures restricting water molecule
movement, a preferred diffusion direction becomes apparent (anisotropic diffusion)?°.

In the brain, several components hinder the water diffusion in all directions, making the
diffusion anisotropic. This anisotropic diffusion depends on the geometry and composition of
natural barriers, such as cell membranes, myelin sheaths and primary microstructural
components (neurofilaments and microtubules). For this reason, anisotropy is markedly high in
well-organized white matter tracts and is lower in cerebrospinal fluids??.

Diffusion weigthed imaging shows hyperintensities in pathological conditions, such as in
high cellularity density (tumors), abnormal cellular uptake of water (cytotoxic edema) or
entrapment of water between myelin membranes (intramyelinic edema). However, other
increases in water concentration, such as observed in vasogenic edema or gliosis, also cause
nonspecific hyperintensity on DWI, which is a T2-weighted sequence??.

To distinguish between true restriction of water molecules diffusion and artifacts (T2

shine-through effects), apparent diffusion coefficient (ADC) maps were developed. When
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analyzing each voxel from the image with two different b values, it is possible to quantify water
diffusivity and convert this information into a visual map (ADC maps). The term “apparent”
concerns the fact that calculated ADCs in tissues vary according to the previously attributed b
values. Moreover, the ADC information corresponds to each voxel (in the order of millimeters)
but not at the microscopic level of cell structures (in the order of a few micrometers). On ADC
maps, restricted water diffusion is confirmed as a low signal intensity?324,

In patients with traumatic injury, cytotoxic edema usually occurs in cases of cortical
contusion and DAI. Cortical contusions usually affect both superficial cortical gray matter and
subcortical white matter but do not typically follow a vascular distribution. In acute DAL, it is
possible to detect multifocal areas with restricted diffusion, which appear bright on DWI and
dark on ADC maps. Predilection sites are the corpus callosum, especially the splenium, cerebral
peduncles, deep white matter structures and gray-white matter interface (Figure 3). This
restricted water diffusion may vanish in a few days or may evolve into residual lesions with a

persistent high signal intensity on FLAIR and T2-weighted images?.

Figure 3: Diffusion-weighted images in the axial plane of a young patient four days after a

head injury demonstrate bright lesions (arrows) in areas typically affected in DAI: left cerebral
peduncle (A), splenium of the corpus callosum (B), and subcortical frontal white matter (C).

The lesions were dark on ADC maps (not shown).

Diffusion Tensor Imaging
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The tensor model was proposed to characterize and quantify diffusion anisotropy. By
measuring diffusion in at least six different gradient directions applied to the three different
axes (X- horizontal, Y- vertical and Z- perpendicular to X), it is possible to determine an
average water diffusion according to the distance and intensity for each voxel?®?’.

Fractional anisotropy (FA) is a scalar measure that reflects the microstructural geometry
and is very high (close to 1) in normal white matter but is usually lower in damaged white
matter and is close to zero in the cerebrospinal fluid?’. Colormaps can be created based on the
first eingenvector that composes FA calculation in which each color represents the main
diffusion direction of WM tracts (conventionally, red is used for left-right, green for
anteroposterior, and blue for superior-inferior directions), and the degree of brightness is

proportional to the magnitude of anisotropy?2° (Figure 4).

Figure 4: Three-dimensional FA colormap of an 18-year-old TBI victim. The patient was
admitted with a GCS score of 8 after a motorcycle accident, despite the use of a helmet.
Conventionally, long association fibers with anteroposterior direction such as the cingulum are
represented in green (straight arrow), inter-hemispheric commissural fibers (e.g., corpus
callosum, curved arrow) with left-right direction are represented in red, while projection tracts

with superior-inferior route such as the costicospinal tract are represented in blue (arrowhead).
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The mean diffusivity (MD) reflects the overall degree of water diffusion in all directions,
regardless of its orientation dependence®. Radial (RD) and axial diffusivities (AD) are other
quantitative DTI parameters. AD in the principal tensor direction (first eigenvector), with its
associated magnitude (first eigenvalue), and RD represents the other two directions
perpendicular to the principal direction of the diffusion tensor. Investigations with animal
models have indicated that RD correlates with demyelination, whereas AD seems to be related
to more profound tissue damage and axonal loss®:32, Still, translational characteristics of these
studies remain to be proven.

Several acquisition parameters influence the quality of diffusion data. The ability to
obtain a valuable dataset is strongly related to the strength of the gradient coils and the
maximum b values that can be achieved. For most brain studies, a b value of 1000 s/mm? is
usually adequate and results in an effective compromise between sensitivity and the signal-to-
noise ratio (SNR). Ideally, images should be acquired with high and isotropic spatial resolution
(1 -2 mmd). Many gradient directions, optimally at least 32, should be applied. However, there
is a trade-off between the optimal acquisition parameters and the scanning time. Head motion
should be minimized as much as possible. Preprocessing steps may, however, partly attenuate
motion artifacts and the eddy current artifacts®%,

Distinct methods are available to analyze diffusion tensor images. Herein, we aim to
briefly discuss the basic principles, advantages and caveats of each main DTI analytical method,
namely, region-of-interest analysis, tractography and voxelwise analysis, along with the

relevant findings of recent DTI studies of TBI patients.

Region-of-interest analysis

In region-of-interest (ROI) analysis, diffusion parameters are obtained from a pre-
determined area of the brain or around a specific anatomic structure. The area-of-interest can
be manually drawn and there is no requirement to use anatomical atlas. This method is also
suitable for studies in patients with large brain lesions in different sites or great anatomic
distortions that could bias other analytical methods that require registration steps. Once the ROI
is determined, the mean values of the water diffusion parameters are obtained®3*3* (Figure 5).

One advantage of this method is that even small brain regions, such as subcortical areas
and deep basal ganglia, van be assessed. Another benefit is that multiple comparisons errors are

less prominent if the investigator predefines an a priori hypothesis and fewer areas are
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examined. Region-of-interest analysis identifies even subtle changes and is thus one of the most
sensible and straightforward analytical methods available®3.

Figure 5: Diffusion parameters can be extracted from a selected ROI. In this case of a 42-year-
old woman who suffered physical aggression and presented with severe TBI, the right thalamus

(orange shape) was manually delineated in the FA map.

However, certain considerations must be underscored: some information may be missed
whne only one area is being studied; it may be difficult to compare the same ROIs between
individuals due to intrinsic variability; and the process of delimitating the ROI can be laborious
if it appears in multi-slice images or in the case of big data with multisubject comparisons. It is
extremely important to know where to look for the changes; ROl analysis of nonaffected areas
can identify normal parameters, but truly true compromised areas can be missed. The manual
nature of the ROI drawing may lead to the low reproducibility of intra- and intersubject ROI
correspondence; hence, anatomic atlas tools or semi-automatic methods are advisable. For this
reason, it is possible to standardize ROI-studies by using segmentation and registration steps;
segmentation helps determine the area of interest, whereas registration matches the

corresponding points among all images in different subjects33-°,
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Mac Donald et al. demonstrated that DTI could detect white matter injury in a mouse
model of DAI and could determine the approximate timing of injury. These authors extracted
diffusion parameters with ROI analyses from the corpus callosum and the external capsule and
compared the findings with histological and electron microscopy characteristics. In comparison
with uninjured mice, anisotropy measures were lower in the injured group in all stages. During
the early acute phase (less than one day), axial diffusivity was reduced and axonal injury was
present histologically. In the subacute phase (one week to one month after injury), a reduction
of anisotropy was accompanied by increases in AD, RD and MD, which reflected the
dominance of demyelination and edema at histological evaluation. The authors proposed that if
similar mechanics are present in human TBI, these DT changes could be used for novel clinical
and forensic applications. However, the authors did not find any correlation between severity
of histological damage and the DTI parameters®.

Another study evaluated 10 healthy individuals and five patients with mild TBI within
24 hours of injury and one month later. The authores extracted diffusion parameters with ROIs
positioned in the corpus callosum and internal and external capsules. Soon after the injury, TBI
patients demonstrated significant reductions in anisotropy compared with controls. In the 30-
day-control, two patients showed slight increases in FA values when compared with their initial
results, which was considered a possible sign of recovery®’.

According to Huisman et al.*®, changes in water diffusion anisotropy do occur in TBI,
and these changes may be biomarkers for severity of tissue injury and predictors for outcome.
Patients were analyzed within seven days of the event, and the data were compared with those
from a control (healthy) group. The studied regions included the internal capsule, splenium,
thalamus and putamen. This study showed that FA was significantly decreased in the posterior
limb of the internal capsule and splenium of the corpus callosum. Furthermore, there was a
statistically significant correlation between FA values in the DAI predilection sites and the
severity of head injury, as measured BY acute and subacute neurologic assessments (acute GCS
and Rankin scores)?é.

In addition, another longitudinal study analyzed 11 TBI victims in acute (less than seven
days) and subacute (from eight days to rehabilitation discharge) stages and correlated DTI
findings with a disability rating scale. Eleven ROIs were chosen based on previous studies that
demonstrated an association between FA and functional or cognitive outcomes in TBI. It was
apparent that the FA values varied according to the pathophysiologic processes of TBI. During

the acute phase, FA values were lower than they were in the subacute stage, possibly because
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of brain edema. Consequently, subacute values were more likely to reflect the axonal structural
integrity. Therefore, these authors suggested that the optimal timing of DTI data acquisition for

TBI prognostication might be during the subacute stage of injury®.

Tractography

Three-dimensionional visualization of DTI information is also possible. Tensor
information allows the trajectories to be estimated by inferring WM fiber orientations.
Tractography allows the parcellation of white matter, and this information may be particularly
useful in anatomofunctional studies because white matter bundles are linked to specific

cognitive, language, behavioral, and motor functions (Figure 6)°°.

Figure 6: A young female patient had a motorcycle accident and presented at the emergency

room with a Glasgow Coma Score of 3. She persisted with language impairment one year after
the traumatic event. It is possible to evaluate DTI parameters from any tract related to a specific
cognitive domain. The superior longitudinal fasciculus is linked to language skills because it
interconnects Broca’s area (responsible for speech production in the frontal lobe), Geschwind’s
area (semantic processing in the parietal lobe) and Wernicke’s territory (speech comprehension
in the temporal lobe). First, whole-brain tractography was obtained with a brute-force approach
from the full tensor data (A). A set of “AND”, “SEED” and “NOT” ROIs was placed on both
cerebral hemispheres based upon a priori anatomical knowledge (B). The superior longitudinal
fasciculi were then virtually dissected with a deterministic streamline approach and displayed

on a FA color-encoded map (C).
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Tractography consists of three processing steps: seeding, propagation and termination.
Seeding involves determining the area from which the fiber bundles will be drawn, and the most
common approach is to define an ROI and placing one or more seeds in the expected trajectory
of the tract. Another possible way is to use automatic seeding for the whole brain from a full
set of tensor data®*,

Propagation is how visual schemes of fibers are generated, and different algorithms are
developed to link intervoxel information. Algorithms are based on deterministic or probabilistic
approaches. The first one is based on a streamline principle: from the seed location (ROI)
nearby voxels will be linked to the same streamline if their principal eigenvectors have
congruous orientations or similar FA values. Probabilistic tractography, in constrast, represents
an estimation based on multiple possible fiber directions in each seed. For this reason,
probabilistic tractography tends to disperse trajectories more than deterministic methods and
has the potential to delineate a greater proportion of the WM tract?829:3940,

Finally, termination is the last step of fiber tracking procedure with well-defined criteria.
Tipically, FA thresholds (usually higher than 0.25 to avoid contamination by CSF and grey
matter) and turning angle thresholds (generally 30° or 60° depending on the known curvature
of the tract of interest). This method of “virtual dissection” allows the isolation of specific

anatomic fibers pathways from DTI datasets and has been proven useful in several adult and

pediatric conditions (Figure 7)%°.

Figure 7: Axial FLAIR image of an adult male patient with chronic post-traumatic sequelae
shows gliosis in the frontal lobes, mainly in the right side (A). FA colormap demonstrates
paucity of WM fibers and reduction of brightness due to reduction of FA values in the frontal

lobes, more pronounced in the right side (B). DTI-based tractography of the splenium, body
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and genu of the corpus callosum (represented in green, blue, and red colors, respectively) shows
premature termination of streamlines of peripheral fibers of the genu projecting to or from the
prefrontal regions coincidental to the areas of low signal intensity on the axial T1-weighted
image (C).

Nevertheless, there are some important shortcomings that must be taken into account
while analyzing tractography. This method estimates fibers tract anatomy on a macro scale.
Voxels are in the order of millimeters, whereas the axonal diameter is in the order of microns.
It is also not possible to differentiate afferent from efferent bundles. Moreover, assumption of
homogeneous unidirectional tensors is unrealistic because many brain regions comprise more
than one fiber bundle. Crossing, diverging or Kissing fibers result in incorrect direction
estimations and pathways and may lead to abrupt tract termination. Diffusion spectrum imaging
(DSI), g-space imaging (QSI), g-ball imaging (QBI), and high angular resolution diffusion
imaging (HARDI) are more sophisticated approaches that may overcome some of these
limitations*.

Wang et al. studied 12 patients who suffered from severe TBIs within seven days and
nine moths after injury. They analyzed the corpus callosum, fornix and peduncular projections
with deterministic tractography. The authors could identify at least one DTI parameter
demonstrating DAI-associated alterations in each region. Furthermore, they demonstrated a
good correlation between DTI findings and long-term prediction outcome, as measured with
Glasgow Outcome Scale-Extended scores*:.

Another group demonstrated that patients with mild TBI have reduced FA values in
various white matter locations and various fiber bundles within 5.5 months after trauma. In
comparison with healthy-matched controls, the authors demonstrated lower anisotropy in
multiple white matter regions, predominantly in the cerebral lobar white matter, cingulum and
corpus callosum, using deterministic tractography. A minority of fibers showed premature
discontinuation on fiber tracking, and the authors presumed that this may have been caused by
the presence of sharply angulated fibers or by small areas of hemosiderin that were not visible
on MRI*,

A large study evaluated 106 TBI chronic patients who had no abnormalities on
conventional MRI in comparison with 62 healthy controls. The investigators applied a
deterministic approach to extract the volume and FA measures of long association tracts from

the uncinated fasciculus, superior cingulum, temporal cingulum, superior longitudinal
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fasciculus, arcuate fasciculus, inferior fronto-occipital fasciculus and inferior longitudinal
fasciculus. Injured patients demonstrated reduced FA values in both uncinated fasciculi, both
inferior fronto-occipital fasciculi and in the right inferior longitudinal fasciculus. However, the
tract volumes were not significantly decreased in injured patients*.

A recent study evaluated trauma-exposed police officers with and without post-
traumatic stress disorder using a 3T system. The authors applied an automated and unbiased
reconstruction of WM tracts using a global probabilistic tractography method known as
TRACULA (TRActs Constrained by UnderLying Anatomy)** and found significantly higher
mean diffusivity in the right uncinate fasciculus in the affected group. The uncinate fasciculus
is the major white matter tract connecting the amygdala to the prefrontal cortex. These authors
also found that the MD of the right uncinate fasciculus was positively associated with anxiety
symptoms in patients with post-traumatica disorder*.

Head injury survivors usually present with persistent cognitive symptoms that impair
their quality of life, such as deficits in language performance and executive function. In the
future, tractography studies could be used to monitor the benefits of target therapies in these
patients by evaluating DTI metrics in specific white matter tracts linked to specific functional

domains.

Voxelwise analysis

Voxelwise analysis has become more popular because its automatic approach requires
minimal intervention and less user dependence. Voxelwise analysis is suitable for global
analyses of brain parenchyma and is particularly useful for large group comparisons of
individuals with no significant distortions in brain anatomy334¢.

Primarily, the images must be standardized into a template to make sure that each voxel
corresponds to the same anatomic location in all subjects. Thus, a critical step is to define the
best way to register and compare multiple images from different individuals in an accurate
manner,

Previously, voxelwise analyses were performed with voxel-based morphometry using
T1 weighted-images. Although some constraints related to image registration, segmentation
and smoothing are present, voxel-based morphometry can still be used to explore diffusion

images in particular research scenarios.
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Tract-based spatial statistics is the current leading method of voxelwise analysis using
nonlinear image transformation of FA images across subjects*®. Tract-based spatial statistics
uses the mean FA values from individual subjects to create a skeletonized map with the local
maximal FA values for each tract. With this approach, the differences in all the voxels of the
brain, except those from the skeleton voxels are ignored. Another challenge is registration
inaccuracies of areas with high contrast of FA values, such as adjacent to ventricles***’. A more
recent alternative approach for the registration step of tract-based spatial statistics is to use the
full tensor information with a complementary tool, known as DTI-ToolKit, which has been
shown to reduce the number of misassigned voxels by a total of seven*’8,

In voxelwise analysis, all the voxels in the image are compared with each other in a
local manner, and hence statistical procedures to control for multiple comparisons errors might
be carried out. These may, in turn, reduce the sensitivity for more subtle findings in particular
regions®.

Our group evaluated twenty adults with moderate to severe TBI at a 3.0T MRI scanner
in the acute (t1 < 3 months), subacute (6 <t>< 9 months) and chronic stages (12 < ts< 15 months)
following trauma. According to tract-based spatial statistics analysis, the patients exhibited one
large cluster with statistically significant lower FA values (p < 0.001) at all times (i1, t2, t3)
compared to the controls (Figure 8), but the number of affected voxels decreased over time by
2% at t2 and by 7.3% at t3. During the chronic stage (t3), patients recovered white matter damage
in comparison with the acute stage (t1) with significant increases of FA in the bilateral anterior
thalamic radiations, forceps major and minor, corticospinal tracts, cingulum, uncinate, inferior
fronto-occipital, superior and inferior longitudinal fasciculi. Patient performances on cognitive

measures was suboptimal at all three stages, but also improved over time in the same fashion

as white matter recovery*°.
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Figure 8: Twenty patients with acute moderate-to-severe TBI were compared with 20 age- and
sex-matched controls with tract-based spatial statistics (TBSS). The patients exhibited one large
cluster with statistically significant lower FA values (A). The TBI patients also demonstrated
significant increases in mean diffusivity (B) and radial diffusivity (C) in extensive areas of the
brain, as well as increased axial diffusivity in a less extensive area (shown in red), except for

the corpus callosum, which showed increased axial diffusivity (depicted in blue) (D).

One study applied voxel-based analysis and ROI analysis in 10 adolescent patients with
mild TBI who were assessed within one week after injury and compared with a paired-control
group. The results indicated increased FA, decreased radial diffusivity and unchanged axial
diffusivity in multiple brain regions, which may be related with axonal cytotoxic edema and
reflect acute injury. Moreover, the alterations in DTI metrics were highly correlated with
postconcussive symptoms severity and emotional distress®.

Lipton et al.>! retrospectively analyzed 17 cognitively-impaired mild TBI victims who
underwent neuroimaging studies between eight months and three years after the trauma event
and compared these patients with a healthy cohort of 10 individuals. VVoxel-based analysis
showed multiple areas of lower FA and high mean diffusivity in the white matter bilaterally,
especially in the corpus callosum, subcortical white matter and internal capsules®:.

Another study indicated extensive changes in major intra- and interhemispheric white
matter tracts in patients with diffuse axonal injury. The authors carried out both ROI analysis
and voxel-based analysis in nine chronic TBI patients (approximately four years after the event)
and in 11 healthy individuals. The results indicated significant lower FA values in the corpus
callosum, internal and external capsules, superior and inferior longitudinal fascicles and in the
fornix in the TBI group. Furthermore, ADC values were increased not only where the FA values
were lower, but also in otherwise-normal regions, possibly indicating that ADC may be an even

more sensitive measurement than FA in detecting widespread white matter damage®2.
Conclusion
TBI remains as a major public health problem worldwide. Computed tomography and

MRI have played a crucial role in the acute setting, but several challenges arise when applying

neuroimaging methods to predict clinical outcome in patients with a broad range of injury
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severity, especially in individuals who develop persistent symptoms despite minor findings on
standard imaging.

Diffusion tensor imaging takes advantage of the intrinsic property of anisotropic
diffusion of water molecules in brain tissues to probe tissue integrity and organization.
Although increasing publications have reported applying this technique in various clinical and
research scenarios, DTI principles and its various methodological approaches remain unfamiliar
for some allied-health professionals. We reviewed some advantages and shortcomings of the
most commonly applied analytical methods (ROI, tractography and voxelwise analyses) along
with their applications in the investigation of TBI.

Particularly in patients with diffuse axonal injury, natural barriers to the free water
diffusion such as the cytoskeleton, axons and myelin sheath may be damaged, leading to the
ubiquitous finding of reduced FA in distinct brain areas. Increased radial diffusivity and
increased mean diffusivity usually accompany these FA changes. It seems that abnormalities in
DTI metrics may correlate with the timing of head injury, severity biomarkers and long-term
prognosis. In the future, DWI and DTI may also aid in selection of TBI patients for targeted
therapies and in monitoring the effectiveness of treatments.

Upcoming investigations should try to select more homogeneous groups of patients and
clearly state inclusion and exclusion criteria. Longitudinal studies with a combined
quantification of DTI metrics, instead of transversal studies with putative evaluation of isolated
indices, should enhance comprehension of TBI pathophysiology. These studies might foster the

goal of alleviating the burden associated with TBI.
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Dear Editor,

We appreciate the effort of Santos and colleagues for writing the letter entitled “Diffuse
axonal injury: diffusion tensor imaging and cognitive outcome™* about the published article by
Grassi et al.2. We would like to thank for all their comments on our paper and we acknowledge
the opportunity to reply to their considerations.

Traumatic brain injury remains a major public health concern, directly affecting millions
of otherwise healthy individuals, as well as, indirectly their household members, who usually
have to deal with long-term sequelae, including psychiatric symptoms and cognitive deficits.

During the last years, advanced magnetic resonance (MR) techniques have played an important
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role in detecting abnormalities that were once under-recognized when using conventional MR
technology. In particular, diffusion tensor imaging represents an important advanced MR tool
in the context of traumatic brain injury and diffuse axonal injury®. There are already extensive
compendiums concerning the physics of diffusion tensor imaging, however, instead, in our
work we aimed to briefly review its basic principles and main analytical methods (region-of-
interest, tractography and voxelwise analyses), along with the main relevant findings in the
context of traumatic brain injury and diffuse axonal injury?.

Taking into account the advantages of diffusion tensor imaging in the noninvasive
exploration of brain microstructure and networks, one should not be surprised by the striking
number of recent publications using this technique in the evaluation of patients at different
stages after a traumatic episode, ranging from mild to moderate and severe injuries®3. However,
there is still an urge to associate diffusion tensor imaging findings with clinical aspects and to
correlate the scores with cognitive outcomes, making it valuable and accessible as a prognostic
tool in a daily clinical practice.

Fortunately, new scientific studies are evolving steadly and, soon after our recently-
published paper?, new evidences have strengthened the relationship between diffusion tensor
imaging abnormalities and diffuse axonal injury outcomes. As pointed by Santos et al., the work
conducted by Hellstrom and colleagues* indicated robust associations between self-reported
cognitive, somatic and emotional symptoms, 12 months after mild traumatic brain injury with
white matter diffusion tensor imaging parameters, extracted with a vowelwise analysis, dubbed
as tract-based spatial statistics. This work also reinforced physiologic effects of aging on brain
white matter structures, leaving the older brain more vulnerable to subtle injury-related
processes®. This also emphasizes the need to control the age as a potential confounding variable
on case-control diffusion tensor imaging studies.

A work by Leon et al.® assessed 217 victims of moderate to severe TBI 19 days after
the traumatic episode. Twenty-eight white matter fiber bundles were chosen because of their
susceptibility to trauma and were evaluated by region-of-interest-analysis. Diffusion tensor
imaging metrics were highly associated with unfavorable clinical outcome after six months to
one year after the trauma.

Furthermore, a recent meta-analysis of 20 studies investigated correlations between
diffusion tensor imaging measures and seven cognitive domains in mild to severe TBI victims.

All studies pointed a concordance between diffusion tensor imaging parameters and cognition:
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increased fractional anisotropy values were associated with higher cognitive performance,
especially regarding memory and attention functions®.

It is expected that diffusion tensor imaging evaluation will have potential clinical
application in head injury survivors in the near future. Nevertheless, most findings heretofore
were based on single works and hence upcoming studies are awaited to highlight the prognostic
value of diffusion tensor imaging. There is still much work to be done. Larger scale,
longitudinal analyses with homogeneous TBI groups might play a decisive role in how this
technique will prove helpful in predicting a patient’s prognosis and also aiding in selection of
patients who might benefit from targeted therapies.
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To evaluate longitudinally with diffusion tensor imaging (DTI) the integrity of the
cerebral white matter in patients with moderate and severe diffuse axonal injury (DAI) at three
moments after trauma, by using two distinct analytical methods:

a) DTI-based tractography of the corpus callosum (CC) and the bilateral superior
longitudinal fascicles (SLF);

b) Whole-brain voxelwise analysis.

We also aimed to correlate the DTI scalar indices with neuropsychological tests

assessing different cognitive domains.
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Abstract
Objective: The goal is to evaluate longitudinally with diffusion tensor imaging (DTI)
the integrity of cerebral white matter in patients with moderate and severe DAI and to
correlate the DT findings with cognitive deficits.
Methods: DAI victims (n=20) were scanned at three timepoints (2, 6 and 12 months)
after trauma. A healthy control group (n=20) was evaluated once with the same high-
field MRI scanner. The corpus callosum (CC) and the bilateral superior longitudinal
fascicles (SLFs) were assessed by deterministic tractography with ExploreDTI. A
neuropschychological evaluation was also performed.
Results: The CC and both SLFs demonstrated various microstructural abnormalities in
between-groups comparisons. All DTI parameters demonstrated changes across time in
the body of the CC, while FA (fractional anisotropy) increases were seen on both SLFs.
In the splenium of the CC, progressive changes in the mean diffusivity (MD) and axial
diffusivity (AD) were also observed. There was an improvement in attention and
memory along time. Remarkably, DTI parameters demonstrated several correlations
with the cognitive domains.
Conclusions: Our findings suggest that microstructural changes in the white matter are
dynamic and may be detectable by DTI throughout the first year after trauma. Likewise,

patients also demonstrated improvement in some cognitive skills.

Keywords: brain injury, white matter, MRI, DTI, tractography, cognition

Introduction

Traumatic brain injury (TBI) is a complex public health issue worldwide because of its
high prevalence, morbidity and mortality(1,2). In the last decades, studies have demonstrated
the vulnerability of cerebral parenchyma in the trauma scenario and also its importance when
correlating with cognitive and psychological impairments in survivors(3,4).

Diffuse axonal injury (DAI) plays an essential role in TBI since it is present in almost
half of the victims who need hospitalization and because it is related to brain dysfunctions(5—
8). The widespread axonal injury leads to a loss of the brain connectiveness, causing cognitive,
motor, and sensory deficits(9—11). Also, DAI is associated with the development of the chronic

neurodegenerative traumatic disorder(12,13).
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There are different and complex mechanisms involved in the pathophysiology of DAI.
Histopathological studies have shown primary and secondary axonal lesions, inflammatory and
regeneration processes accompanied by Wallerian degeneration and neuroplasticity that may
be the related with the clinical and cognitive outcomes in TBI survivors(7,14). Computed
tomography (CT) and conventional magnetic resonance imaging (MRI) are relatively
insensitive for these microstructural changes. Nevertheless, diffusion tensor imaging (DTI) is
an advanced MRI technique that is able to probe microstructural integrity by exploring the
diffusion of water molecules in brain tissues(15-17). Therefore, we hypothesized that these
abnormalities would be detectable by DTI metrics along the first year after trauma.

In the last decades, DTI has demonstrated its capability to study brain architecture,
geometry and microstructure, and it has been used in the evaluation of several neurological
conditions, including brain trauma(18,19). Among different DTl methods of analysis,
tractography has been commonly used to parcellate and to assess the white matter tracts in TBI
victims, ranging from mild to severe trauma, and even in those without associated findings in
conventional MRI(20-23).

Fiber tracts connect different regions of the brain in order to module neuronal impulses.
The greatest white matter bundle in the human brain is the corpus callosum (CC), responsible
to link homologous regions of both cerebral hemispheres, and also involved in motor,
psychological and cognitive activities(24). The genu, body and splenium are the main CC
subdivisions connecting the orbitofrontal regions, the frontoparietal lobes and the occipital
cortices, respectively. Another critical tract involved in different cognitive processes such as
language, memory, emotions and attention is the superior longitudinal fascicle (SLF), which
connects Broca’s area (frontal lobe), Geshwind’s area (parietal lobe) and Wernicke's territory
(temporal lobe) in the same brain hemisphere(25). Several studies have demonstrated the
vulnerability of these brain tracts in the context of traumatic brain injury victims(20,22,26,27).
However, longitudinal studies assessing the dynamic changes of white matter in DAI are scant
in the literature.

This study aims to longitudinally evaluate with DTI the integrity of the CC and the SLFs
in patients with moderate and severe DAI at three moments during the first year after the
traumatic event, and also in comparison with a matched healthy control group. In addition,
correlations between DTI quantitative parameters and neuropsychological data will also be

scrutinized.
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Materials and methods

Patients
Selection criteria

This study was approved by the Institutional Review Board, and all individuals agreed
to be in the study and signed the informed consent form. Patients included in this study were
adult outpatients (ages between 18 and 55 years old) admitted to the Emergency Room of the
Hospital das Clinicas da Faculdade de Medicina da Universidade de Séo Paulo, Brazil, due to
moderate and severe head trauma according to Glasgow Coma Scale (GCS) scores of 3—12 at
initial evaluation, and who met the following criteria: (1) clinical and tomographic diagnosis of
DAI, (2) a Marshall score(28) of I, Il or Il based on CT evaluation, (3) had no focal lesions
greater than 10cm?, (4) had no midline shift greater than 0.5cm, (5), had no epidural hematomas
that determined compression of the brain parenchyma, (6) had no previous head injury history

with hospitalization.

Description of patient’s sample
Initially, two hundred and twenty-five head trauma patients were evaluated, twenty
patients (11.25% of those) were included in the final analysis and two hundred and five
(88.75%) were excluded based on the following reasons:186 patients did not meet clinical
and/or tomographic criteria for DAI; seven losses of follow-up; five individuals had exclusion
safety criteria for MRI examination; five DTI artifacts; one patient deceased; and one patient
developed epidural compressive hematoma.
For the 20 patients who met the selection criteria, demographic characteristics were as
follows: 17 men and 3 women; mean age was 29.6 years (SD+6.8), 14 patients presented with

moderate head trauma (GCS of 8-12) and 10 suffered motorcycle accidents.

Brain imaging
Magnetic resonance imaging

Each patient had a 3.0 Tesla MRI of the brain performed on the same scanner (Intera
Achieva, Philips Medical System, Best, The Netherlands) with an eight-channel head coil
(Philips Medical System) at three timepoints: (1) 2 months after the trauma, (2) 6 months after
the trauma and (3) 12 months after the trauma. A healthy age- and sex-matched control group

of 20 individuals was also scanned once.
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Anatomical imaging protocol was acquired in the sagittal plane with a 3D T1-weighted
Fast Field Echo (3DT1-FFE) sequence covering the entire brain (180 slices), and the following
parameters: inversion time (IT) = 700 ms; TR/TE = 6.2 ms/2.7 ms; flip angle = 8°; acquisition
matrix = 240 x 240; field of view (FOV) = 240 x 240 x 180 mm; voxel resolution = 1
mm? (isotropic); slice thickness = 1.0 mm; completion time = 4 minutes. The susceptibility
weighted image protocol consisted of principles of Echo Shifting with a Train of Observations
(PRESTO) 3D-T1FFE sequence, axially acquired (a total of 230 slices - 1mm thick), according
to these specifications: TR/TE = 22/29 ms; flip angle = 10°; FOV= 220 x 182 mm; matrix =

224 x 224; voxel size = 0.98 x 0.98 x 1.0 mm; completion time = 3 minutes.

DTI data acquisition

DTI images were collected in the axial plane with gradients applied in 32 non- collinear
directions. The entire brain was covered within 70 slices, 2 mm-thick each, with no gaps in
between. One image with no diffusion weighting was obtained (b = 0 s/mm?). Other parameters
used were: TR/TE = 8500 /61ms; b value = 1000 s/mm2; matrix = 128 x 128; FOV (“field-of-

view”) = 256 x 256 mm; 2mm? isotropic voxel; NEX = 1; completion time = 7 minutes.

Pre-processing

All data were pre-processed using the functional MRI brain (FMRIB) software library
(FSL), version 5.0 (available at http://www.fmrib.ox.ac.uk/fsl/), following this sequence: brain
extraction tool (BET), FMRIB’s linear image registration tool (FLIRT) and correction of eddy
current induced distortions(29,30). Motion correction was completed using the free toolbox
ExploreDTI (A. Leemans, University Medical Center, Utretch, The Netherlands), by rotating
the B-matrix in order to keep the orientation input accurate. Investigation for residuals and
outliers of the diffusion tensor fit was done with the same software, ending on residual maps
similar on all groups. Moreover, the same software was used for tensor calculation and fiber
tracking (31,32).

Tractography

A whole-brain tractography was first automatically obtained in the native space using a
brute-force approach of every pixel. Deterministic tractography technique was then achieved
following a predesigned combination of specific procedures, which included positioning of

multiple regions-of-interest (ROIs) on different planes, based on prior anatomical knowledge
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and previous studies(33,34). The FACT (fiber assignment by continuous tracking) algorithm
was calculated with a fractional anisotropy threshold of 0.25 and maximum angles of 30° for
the CC and 60° for the SLF, equally applied to all subjects(35).

The CC was segmented in three parts: genu, body and splenium. According to the Hofer
and Frahm’s representation(36), the genu was defined as the one-sixth part of the anterior CC,
while the splenium the last one-fourth and the body the residual part. The CC was virtually
dissected following these steps: first, “SEED” ROIs were marked in the paramedian plane along
the CC. To securely track fibers from left and right hemispheres, “AND” ROIs were traced in
the midsagittal portion, and, finally, “NOT” ROIs were drawn in the axial and coronal planes
in order to eliminate horizontally and vertically oriented fibers (e.g. cingulum and corticospinal
tracts, respectively). To dichotomize the SLF fibers, two “SEED” ROIs were delineated in the
coronal plane, and two “NOT” ROIS were used to the axial plane to exclude any tracks that had
a vertical orientation (towards the corona radiata or the corticospinal fibers) (Figure 1).

The following average quantitative DTI parameters were extracted from each tract:
fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity
(RD).

Figure 1. DTl-based tractography post-processing with ExploreDTI. A, whole-brain
tractography is first obtained with a brute-force approach. B, SEED (in blue) and NOT (in red)
ROIs placed in multiple planes of FA maps to virtually dissect the bilateral SLFs. C. Three-
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dimensional representation of both SLFs on oblique view. D, E and F show the final results of
segmentation of the CC in the lateral plane: genu, body, and splenium, respectively.

Neuropsychological tests

An experienced neuropsychologist (ALCZ) performed specific tests to assess different
cognitive domains. The patients were submitted to neuropsychological (NP) assessment only
at timepoints 2 and 3 because of comprehension difficulties, mental confusion and agitation
typically seen in the early post-trauma stage. The results of each test were converted into a Z-
score according to age and years of education. On timepoint 2, three patients were not able to
complete the NP tests. On timepoint 3, one patient had missing information concerning the 1Q
estimation.

The Hopkins verbal learning test (HVLT) evaluates the episodic verbal memory. It
consists on immediate, late recall and later recognition of a list containing 12 words(37). The
examiner reads the list and the patient is asked to repeat as many words as possible. This
procedure is repeated two more times and then 25 minutes after that (later recognition).

The Victoria Stroop test assesses selective attention and inhibition control. It consists of
three cards, one of them with colors, the other with random words colored and the last with
color names with mismatched colors(38). The patient has to say aloud the colors” names as fast
as possible.

Both semantic verbal and phonologic fluency were assessed by the FAS test — where
the patient is asked to say as many words as possible beginning with each letter F, A and S. For
the semantic verbal assessment — using animals as a category, the patient has to say as many
different animals as possible in one-minute interval(38).

One subtest present in the Wechsler Memory Scale (WAIS — 111) evaluates the working
memory in forward and reverse recall of a digit sequence(39). A digit sequence is presented at
one digit per second rate and after that the patient has to recall it in forward and in backward
sequences.

IQ estimation was calculated by combining the performance on both vocabulary and
matrix reasoning tests present in the WAIS — 111(39,40). The vocabulary test consists on the
presentation of words and the patient is asked to define them. In the matrix reasoning test, a
matrix of abstract pictures in which there is one picture missing is presented, and the patient

has to choose one option that better suits the missing picture.
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Statistical analyses

Statistical analysis was performed using IBM — SPSS statistics for Windows, version
25 (International Business Machines Statistical Package for the Social Sciences Inc., Chicago,
IL, USA). A professional statistical expert was consulted for all analyses.

Initially, the data was inspected for outliers and distributional characteristics. There
were no considerable asymmetries in all DTI quantitative samples or NP tests results.

Comparisons between the patients and the control group were performed with Student”s
t-test. A generalized linear function test with robust standard error and unstructured correlation
matrix was performed to evaluate changes over time of DTI parameters and neuropsychological
tests. After that, the Benjamin - Hochberg procedure for repeated measures was performed. To
calculate correlation coefficients, Pearson and Spearman's tests were used. Results were

considered significant with p-value <0.05.

Results

Comparisons of the DTI parameters between patients and healthy controls

The DTI parameters (FA, MD, AD and RD) extracted from the CC and both SLFs in
the control group and in the patients group at all three timepoints can be seen in the
supplementary Table S1.

In order to examine the early microstructural abnormalities after moderate and severe
TBI, we compared the patients group at timepoint 1 with the healthy controls (Figure 2). We
found significant differences in all DTI parameters at all segments of the CC with lower FA
values and higher MD and RD values in the patients group (p<0.001). There were no significant
differences in AD in any CC segment when comparing both groups. For both SLFs, we found
similar results as those found in the corpus callosum, except for AD in the left SLF, which

demonstrated significant higher values in the patient’s group (p=0.04).
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Supplementary Table S1. DTI quantitative results for each white matter tract.

Tract Controls PT1 (n=20) PT2 (n=20) PT3 (n=20)
(n=20)

Genu FA 0.516 + 0.015 0.467 +0.045 0.468 +0.048 0.467 + 0.051
MD 0.777 + 0.032 0.829 +0.046  0.837 +0.052 0.841 + 0.060
AD 1.288 + 0.037 1.308 +0.041 1.320 + 0.044  1.325 + 0.050
RD 0.522 + 0.031 0.589 +0.059 0.593 +0.065 0.599/0.075

Body FA 0.535 + 0.010 0.486 +0.028  0.481 +0.027 0.485 + 0.029
MD 0.756 + 0.019 0.795+0.034 0.807 +0.040 0.809 + 0.043
AD 1.279 + 0.029 1.278 +0.040 1.293+0.051 1.296 + 0.054
RD 0.494 + 0.017 0.552 +0.037 0.562 +0.039 0.563 + 0.047

Splenium FA 0.578 + 0.016 0.530 +0.030 0.529 +0.031  0.530 + 0.029
MD 0.792 + 0.020 0.842+0.039 0.851+0.039 0.859 +0.048
AD 1.398 + 0.031 1.409 + 0.053 1.425+0.047 1.442 +0.059
RD 0.489 + 0.022 0.558 + 0.044  0.565 +0.047 0.567 + 0.049

Right SLF FA 0.466 + 0.017 0.428 +0.034 0.427 +0.033  0.435+0.030
MD 0.712 + 0.024 0.744 +0.032 0.746 +0.039 0.744 + 0.043
AD 1.107 + 0.033 1.115+0.032 1.116 +0.038 1.122 + 0.047
RD 0.514 + 0.023 0.559 +0.039 0.562 +0.045 0.555 + 0.046

Left SLF FA 0.491 + 0.017 0.454 +0.033 0.456 +0.032  0.461 + 0.027
MD 0.700 + 0.019 0.739+0.030 0.745+0.034 0.741 + 0.036
AD 1.112 + 0.033 1.133+0.028 1.144+0.030 1.143+0.031
RD 0.494 +0.0174  0.542 +0.039 0.545 +0.0421 0.540 + 0.041

The results are shown in mean values + standard deviations. MD, AD and RD are presented in
x 10 mm?/s. n = number. PT1, PT2 and PT3 accounts for the patients groups at timepoints 1,
2 and 3, respectively.
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Figure 2. Column bar graphics exhibit the mean values with 95% confidence intervals (error

bars) of DTI metrics (FA, MD, AD, RD) for the patients group at timepoint 1 (PT1) in each CC

segment (genu in blue, body in green, splenium in orange) and both SLFs (right SLF in purple,

[

left SLF in yellow). The corresponding parameters in the control group are shown in grey color.
MD, AD and RD are expressed in x 103 mm?/s. The corresponding values for the control group
are exhibited in grey color. Statistically significant differences (p<0.05) obtained with Student’s

t-test are indicated in the graphics with asterisks (*).

Changes in the DTI parameters along time

Table 1 summarizes the results from the generalized estimating equation (GEE) for the
comparison of all quantitative DTI metrics in the patients group considering the three
timepoints.

In the body of the CC, FA demonstrated a decrease between timepoints 1 and 2, and
then a significant increase at timepoint 3 (p=0.02). For both MD and AD, we also observed the
same pattern of increasing values along time in the body (p=0.003, p=0.025), and splenium
(p<0.001, p<0.001), respectively. For RD, we found increasing values in the body of the CC
(p=0.016). There were no other significant changes in the DTI parameters in the genu of the
CC (Figure 3).
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Table 1. Results obtained with generalized estimation equation to evaluate of DTI parameters
in the patients group (n=20) along timepoints 1, 2 and 3.

Tract DTI p-
metric  value
Genu FA 0.835
MD 0.063
AD 0.061
RD 0.181
Body FA 0.020
MD 0.003
AD 0.025
RD 0.016
Splenium  FA 0.992
MD <0.001
AD <0.001
RD 0.070
Right FA 0.003
SFL MD 0.764
AD 0.575
RD 0.035
Left SLF FA 0.035
MD 0.231
AD 0.088
RD 0.180

Significant p-values are shown in italics.

We also found significant FA increases along time in both right and left SLFs (p=0.003,
p=0.035, respectively), accompanied by a significant decrease for RD values in the right SLF
(p=0.035). No other significant changes over time for the other DTI parameters were observed
in the SLFs (Figure 3).
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Figure 3. Box-plot graphics exhibit comparisons of DTI metrics (FA, MD, AD, RD) along time
for the patients group in each CC segment and in both SLFs (genu in blue shades, body in green
shades, splenium in orange shades, right SLF in purple shades, and left SLF in yellow shades).
MD, AD and RD are expressed in x 10 mm?/s. Statistically significant differences along time
found with generalized linear function tests are indicated in the graphics with the corresponding

p-values.

Neuropsychological evaluation

Neuropsychological tests indicated deficits in all cognitive domains in the patients group
as indicated by negative Z-scores at both timepoints 2 and 3. Along time, however, patients
presented improvement of the performances on memory (p=0.004) and attention (p=0.001).
Other domains such as verbal fluency, working memory and IQ estimation did not demonstrate

significant modifications throughout time (Table 2).
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Table 2. Z-scores computed for each cognitive domain and the statistical results after
generalized estimated equation using time as a model of effect.

Cognitive domain PT2 PT3 p-value
Memory -2.478 +0.171 -1.980 + 0.205 0.004
Attention -1.941 + 0.249 -1.113 + 0.251 0.001
Verbal fluency -1.348 + 0.190 -1.239+0.132 0.473
Working memory -0.424 + 0.158 -0.425 +0.155 0.993
1Q -1.006 + 0.141 -0.885+ 0.144 0.101

The results are shown in mean values + standard deviations. PT2 and PT3 accounts for the
patients groups at timepoints 2 and 3, respectively. Significant p-values are shown in italics.

Correlations between DTI parameters and neuropsychological tests

There were several significant correlations between DTI parameters and the results of
the neuropsychological tests at both timepoints 2 and 3. These results are summarized in the
supplementary Table S2.

At timepoint 2, we found positive correlations of FA values in the genu of the corpus
callosum with attention (p=0.031), and in the splenium with attention (p=0.036) and working
memory (p=0.003). There were also positive correlations of FA values in the right (p=0,039)
and left (p=0,009) SLFs with 1Q. In parallel, MD values in the genu correlated negatively with
working memory (p=0,05), as well as in the splenium with attention (p=0.009), verbal fluency
(p=0.002), working memory (p=0,032) and 1Q (p=0,024). MD values also correlated negatively
with verbal fluency on left SLF (p=0.037). Moreover, RD values in the genu were correlated
negatively with verbal fluency (p=0.049); in the splenium with attention (p=0.018), verbal
fluency (p=0.02), working memory (p=0.032) and 1Q (p= 0.009); and in the left SLF with 1Q
(p=0.044). There was no evidence of correlations between AD at any regions studied and the
neuropsychological results at timepoint 2.

At timepoint 3, FA values at the genu also demonstrated a positive correlation with the
attention index (p=0.02). Correspondingly, RD values in the same site showed a negative
correlation with the same cognitive domain (p=0.036). AD values in the left SLF showed a
negative correlation with attention index (p=0.004). There were no other significant correlations

between DTI metrics and the cognitive domains at timepoint 3.
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Supplementary Table S2. Spearman correlation tests with significant correlations between

DTI metrics and neuropsychological results

Tract DTI Timepoint Attention  Verbal Working 1Q
parameter fluency memory
Genu FA PT2 R=0.508
p=0.031
FA PT3 R=0.514
p=0.020
MD PT2 R=-0.456
p=0.050
RD PT3 R=-0,445
p=0.049
Splenium FA PT2 R=0.496 R=0.645  R=0.636
p=0.036 p=0,003  p=0.005
MD PT2 R=-0.594 R=-0.529 R=-0.494 R=-0.530
p=0.009  p=0.020 p=0.032  p=0.024
RD PT2 R=-0.549 R=-0.465 R=-0.511 R=-0.597
p=0.018  p=0.045  p=0,025  p=0.009
Right FA PT2 R=0.489
SLF p=0.039
AD PT2 R=-0.557
p=0.013
Left SLF FA PT2 R=0.600
p=0.009
MD PT2 R=-0.481
p=0.037
AD PT2 R=-0.553
p=0.014
RD PT2 R=-0.479
p=0.044
AD PT3 R=-0.620
p=0.004

PT2 and PT3 accounts for the patients groups at timepoints 2 and 3, respectively.

Discussion

Our study demonstrates extensive diffusion abnormalities in the white matter,

characterized by lower FA and higher MD, in all the evaluated segments in DAI patients in

comparison to healthy controls. This is coherent to the widespread feature of DAI following

moderate and severe trauma and is in line with several previous works conducted in animal

models and in humans(9,18-20,41-50).
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FA is the most commonly used parameter in DTI studies to assess integrity and
geometry of axonal fibers. High FA values (close to one) are observed in brain regions
containing well-organized parallel axon arrays. On the other hand, brain regions with no
internal directional organization are associated with low FA (close to zero). In contrast to FA,
MD represents the overall water diffusion, regardless its direction, and is affected by both radial
and axial diffusivities(51,52). It has been largely discussed which processes underlie the
changes in RD and AD and how they should be interpreted(51-55). Herein, we found more
pronounced increments in RD, which are possibly associated with demyelination and
neuroinflammation, specially the water accumulation within the myelin sheath (intramyelinic
oedema). There were also higher AD values in the patients group, but this difference was
significant only in the right SLF, which most likely reflects abnormalities in cell density and
increase in extracellular space. Kinnunen et al. also found the same combination of
abnormalities in DTI-derived scalar metrics using a voxelwise approach in TBI patients in
several brain regions, including the CC and SLFs(9). Our work reinforces the utility of both FA
and MD as sensitive DTI biomarkers of microstructural damage in DAI patients, even in
otherwise normal-appearing parenchyma on conventional MRI.

The longitudinal evaluation of DTI parameters in our study demonstrated that the
diffusion abnormalities are not stationary, but also change into some extent along time after
trauma. This was particularly evident in the body of the CC, that showed an initial decrease in
FA values followed by an increase in the second phase post-injury, accompanied by an increase
in MD, AD and RD in the overall study interval. There were also progressive increments in MD
and AD values in the splenium. In the SLFs, there were progressive increases in FA mean
values, accompanied by significant changes in RD in the right side. Indeed, several works
demonstrated that, in addition to the primary axonotmesis directly caused by rotational forces
at the moment of the impact, other pathological processes ensue afterwards. There is evidence
of a late secondary pro-inflammatory response associated with deposition of myelin debris,
overexpression of cytokines, synaptic dysfunction, activation of glial cells, and also deposition
of anomalous proteins, such as Tau and beta-amyloid(56-59). On the other hand, in a search
for homeostasis and regeneration, a continuous process of debris clearance and anti-
inflammatory response is also triggered, with reparative mechanisms that contribute to a
neurological recovery(60,61).

One study using a mouse model showed early isolated axonal injury, followed by

demyelination, oedema, and persistent axonal damage up to one month after the experiment,
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which were accompanied by progressive changes in scalar indices, suggesting that DTI1 may
indicate approximate timing of injury(43). Tissue reorganization have been detected to start as
early as days after trauma and within 4 weeks, along with an increase in fiber density in affected
regions in a rodent model(62). Other investigations conducted in humans that analyzed TBI
victims from mild to severe trauma also demonstrated FA changes from early phases up to
several years after trauma(42,45,48). In addition to the continuing process of debris clearance
and neuronal regeneration, another reasonable explanation for the progressive increment in FA
may be related to the vascular injury associated with DAI that causes local bleeding with
hemoglobin degradation and iron deposition, which may also determine dynamic changes in
FA values (63,64). Non-invasive methods such as DTI might be helpful to foster the
understanding of the underlying complex pathophysiologic abnormalities and the
microstructural anatomical substrates of the commonly observed cognitive deficits in TBI
victims.

Following recovery from transient loss of consciousness and partial or complete
recuperation of acute neurological deficits caused by head trauma, DAI survivors may present
persistent disabilities, loss of productivity and impaired quality of life(1,2). Cognitive
impairments depend on multiple variables, such as the trauma severity, rehabilitation and even
genetic factors(65-67). A neuropsychological assessment indicated compromise of all
cognitive functions in the patients group in our study up to one year after trauma, but there was
significant improvement of episodic verbal memory and attention domains along time. This is
in agreement with a meta-analysis review of 39 cross-sectional TBI studies, which indicated
that cognitive functions improve after moderate to severe TBI but remains markedly impaired
up to two years post-injury(67).

Moreover, we found significant correlations between DTI metrics and cognitive
performances. There were positive correlations between FA values in the genu of the CC with
attention at both evaluated phases, as well as negative correlation between MD values and
working memory at timepoint 2. The mechanics of head trauma places the ventral and lateral
surfaces of the frontal lobes in particular vulnerability for damage(68,69). Given the frontal
projections of the genu, it is not surprising that executive functions mediated by these areas
could be correlated with microstructural abnormalities as detected by DTI in our study. The
splenium is also frequently injured in head trauma due to specific anatomical features such as
its close proximity to the fixed falx that determines how the shearing forces propagates in this

region. There were significant correlations between DTI indices extracted from the splenium
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and several cognitive domains, including attention, verbal fluency, working memory and 1Q at
six months post-trauma. Our results also indicated positive correlations between FA values in
both SLFs and IQ at the same timepoint, in addition to negative correlations between the other
DTI metrics and verbal fluency and 1Q. The correlations were more pronounced in the left SLF,
what may be related to the by far more prevalent functional language dominance in the left
cerebral hemisphere(70). Furthermore, there were more pronounced correlations in our study
at six-moths post-injury, suggesting this interval as the optimal timing of DTI data acquisition
for evaluation of cognitive outcomes.

Others authors have also found correlations between DTI parameters and
neurocognition. Hashim et al. evaluated 19 subacute (up to one year post-trauma) and chronic
(from one up to five years post-trauma) patients with a voxelwise approach and found persistent
functional loss in chronic TBI, and also correlations between diffusion indices with memory
and visuomotor coordination test scores, but not with executive function(71). Another group
conducted a longitudinal study with region-of-interest based analysis at specific brain sites and
demonstrated significant correlations with clinical outcomes up to 15 months after severe
trauma(72). There is also evidence of associations between DTI indices and self-reported
cognitive and emotional symptoms at 12-months post-injury in mild TBI(4). This study also
pointed strongest effects in frontal regions including the forceps minor and the genu of the
CC(4).

Lack of correlations between some DTI metrics and cognitive domains at specific sites
in our study, especially in the body of the CC, may be related to the relatively low number of
participants that are ideally required for correlational studies(73). Indeed, we have applied strict
exclusion criteria in order to evaluate a very homogeneous group of moderate and severe TBI
patients with a pure presentation of DAI rather than evaluating patients with a broader spectrum
of traumatic injuries, such as large intra-axial and extra-axial hematomas. Furthermore, another
possible explanation is that distant rewiring and behavioral compensation may mediate
spontaneous improvement of cognitive deficits after TBI. Although these mechanisms are not
completely understood and do not represent true pathological recovery, it is supposed that
second behavior in intact circuits overtake the original cognitive with associated shifts in
anatomofunctional maps topography(74,75).

There are several methodological approaches to analyze DTI datasets. Region-of-
interest analysis allows straightforward extraction of diffusion parameters from a

predetermined area of the brain, but only a limited part of the cerebral structure is evaluated in
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two-dimensional images. Voxelwise analysis is broadly applied on research scenarios because
it is suitable for global analyses of brain parenchyma and allows semi-automated comparison
of large groups of patients. Some shortcomings of this approach, however, are the need for
alignment and registration of brain volumes to a standard space, with its associated
inaccuracies(18). Herein, rather than applying an exploratory evaluation prone to multiple error
biases, we chose to evaluate with tractography the greatest inter-hemispheric commissure
bundle and one long association tract that are known to link critical cortical regions and to
modulate several cognitive functions.

Still, some caveats of the deterministic streamline tractography approach should be
mentioned. This technique indirectly estimates fiber tract anatomy based on the main direction
of water molecules diffusion in each voxel (in the order of millimeters), by far much bigger
than the axonal diameter (in the order of microns). This assumption of homogeneous
unidirectional vectors is unrealistic and gives erroneous estimations of fiber pathways in areas
of crossing fibers. Furthermore, longer acquisition times and motion artifacts limit increases in
spatial resolution. Other robust diffusion analysis techniques that soothe some of these
limitations are evolving steadfastly, such as global probabilistic tractography, high angular
resolution diffusion imaging (HARDI), g-ball imaging and diffusion kurtosis analysis
(DKI)(18,75-77). So far, however, these approaches require more sophisticated processing
algorithms and are less feasible for implementation in clinical sets to evaluate individual TBI
patients.

Finally, this study emphasizes the utility of DTI to obtain quantitative information about
the white matter microstructure in patients with moderate and severe brain injury. Our results
showed extensive and dynamical changes in DTI parameters throughout the first year after
trauma. In parallel, patients also demonstrated better performance scores in different
neuropsychological domains over time, which could be correlated with DTI metrics at
particular brain sites, indicating the potential role of microstructural reorganization and
neuroplasticity. DTI is a noninvasive method that could be helpful in monitoring progression

of DAI and to select cognitively compromised patients for targeted therapies in the future.
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ABSTRACT

Background: Diffuse axonal injury occurs in high acceleration and deceleration forces in
traumatic brain injuries (TBI). This lesion leads to disarrangement of the neural network, which
can result in some grade of deficiency. The Extended Glasgow Outcome Scale (GOS-E) is the
primary outcome instrument to evaluate TBI victims. Diffusion tensor imaging (DTI) assesses
the white matter (WM) microstructure based on the displacement distribution of water
molecules.

Objective: Study the WM microstructure along the first year after trauma using DTI, check the
patient’s clinical outcome, and test for associations.

Methods: We scanned 20 TBI victims of moderate and severe trauma at 2 months and 1 year
after the event. Imaging processing was done with the FMRIB software library; we used the
tract-based spatial statistics software yielding fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD) for statistical analyses. We computed
the average difference between the two measures across subjects and performed a one-sample
t-test and threshold-free cluster enhancement, p-value < 0.05, corrected. The GOS-E evaluated
clinical outcomes. We tested for associations between outcome measures and significant mean
FA clusters.

Results: Significant clusters of altered FA were identified anatomically using the JHU WM
atlas. We found spotted areas of FA increment along time, in the right brain hemisphere and
the left cerebellum. Extensive regions of increased MD, RD, and AD were observed. Patients
presented an excellent overall recuperation. There were no associations between FA and

outcome scores, but we cannot exclude a small to moderate association.

Keywords: Craniocerebral Trauma; Diffuse Axonal Injury; Diffusion Tensor Imaging;

Glasgow Outcome Scale; Regeneration.

INTRODUCTION

Traumatic brain injury (TBI) causes different complex brain lesions such as hematomas,
contusions, vascular injuries, and diffuse axonal injury (DAI). DAI results from high-energy
acceleration and deceleration forces, determining shearing strains in the white matter, leading

to disconnection or dysfunction of the neural network?.



Systematized Text-60

Head injuries, particularly DAI, result in distinct functional deficits, such as physical,
cognitive, and behavioral impairments, which dramatically affect life quality, return to daily
activities, and social reintegration of survivors?. In 1975, Jennett and Bond developed the
Glasgow Outcome Scale (GOS), and it was used as a primary outcome measure in phase Il
trials in TBI®“. Afterward, acknowledging some limitations of the GOS, the Glasgow Outcome
Scale — Extended (GOS-E) was developed. Since its definition in 1981, it has been primarily
used and recommended as the primary outcome measurement in TBI studies®®.

DAL is not only restricted to mechanical forces at the moment of the trauma. Many
different processes are triggered, such as inflammatory responses, molecular changes,
apoptosis, and Wallerian degeneration. Therefore, the pathophysiology of DAI can be divided
into primary and secondary lesions. The primary axonal lesion is the complete disconnection
related to the kinetic energy in the trauma moment. In contrast, secondary axonal injuries are
indirect and progressive lesions to neurons that ensue late after the initial shock’. The impact
sparks molecular and cellular events that disturb the homeostasis, leading to changes in neurons
and the regional microglia that can persist for years®.

Traditional imaging modalities such as computed tomography and standard magnetic
resonance (MR) sequences, such as T1 and T2 weighted sequences, are not sensitive to show
the white matter (WM) damage related to DAI. Diffusion tensor imaging (DTI) is an advanced
MR modality based on water molecules diffusion that measures the preferential displacement
along the white matter tracts and has been used to access the brain microstructure in different
pathologies, including head injuries®. There are diverse methods available to analyze DTI
images, such as region-of-interest analysis and tractography. One of the most commonly used
is the whole-brain approach to test for group-comparisons, for which tract-based spatial
statistics (TBSS) is particularly recommended for voxel wise and cluster-based analyses,
constraining statistical analysis to the center of the tracts®. It is a semi-automated method, with
minimal user dependence, that allows a whole-brain evaluation and is notably suitable for
evaluating diffuse lesions in the brain parenchyma such as DAI%1!,

Other groups have used this approach to assess white matter changes in head injury
victims in different stages after trauma*?*3, Lipton and colleagues conducted a study on patients
with mild TBI who presented with persistent cognitive impairment eight months to three years
after the trauma. They found decreased fractional anisotropy (FA) and increased mean
diffusivity (MD) in the corpus callosum, subcortical white matter, and internal capsules

compared to healthy controls®®. Another group investigated adolescents with mild TBI in the
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acute phase (from 1 to 6 days after the trauma event) compared to age-matched controls4. They
found significantly decreased apparent diffusion coefficient (ADC) and radial diffusivity (RD)
and increased FA in several white matter regions and the left thalamus, consistent with axonal
cytotoxic edema in the acute phase post-injury. However, few published works analyzed the
progressive changes in the white matter in DAI, particularly in moderate and severe trauma
victims.

This study aims to evaluate longitudinally the white matter of patients with severe and
moderate DAI at two moments defined as the subacute (two months) and early chronic phases
(one year) following the trauma event. We also assessed patients” clinical outcome one year
after trauma, using the GOS-E scale®. Our central hypothesis is that DT1 parameters change

along time and can have a degree of correlation with functional outcome.

METHODS

Standard protocol approvals
The protocol was reviewed and approved by the institutional review board, the local

ethics committee, and all participants gave written informed consent.

Study design and subjects

A prospective study was conducted throughout one year. Adult outpatients admitted at
the Emergency Room of Clinics Hospital, Faculdade de Medicina da Universidade de Séo
Paulo, victims of moderate and severe TBI (Glasgow Coma Scale scores between 3 and 12 at
initial evaluation), presenting clinical and tomographic findings exclusively of DAI were
eligible to be admitted in the study. Exclusion criteria were the presence of contusions greater
than 10cm?, midline shift greater than 0.5 cm, extra-axial collection determining compression
of the brain parenchyma, or any indication for surgical intervention. Patients with poor quality
imaging studies that limited analysis, clinical contra-indications that precluded MR scanning,

or loss of follow-up were also excluded.

Data acquisition
All data were acquired on a 3T system (Intera Achieva, Philips Healthcare, Best, The
Netherlands). Patients were scanned using an 8-channel head proton coil (Philips Healthcare,

Best, The Netherlands) at two time-points: two months (subacute phase) and one year (early
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chronic phase) after the trauma. The routine protocol included fluid-attenuated inversion
recovery (FLAIR), diffusion-weighted imaging (DWI), and susceptibility-weighted imaging
(SWI1) sequences. For the data analysis in this study, we used a volumetric T1-weighted and
DTI sequences.

The 3D-T1 fast field echo, acquired in the sagittal plane, was obtained using the following
parameters: FOV 240 x 240 x 180 mm?; matrix 240 x 240mm:; isotropic resolution; TR/TE
6,2/2,7ms; and acquisition time 4.13min.

The DTI sequence was acquired in the axial plane, using 32 directions and one b0 using
the following parameters: 70 slices; slice thickness 2mm; no gap; field of view 256 x 256 mm;
voxel resolution = 2mm? (isotropic); TR/TE 8.500/61ms; b = 1000 s/mm?; matrix 128 x 128;

number of excitations (NEX) = 1; and acquisition time of 7 minutes.

Imaging processing and analysis

Initially, all diffusion images were pre-processed for eddy current corrections and
extraction of non-brain voxels, using FMRIB's Diffusion Toolbox (FSL) software, version
5.0.11%. For motion correction, the free toolbox Explore DTI (A. Leemans, University
Medical Center, Utrecht, The Netherlands) was used, which rotates the B-matrix while keeping
the exact initial orientation. With this same software, visual quality inspection for residuals and
outliers was performed in each data set®1’,

Thereafter, FA maps were analyzed using TBSS®. All individual’s FA images were non-
linearly registered to the most typical subject of the sample (using -n command), and then the
aligned dataset was transformed into the MNI152 standard space (1mm?3). The mean aligned
FA images were merged into a single four-dimensional (4D) average FA image. A mean FA
skeleton was extracted from the generalized 4D image and the tracts were projected into the
skeleton, using a 0.2 threshold*®. To extract mean, axial, and radial diffusivities (MD, AD, and
RD, respectively), non-linear warps and skeleton projections were applied to each DTI scalar

parameter.

Statistical analysis

To assess differences in FA, MD, RD, and AD along time, we performed one-sample t-
tests, using the average difference between the two measures across subjects. Initially, it was
first computed the difference between the subacute minus the early chronic phases, and then

the early chronic minus the subacute phases. Permutation-based nonparametric inferences were



Systematized Text-63

made on unsmoothed statistical maps, using 5000 permutations, and the cluster-like structures
were enhanced using the threshold-free cluster enhancement (TFCE) algorithm!®. This
approach was similarly also applied to the MD, AD, and RD maps. Data were corrected for
multiple comparisons, using the family-wise error (FWE) rate, setting the significance level at
p < 0.05.

Thenceforth, the cluster tool (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/Cluster) was applied to
extract the exact clusters, followed by the Atlasquery tool to obtain the coordinates
(http://tsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlasquery) according to the Johns Hopkins University
(JHU) white matter tractography atlas.

Outcome measure

We used the GOS-E at 12 months post-injury obtained at the medical appointment follow-
up, which has been recommended as the main outcome measurement in TBI studies’. It consists
in an eight-scale global measure of function, used to estimate physical disability grading®. It
classifies patients into upper and lower levels of good recovery (GOS-E = 7,8), moderate
disability (GOS-E = 5,6), severe disability (GOS-E = 3,4), vegetative state (GOS-E =2) and
death (GOS-E =1).

Association analysis

The WM areas with FA differences along time were defined as ROIs and the mean FA
values of each one was calculated. Then, to test for association of mean FA values of each ROI
with GOS-E grading, we used Cohen’s d effect size test. We segmented patients into two
different groups: sub-optimal (GOS-E= 5 or 6) and optimal (GOS-E = 7 or 8) performance. We
tested for associations of each ROI at two months and one year after trauma.

Taking into account the relatively small patient sample, we also estimated Cohen’s d

effect size test considering a bigger sample size (4 times our sample, with the same distribution).
RESULTS
In the initial screening, 225 patients with head trauma were evaluated, and the final

analysis included twenty patients of those. Demographics of the final sample are described in

Table 1. Two hundred and five subjects were excluded for the following reasons:
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- 186 had no clinical and/or tomographic criteria for DAI,
- 7 follow-up losses;

- 5were not eligible for MRI;

- 5 had low-quality DTI studies;

- 1 developed epidural compressive hematoma;

- 1 deceased.

Table 1. Demographics of the 20 patients included in the study.

Gender Male = 16; Female = 4
Handedness Right-handed = 16, left-handed = 4
Traumatic event Motorcycle = 10
Car accident = 6
Run over =3
Agression =1
GCS at hospital admission Moderate (GCS 9-12) = 14
Severe (GCS<8)=6
Interval between trauma and hospital admission 39 minutes (15 to 77 minutes)
One-year outcome GOS-E5=1
GOS-E6=7
GOS-E7=11
GOS-E8=1

Table 1. Demographics,

GCS = Glasgow coma scale, GOS-E = Glasgow outcome scale extended

Evaluation of changes along time at two months and one year after trauma (chronic minus
subacute volumes) with voxel based TFCE analysis indicated brain regions with FA increment
along time, predominantly in the right hemisphere and in the left cerebellum. The significant
brain clusters (Table 2) were found in the right superior longitudinal fascicle, the temporal part
of the right superior longitudinal fascicle, right inferior fronto-occipital fascicle, right superior
and inferior longitudinal fascicles, the body of corpus callosum, forceps major and left
corticospinal tract (Figure 1). Moreover, we found extensive areas of increases in MD, RD, and
AD (p < 0.05, FWE corrected) (Figure 2).
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Table 2. The most significant clusters found in FA analysis.

Cluster .
Voxels p X(mm) Y(mm) Z(mm) Location
Index

7 7 0.007 25 -44 36 R SLF, R IFOF
6 4 0.025 3 3 26 body corpus callosum
5 4 0.024 32 -41 30 R SLF, R SLF (temporal part), R ILF
4 2 0.027 -28 -47 -38 LCST
3 1 0.04 29 -68 11 forceps major, R IFOF, R ILF
2 1 0.038 30 -43 32 RSLFandRILF
1 1 0.031 33 -35 32 R SLF, R SLF (temporal part)

R SLF = right superior longitudinal fascicle, R IFOF = right inferior fronto-occipital fascicle,

R ILF = right inferior longitudinal fascicle, L CST = left cortical spinal tract

Figure 1. The most significant clusters found with increments in FA (early chronic minus

subacute phase) are represented in red, TFCE (p < 0.05, FWE corrected). The mean FA skeleton

is indicated in white. FA, fractional anisotropy.
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Figure 2. White matter differences between early chronic and subacute phases. Significant

clusters (p < 0.05, FWE corrected). Blue depicts MD, yellow AD and green RD increases in
the chronic phase. FWE, family-wise error; MD, mean diffusivity; AD, axial diffusivity; RD,
radial diffusivity.

Of note, the one-sample t-test used to assess the difference between subacute minus the
early chronic volumes did not demonstrate significant differences for any DTI parameter.

Correlations between the different FA ROIs and the one-year GOS-E grades were tested
with different ROIs at 2-months and 1-year post-trauma (Figures 3 and 4). We did not find any

correlations on either moment.
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Figure 3. Subgroup analysis

The forest plot shows the effect size in the outcome variable across the prespecified subgroup
according to GOS-E outcome stratification (moderate disability vs good recovery). Association
analysis between different ROIs at 2 months after trauma with sub-optimal and optimal 1-year
post-trauma GOS-E scores. Horizontal axis demonstrates differences between the groups of
recovery according to each cluster.

Effect sizes values displayed along with respectively confidence interval of 95% and statically
significance (p) obtained by Cohen’s d test (squares).
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Figure 4. Subgroup analysis
The forest plot shows the effect size in the outcome variable across the prespecified subgroup

according to GOS-E outcome stratification (moderate disability vs good recovery). Association
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analysis between different ROIs at one year after trauma with sub-optimal and optimal 1-year
post-trauma GOS-E scores. Horizontal axis demonstrates differences between the groups of
recovery according to each cluster.

Effect sizes values displayed along with respectively confidence interval of 95% and statically

significance (p) obtained by Cohen’s d test.
In addition, hypothetically increasing 4 times our sample, we found some associations the
one-year GOS-E and the specific ROIs of FA increase at 2 months and 1 year after trauma

(Table 3).

Table 3. Correlation analysis supposedly increasing by 4 times the sample size.

Cluster p value p value
index (2 months) (1 year)

1 0.014 0.009

2 0.056 0.078

3 0.823 0.094

4 0.190 0.398

5 0.020 0.061

6 0.161 0.024

7 0.044 0.685

e p value obtained by Cohen’s d test.

DISCUSSION

In our investigation, we did a whole-brain analysis using a semi-automated method to
explore white matter changes over time in moderate and severe TBI victims. DTI has mainly
been used to study white matter in the trauma scenario. However, most published articles are
related to mild trauma and with different follow-up periods*?*3?, It is important to emphasize
that our patient sample is very homogeneous, consisting of victims with moderate and severe
trauma, explicitly diagnosed and exclusively with DAI, and followed throughout one year after

the event.
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We found some scattered areas of FA increase, notably in the right brain hemisphere,
accompanied by vast regions in the brain and the cerebellum demonstrating an increase in MD,
RD, and AD along time. Interestingly, the patients showed relatively good clinical outcomes,
according to the GOS-E scale. We also found different associations between each brain region
with increased FA and the late clinical outcome (GOS-E) two months and one year after trauma,
which were more prominent when tested for a larger sample size. Our results are aligned with
previous studies that have described white matter changes on DT parameters along with time
in victims of head trauma®:?2, These ongoing DTI parameters are related to different
pathophysiological processes such as inflammation, degeneration, and regeneration — which
have already been described in experimental studies?2*,

We identified a general area of increase in MD, AD, and RD in brain tracts one year after
trauma. We consider that MD increase is mainly a result of high RD values and, in a lower
degree to AD increment. MD represents the overall diffusivity of water molecules, which can
be related to the increasing content of isotropic tissue with water content (gliosis)?. Although
the biological basis for the anisotropy and diffusivity changes in tissues revealed by DTI data
is still largely debated, studies using animal models have demonstrated that axonal injury itself
is represented by AD changes and demyelination is associated with an increase in RD values?.
Considering that increases in both AD and RD contribute positively to augments in MD values,
it is reasonable to assume MD as a more sensitive parameter when compared to FA in our
observation.

Moreover, in addition to axonal injury, other important and specific pathophysiological
processes are also present in the trauma scenario, such as neuroinflammation, afferent
degeneration, and debris clearance, and the magnitude of each one at different stages may imply
distinct changes in DTI scalar values. Animal models’ studies play an essential role in
characterizing these other effects ensued by the trauma event and how they change over time.
However, most of the articles published to date describe the changes seen in the early acute
time after trauma, and only a limited number of articles evaluate long-term consequences?’. It
is already well established that the overall axonal injury in trauma survivors is a consequence
of the secondary axonal injury, which is the indirect damage to neurons related to
neuroinflammation and microglial activation, triggered by the initial impact and that can persist
for years®. These processes are responsible for biochemical changes leading to local edema
and changes in the microvascular circulation, leading to ischemia and demyelination, which can

be illustrated by the RD increase over time?8. Moreover, AD increase has been associated with
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an increment of the extracellular water content, such as debris clearance, that would ease the
water molecule movement in an axis parallel to the axons?. Thereby, we suppose that our
results can be explained by the Wallerian or Wallerian-like degeneration process due to DAI or
related to a secondary pathological process, such as regional ischemia and neuronal death may
ultimately lead to brain atrophy?°.

We also found some spotted areas of FA increase in the right brain hemisphere and the
left cerebellum over time. Different causes can be associated with FA increase, such as local
fibrosis, hemorrhage areas, and neuronal sprouting®. FA is related to the microstructural
organization, with high values (close to one) related to most anisotropic tissues. Microstructural
organization after the trauma has been reported to start as early as days and can persist for years,
which is linked to neuroplasticity®'. The functional recovery accompanied by FA increment
may be related somehow to neuroplasticity. Interestingly, we found areas of FA increase in the
right brain hemisphere and in the left cerebellum, which may illustrate the involvement of the
contralateral cerebellar hemisphere in functional and compensatory changes after trauma, as it
has been already reported?. An interesting functional study evaluated children with moderate
and severe trauma in comparison to controls, and it demonstrated that children with TBI
demonstrated changes in functional cerebral activity and demonstrated increased recruitment
of neural resources such as the cerebellum®,

We tested for correlations between mean FA values at the subacute and early chronic
phases of the specific regions that presented significant changes overtime and the GOS-E
scores. We couldn’t find any significant correlations; however, the lack of significance may be
related to our sample size, relatively small when considering the optimal number of individuals
required for correlational studies®. Still, some specific regions as the right SLF and the body
of the corpus callosum demonstrated, at the early chronic phase, promising effect sizes in
functional stratification between optimal and sub-optimal GOS-E scores and mean FA values
by using a theoretical larger sample size.

Whole-brain voxel-wise analysis has been increasingly used to study DAI since the
widespread nature of the disorder, as well as the advantages of minimal intervention for multi-
subject group evaluation provided by this analytical method. However, with this technique, it
is mandatory the use strict statistical procedures for correcting for multiple comparison errors,
which reduces the sensitivity for detecting subtle changes*?.

One limitation of our study is the relatively small sample size. However, we included a

particular and homogeneous group of patients with a minimum one-year survival after the
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traumatic event, especially considering that victims of moderate and severe head trauma have
high mortality rates in the first six months3*3>, Moreover, we did have a particular group in
terms of one-year survival, but these patients also presented an excellent recovery with high
one-year GOS-E scores. This may be related to the exclusion of other conditions commonly
associated with a head injury, such as contusions and hematomas that can imply a poorer
outcome?.

Concerning the methodology and imaging acquisition, we need to emphasize that more
gradient encoding directions and more robust DTI acquisition and analytical methods such as
high angular resolution diffusion imaging (HARDI), diffusion kurtosis imaging (DKIl), and g-
ball imaging are available and could have enhanced the power of the data analysis!.
However, these approaches require longer acquisition times, more sophisticated algorithms,

and are still less feasible to implement in clinical and research scenarios.

CONCLUSION

In conclusion, our work indicated changes in all DTI scalar metrics in the brain and
cerebellum white matter in a homogeneous group of DAI victims along the first year following
moderate and severe head trauma. This study can be important to guide future research in
understanding the different pathophysiological processes that ensue at different stages during
patient recovery. Upcoming studies are awaited to indicate DTI as a tool in signaling functional
outcome, as well as an auspicious method to be used to guide therapies and rehabilitation

procedures in trauma survivors.
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Our results showed extensive changes in the brain white matter microstructure in
patients with moderate and severe DAI throughout the first year after trauma, by using DTI-
based tractography and vowelwise analysis.

In addition, patients also demonstrated better performance scores in different
neuropsychological domains over time, which could be correlated with DTI metrics in

particular brain sites.
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VIEWS AND REVIEWS

Current contribution of diffusion tensor imaging
in the evaluation of diffuse axonal injury

Contribuicao atual da imagem por tensor de difusao na avaliacao da lesdo axonal difusa

Daphine Centola Grassi', David Macedo da Conceigcdo’, Claudia da Costa Leite’, Celi Santos Andrade’

ABSTRACT

Traumatic brain injury (TBI) is the number one cause of death and morbidity among young adults. Moreover, survivors are frequently
left with functional disabilities during the most productive years of their lives. One main aspect of TBI pathology is diffuse axonal injury,
which is increasingly recognized due to its presence in 40% to 50% of all cases that require hospital admission. Diffuse axonal injury
is defined as widespread axonal damage and is characterized by complete axotomy and secondary reactions due to overall axonopathy.
These changes can be seen in neuroimaging studies as hemorrhagic focal areas and diffuse edema. However, the diffuse axonal injury
findings are frequently under-recognized in conventional neuroimaging studies. In such scenarios, diffuse tensor imaging (DTI) plays an
important role because it provides further information on white matter integrity that is not obtained with standard magnetic resonance
imaging sequences. Extensive reviews concerning the physics of DTl and its use in the context of TBI patients have been published, but
these issues are still hazy for many allied-health professionals. Herein, we aim to review the current contribution of diverse state-of-the-art
DTl analytical methods to the understanding of diffuse axonal injury pathophysiology and prognosis, to serve as a quick reference for those
interested in planning new studies and who are involved in the care of TBI victims. For this purpose, a comprehensive search in Pubmed was
performed using the following keywords: “traumatic brain injury”, “diffuse axonal injury”, and “diffusion tensor imaging”.

Keywords: magnetic resonance imaging; diffusion tensor imaging; diffuse axonal injury; brain injuries, traumatic.

RESUMO

O traumatismo cranioencefalico (TCE) é a principal causa de morbimortalidade entre adultos jovens. Aqueles que sobrevivem sao
frequentemente deixados com sequelas funcionais nos anos mais produtivos de suas vidas. O principal aspecto fisiopatolégico do
TCE € a lesao axonial difusa (LAD), cada vez mais destacada pois esta presente em 40 a 50% dos casos que necessitam de internacgao
hospitalar. LAD é definida como a injlria axonial extensa caracterizada pela axoniotomia completa assim como pelas reacoes secundarias
a axoniopatia, que sao demonstradas por métodos de neuroimagem como areas de edema e micro-hemorragia. Entretanto, os achados da
LAD sao frequentemente subestimados em estudos de neuroimagem convencional. E neste contexto que imagens por tensor de difusao
(DTI) ganharam énfase, ja que permitem obter informagdes sobre a integridade da substancia branca que nao eram obtidas por sequéncias
convencionais de ressonancia magnética (RM). Existem artigos extensos sobre os fundamentos fisicos e as aplicagdes de DTl em pacientes
vitimas de TCE, no entanto, estes assuntos permanecem ainda nebulosos a alguns profissionais da area de satde. Deste modo, propomos
uma revisao didatica sobre a contribuicao do estado da arte de diferentes métodos analiticos de DTl no entendimento do processo da
fisiopatologia e progndstico da LAD, servindo assim como uma ferramenta acessivel para aqueles interessados em planejamento de novos
estudos e aqueles envolvidos no tratamento de vitimas de TCE. Uma pesquisa abrangente foi realizada no Pubmed com as seguintes

palavras-chave: “traumatismo cranioencefalico’, “lesao axonial difusa’”, “imagem por tensor de difusao”

Palavras-chave: imagem por ressonancia magnética; imagem de tensor de difusao; lesao axonal difusa; lesdes enceféalicas traumaticas

TRAUMATIC BRAIN INJURY behaviors. These traumatic events may result in several dis-

abilities, loss of productivity and impaired quality of life.

Currently, traumatic brain injury (TBI) is a worldwide  Therefore, understanding the mechanisms of trauma, grad-

public health problem due to its high prevalence, morbid-  ing the injury, and providing adequate medical care to the

ity and number of deaths. The most affected individuals are ~ victims are essential to minimize the large social and eco-
young males, who are more likely to engage in risk-taking nomic consequences of TBIs".
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One of the mast important aspects for guaranteeing an
optimized approach for treating a TBI victim is understand-
ing how the truma occurred and providing & detailed snd
prompt ciinical examination of the victim. Neurotramma
mechanisms are complex, and multiple types of injuries
over the ONS may coexist, such as skull fractures, contu-
sions. hematomas, and diffuse aoonal injury™. The Glasgow
Coma Scale (GCS) is the most widely used clinical dassifica-
tion system and depends on the best eye, verbad and motor
responses. Acconding to the GCS, a TBI can be giaded as
mild, moderate or severe. This scorng system was created in
1975 and lacks the sensitivity to predict subtle but meaning-
ful residual dysfunctions, such as physical. cognitive. psycho-
logical and behurvioral deficits™.
oped to determine the mortality and persistent disabilities
in THI victims. Two of the most used and well-known we the
IMPACT and CRASH algorithms. The IMPACT algorithm was
CRASH algorithun was developed with mild and moderte TBI
patients. Both algonthms use clinical predictors such as age.
GCS soore and pupallary reactivity at hospital admission. The
addition of biomarkers, sach as protein S100-beta, microtn-
bule associated protein 2 and myelin basic protein. as well as
imaging data from head computed tomogrphy (CT) scans,
has been shown o improve the redibility of these progros-
tie models”. However, the clinical manifestations preseit after
truunatic events vary, and predicting prognosis in an indnad-
ual patient remains challenging in daily practice=.

In particular, patients with diffuse axonad injury frequently
exhibit an apparent discrepancy between climical status {usu-
ally moderately 1o severely comprormised) and early imaging
findings (often normal or minimally abononmal}. Moreover,
it is not well established why some survivors regain complete
function while others remain severely disabled. Therefore, it
is eritical to understand the pathoplysiology of diffisse axo-
nal mjury and to foster the development of noninvasive neu-
roimaging tools to reveal the dunage to the central nervous
systemn and provide guidance for therapeutic decisions and
counseling for TBI patients and their funilies.

PATHOPHYSIOLOGY OF DIFFUSE AXONAL INJURY

Diffizse axonal injury is defined as wide axonal imjury with
microscopic and macroscopic components, which may only
be visible in severe cases upon CT and magnetic resonance
imaging (MR ). The mechanism of injury is based on the iner-
tia of the brain: when fast and strong accelerations and deced-
(such as gray and white matter) suffer shearing and strain-
ing forces that stretch and damage axons, Jeading to dif-
fuse axonal injury™. Conunonly affected beain sites include
the corpus callosum. fornices. subcortical white matter and

190 2o Neurmowaretr 2016763180133

cerebellum’. Once the victim presents in a comatose state
with &t GCS Jess than & the probability of brainstern involve-
ment becomes significant and the prognosis worsens®.

It is very important to understand that diffuse axo-
ual injury does not only consist of the asonal injury itself
Cowplex newropathological processes ensue, such as an
inflarmmatory response secondary to the traumatic event
associated with protein deposition. After direct axonal injury.
multiple chamges ocour microscopically, including cella-
lar death, synaptic dysfunction. activation of glial cells and
anomalous protein deposition (Taus and AR protemns)* =+,

Damage to an axon does not always lead to disconnec-
tior: connections may occasionally still be present, but it is
not well known if they remain functional™, It is well estab-
lished that peuranal death per se evolves into Wallerian
degmeration. which is defined as the progressive antero-
wade disintegration of axons and accompanying demyvlin-
ation that ocours after injury to the proximal axon or cell
body™. Furthermore. it has been increasingly recognized that
anomadous protein deposition secondary 1o axonal injury
might be related to the fiuture manifestution of Alzheimer’s
disease in some patients**",

Higtopathologically. diffuse axonal njury can be divided
into three degrees grade E microscopically widespread axo-
nal injury in any location: grade [I: grade | findings plus focal
lesions m the corpres callosang and grade IIE grade [ findings
plus focal lesions in the rostral portion of the brainsten™.

Neurolmaging evalustion of a TBI patient is besed on CT
and MRI studies. During emergency care, TBI victims are usu-
ally first evaluated with CT scans, which are fast and accurate
for identifying life-threatening conditions that may require
prowpt intervention. such as extra-axial hematomas’.

There is a imdsiatch between the CT findings and clinical
presentation in TBI patients. For instance, punctate micro-
hemorrhages on the corpus callosum and gray-white matter
junction an shown in only 105 of all TBI patients. Within two
weeks after a trsunatic event, nearonal loss can be inferred on
CT as a discrote ventricular enlargement in some patients .

An MRL despite being less widely available and requiring
longer scan times than a CT. is the best modality to assess
brain injuries becsuse it provides a better identification of ana-
tomic features and higher spatial resolation”. Hemorrhages
are represented by a loss of signal in gradient echo and sus-
ceptibility-weighted sequences (Fgure 1), whereas amas
of edemna present as high signals in T2-weighted and fluid
aftemuation inversion recovery (FLAIR) sequences {Figure 2).

Nevertheless. more advanced technigques. such as diffuse
tensor imaging (IYT1), are more sensitive to pewronal lesions
in aress that appear normal on conventional MRI sequences,
especially i pationts with diffuse axonal injury* ™,
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DIFFUSION WEIGHTED IMAGING

Sinee its medical debut, diffusion welghted imaging
(DWI) has largely been used in routine clinical practice i
spplications ranging from diagnosing stroke to helping phy
sicians detenmine tumor cellulanty. Diffuston welghted imag
ing is an integml part of sy MRI brain examination and is of
"/.ll.llll(“l!l! ll!flf—(!l(.lftl'l' n ln!l?[(l |)?L|4'nl: I‘l.\!\'f VSIS,

Diffusion weighted imaging is based on the random
motion of water molecules, which was first described by
the botanist Robert Brown In 1827, In a homogeneous lig

uid environment without any barriers, water diffusion is free

lisotropte); in other words, it has no preferred direction. In

contrast, when there are strrounding structures restricting
water molecule movement, a preferred diffusion direction
becomes apparent (anisolropic diffusion )™

In the brain, several components hinder water diffusion

in all directions, making the diffusion anisotropic, 'This aniso

tropic diffusion depends on the geometry and composition
of natural barviess, such as cell membranes, myelin sheaths
and primary microstructural components (neurofilaments
and microtubules), For this reason, anisotropy s markedly
high in well-organized white matter tracts and is lower in

cerebrospinal fluids’
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Diffusion weighted in

e shows hypenntensities in DIFFUSION TENSOR IMAGING
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celluianity

sar

wmal ce

{nors) & cietiee and

ake of water {cvio Ihe tensor model was proposed 1o «

toxic edema) or entrapment of water between myelin mem qts ify diffusion anisotropy. By measuring diffusion in at
branes {intramyelinic edema). However, other mcreases in least six different gradient directions applied t » (if
WALPT CONOeT on. such as observexd in vasogenic edema ferent axes (X - borizontal, Y - ve sl mnd Z - perpendicula
or glioss, also cause noaspecific hyperintessity on DWI1 to X), it is possible 1o determine an average water ¢
which s a T2-weighted segQuence. accordmg to the distance and inteasity lor each voxed

To distinguish between true restriction of water mol Fractional anisotropy (FA) s a soadar mx that reflects

{fects

ecule diffusion and artifs through

microstructural grometry and is very high (close 1o 1) in nor

s were devel il whiite matter but is ussially Jower in danaged

apparent diffusion coefficient (ADC)

' " |
oped 101 Aan zng each voxel from the image with and is close to 2610 1 the cefedros g al ond Colonmaps can
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fusmn and convert this information into a visaal map calculstion in which each o« represents the mein diffusson
(ADC map). The term “apparent” reflects the fact that cal- direction of white matter tracts {conventionally, yed is used for
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tients with trammatic injury. cytotoxic edetna usu parameters. Axial diffusivity is the principal tensor direction
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nal injury. Cortical contusions usually affect both superfy value). and radial diffusivity represents the other two dires
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al
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ith ar
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with restricted diffusion, which appeas bright on DWI and axial diffusivity seems to be ot ¥

dark on ADC maps. Prodilection sites are the corpus callo damage and axonnd loss™ ™St o characteristics

S, eShex wdly the \'-'zr ., cerebral ;:‘Ju'.n Jes, -i'-r:n white of these studies remnain to be prover
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= seexling,

Irin |H_$U.l_:)|l\ consists of three Processing sley
propagation awd tenuination. Seeding involves determining
the area from which the fiber bundles will be drawn, and the
most Conunon ilfllfl(‘ill‘ll s Lo \"I':H'-I‘ an H( )I .lll\'l l)lil\‘ ll';.L"\'l.'ll‘
or more seeds in the expected trajectory of the tract. Anothes

le method is to use automatic seeding for the whole

pos

braimn from a full set of tensor d:

Propagation is how visual schemes of fibers are gener
ated, and different algorithins ame developed to link inter
voxel mformation. Algorthms are based on detenministi

or pr shabilistac approaches lhe first approa h is based on

om the seed location (ROI) nearby

a strewnline principle

voxels will be linked to the same streamline if their prir

pal eigenvectors have congrious onentations or similar FA

vilues. Probabilistic tractography, in contrast, represents

an estimation based on multiple possible fiber directions in
each seed, For this reason, probabilistic tractography tends
o ‘hg,n-‘.a'.- trajectories mwore than deterministic methods
and has the potential to delineate a greater proportion of the
white malter tract 2

Finally, termination is the last step of the fiber tracking
procedure with well-defined eriteria. Typically, FA thresholds
{usually bigher than 0.25 to avoid contamination by CSF and
grey matter) and turming angle thresholds {genemlly 30° or
Ol depending on the known curvatine of the tact of inter
est) are used, This method of "virtual dissection” allows the

isolation of speafic anatomic fibser patl

witys from DTT data-

sets and has been proven useful in several adult and pediatric

conditions (Fyge 7)

Nevertheless, there ae some important  shortcom-
ings that must be taken into account when analyzing trac-

tography. This method estimates fiber tracl anatomy on »

macro scale, Voxels are in the order of millimelers, whereas
the axonal diameter is in the order of microns, It is also
not possible to differentiate afferent from efferent bundles,
Mareover, the -'.'v\'.l!:lillll)ll ol :'n\nl(lgrm-n:h unidirectional
tensors is unrealistic becanse many brain regions cotnprise
more than one fiber bundle. Crossing, diverging or kissing

fibers result in incorrect direction estimations and pathways

and may lead to abmpt tract termination. Diffus

L spec

trin Imaging, q-space i q ball imaging, snd high

angular resolution diffusion imaging are more sophisticated
woaches that may overcome some of these limitations*
\\’.ung et al’

severe TBIs within seven days and nine months after injury.

studied 12 tients who suffered from

They analyzed the corpus callosum, fornix and pedunculas

projections with detenministic tractography. The authors
could identify at least one D11 parmmeter that demonstrated
diffuse axonal injury-associated alterations in ench region,
['lll'\hv'lnl-,lu‘.l!n‘_\‘ demonstrated » g.{wil1t'l-||"|,dl"ll|'rl'/v-1'||

the DT findings and long-term prediction outcome, as moea

sured with Glasgow Outcome Scale-Extended scores™.

Another group demonstrated that patients with mild

I'BI have e

duced FA values in various white matter Joci-
tions and various fiber bundles within 55 months afte:
trauma, In comparison with healthy-matched controls, the

sthors demonstrated lower anisotropy in multiple white

matter regions, predominantly in the cerebrai lobar white
matler, cinguliurm and corpus callosum sy deternminis-

ture dis-

tie tractography. A minority of fibers showes

contimuation on hber trac klng, and the authors ]mwnmr\l

that this may have been cansed by the presence of sharply

ted fibers or by simnall areas of hemosiderin that were

nol visible on M
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A large study evaluated 106 chronic TBI patients who had
no abnormalities on conventional MRI in comparison with
62 healthy controls. The investigators applied a detenninis-
tic approach to extract the volume and FA measures of long
cingulum, temporal cingulum, superior longitudinal fascic-
ulus, arcuate fasacoulus, nferior fronto-ococipital fasciculzs
strated reduced FA values in both uncinated fasciculi, both
inferior fronto-occipitad fasciculi and in the right infenor Jon-
gitudinal fasciculus. However, the tract volumes were not sig-
nificantly decreased in injured patients*®,

A recent study evaluated trauns-exposed police officers
with and without post-trmuumnatic stress disorder using a 3T
system. The authors applied an antomated and unbiased
reconstruction of white matter tracts using a global proba-
bilistic tractography method known as TRACULA (TRActs
Constrained by UnderLying Anatony)™ and found signifi-
cantly higher mean diffusivity in the right uncinate fascicu-
lus in the affected group, The uncinate fasciculus is the major
white matter tract that connects the amysiala to the pre-
frontal cortex. These suthors also found that the mesn dif-
fusivity of the right uncinate fasciculus was positively associ-
ated with anxiety symptoms in patients with post-fraumatic
stress disorder™.
cognitive symgtoms that impair their quality of life, sich as
deficits in langiage performance and executive function. In
the future, tractography studies could be used to monitor the
benefits of target therapies in these patients by evaluating
DT metnecs in specific white matter tracts inked to specific
functional domains.

VOXELWISE ANALYSIS

Voxelwise analvsis hias become more popular because its
automatic approach requires minimal intervention and less
uses dependence. Vonehwise analysis is suitable for @obal
analyses of brsin parenchyma and is particularfy useful for
large group comparisons of ndividuals with no sigmficant
distortions in brain anatomy™*.

Primuily. the images must be standardized into a tem-
plate to ensure that each vaxel cormesponds to the smme ana-
totne location in all subjects. This a criticad step is to define
the best way to register and compare multiple images from
different individuals in an accurate manner™.

Previously, voxsdwise analvses were performed with voxel-
ootstraints redated to insge registndion, segmentation and
sinoothing are present. voxed-based morphometry can still be
used to expiore diffusion images in particular resesrch soenarnios.

Tract-based spatial tatistics isthecunent leadingmethod
for voxelwise analysis using nonlinear image transformation

196 A Newropsmuinty 20187603:185- 150

of FA images actoss subjects®. Tract-based spatial statistics
uses the mean FA values from individual subjects to creste a
skeletonized map with the local maximal FA values for each
tract. With thes approach. the differences in all the voxels of
the brain, except those from the skeleton voxeds are ignored.
Another challenge s rogistration maccuracies of areas with
high contrast FA values, sich as those aneas sdjacent 1o ven-
tricles™ . A more recent altermative approach for the regis-
tration step of tract-based spatinl statistics is to use the full
tensor informution with a complementary tool, known as the
DTE-ToalKit. which has been shown to reduce the number of
misassignid voels by a total of sven™ <,

In voxelwise analysis, all voxels in the bmage are com-
pared with each other in a local manner. and hence statistical
procedures to control for multiple compmrison errons might
be carried out. These may. in tum, reduce the sensitivity for
more subtle fmdings in particular regions™.

Onr group evaduated 20 adults with moderate to severe THI
usinga 30T MRI scanmer during the acute (8, < 3 months) ab-
acute{6 <1, < 9months) and chironic stages (12 <t_< 15months)
following trauma. According to tract-based spatial statistics
cally sigmificant lower FA values (p < 0001) at all times (1. 1,
t,) compared with the controls (Figisre 8). but the number of
affected vooeds decreased over time by 2% at 1 and by 73% st
1. During the chronic stage (1), patients recoverned from white
malter damage I comparison with the acute stage (t,) with
significant increases in FA in the bilateral anterior thalamic
radintions, forceps major and minor, corticospinal trscts cin-
sures was snboptimal at all three stages but also inproved ovet
timwe i the same fashion as white matter recovery™.

One stisdy applied voxel-based analysis and ROl anadysis
iu 10 adolescent patients with mild TBI who were assessed
within one woek after injury and compared with a paired-
control group. The results indicated inc d FA, dex d
ple brain regions, which may be related to avonal cytotoxic
edems and reflect acute injury. Moreover, the alterations
in DTT metrics were highly correlated with postconcussive
symptoms severity and emotional distress™.

Lipton et al” retrospectively analyzed 17 cognitively-
ing studies between eight months and three years after the
trouma evert and compared these patients with a healthy
cohort of 10 individuals. Voxel-based analysis showed mul-
tiple areas of lower FA and high mean diffusivity in the white
matter bilaterally, especially in the corpus callosum. subcor-
ticad white matter and internal capsules™.

Another study indicated extensive changes in msjor
intra- and interhemisphenic white matter tracts in patients
with diffuse axonal injury. The authars carried out both ROI
analysis and voxel-based analysis in nine chronic TBI patients
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alter the event)

(approximately four yes i 11 healthy 1 vanoas clinical and research scenarios, I
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ndividuals. The results mdicated sigmihcantly lower FA val s vanous meth yacal approaches reman unfanudiar to
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ubiquitous fivding of reduced FA values in distinct b

arcas, Increased mdial d and increased mean dif

CONCLUSION

fusivity usually accompany these FA changes. It seemns that

abnormalities in DT] metnics 1y corteiate wilh the timing

Trivuuatic braln injury remalns o major P ibhic heslt) of head byury, seventy bonuskers and long-term Progoo

:'lwf!i': worldwide, ( v-‘nilzﬂnl toanography and MRI have sis. In the future, DWI and DT1 nry also add 1he sedection

played a crucial role in the acute setting, but several chal of TBI patients for 1 monitoring the
letmees arise when u;-}'!\ N pewrolagng methods to pre eflecliveness of reatments
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Y severity wwially in individuals v ate inclusion

who develop §

homogencous groups of patients & DA

tent svinploms despite minor findings on standard imaging and exclusion ocriteria. Longitudinal stisdies with a cormnbined

Diffuse t |

with ¢ utative evaluation of isolated indices, should enhancs

wor Imagng akes advantage of the minnse aguantification of DTT metrics. inste

transversal studies

Property ol 2 Lo diffusion of water maolecules in brag

tissues 1o probe tissoe integnty and organization. Althoogh coungnehension of TBI patly physiology. These stindies mighit
increasing publications have reported applving this technique foster the goal of alleviating the burden associated with TBI

197



Appendices

- 88

n

L+ 3

A2 8

14

15,

18

17

1w

.

198

Viera BT, Falva WS, Ditveera TV Taoesira M, Antrate A7,

Sousa M. Ortfuse axonal injury: epdomiciogy, outcorne

snd assacisted riak factorm. Front Neurol, 2016 Dt 7178

et Coinrg/? 0 23369 Freur 2076 001 78

Provenzale SV, Imaging of Treumabo brain mjury. a revies of The
racant medical it AJR A B 2002841 1818
otpsi ool org/10.2214/AIR 00,3867

Skangsen T, Mvistad KA, Solheim O, Strand I,

Fotwim M, Vik A, Pravelence and wroact of dffuse sansl

Injury \n patieonTs with moderate and Savers haad injury:

acohnrt study of sarly magnetic resonance imaging findings

and 1oymar outcome. J Neurmnpurg 2010;11303):556-563
Mtps:ddolong/10:3171/2000.8 INSOIE2E
14, L Xy, Fang DF, Pan DC. s
Gagrosia, and prognoss. J Traumda, 2010 Dec 88 16103,
titps:Adororg/ 1087/ TAOLD 1 5181 fSalind

Gizaon A, Csajtak L, Ost M, Haglund K, Nylén & Raseogren |t al.
Marked increase of beta-amylod(1-43) and amyloid precursor
Protein in ventticular cerebiaspingl Nuld sNet severs

traumatic bram injury.J Neurol. 2004 Jul;25107).670-6.

NM1ps oo org 10,1007 /0004 15-004.- 0451y

Magnond S, Esparza 1, Corte W Carbonara M, Carrabta G,
Hottzmen DM ot ol Ty slevaTions in the Drain etracellider spsce
correists with seduced amylod-f ioveis and predict aterse
clitvcal QUISOMES ATa BEvers LELMSTIC BIa e Inpiry Sain

2012 Apr;1 351y &) 1268-80. hitpa: gl arg 101082 bran/awr 286

Bl A Poviishook JT All roads leed 1o disconnection®

Traumane mxonal inpury revisited. Acta Newroachur (Wien)

006 Fab 14821 B1-85. mips Mdai.ong/1 0 007/+00701-005-0674-4

mu,w&w&msmu

Matan S, 4 ian deager beyond the carticospinsl tracts:

and d M| fingings. J Neutalmaging, 2017

May 27(31:272-80. httpeidouotg1 01 11 Vjon 12404

WMay UM, Pedura J0, 6 i £, Novack TA. Cuerent

concepts: diffuse sxanal imury-assocmted traumestic tren

Injury. Arch Priys Med Rshabil. 2001 2Z10 14811471,

Mtps:#ooiong/? 01053 momr 2001.25137

mamummmmmm

after acute bram ingury monng b

RO NTLI6 10 The human brain, mmmoanmm\nn
titpe:fgolorg/10.300) Aarchneursl. 2010.214

Adams JH, Doyte D, Ford |, Bannarsdll TA, Graham DI,

MolLeilan DR Dvffuze avonal mjury o head-inury - defimton,

Gamgnasiv and @ading. Histopathology. 1989:15(1) 49-58,

ftpa¥oolarg/ 1011 11/01365-2008 1 388 1103040 .

Shanton ME, Ramoda HM, Sonsiderman JS, Boul S,

Pasternah O, Rathi Y ot al & revew of magnetic rescnance

Imagang and diffusion tensor imaging findings i mild

traumatic brain injury, Brain Ioaging Sohav. 2012,6(2)737-182,

Mpa Ao org N DIDTT M 116R2-012-9166-5

8 Ta s LHS for PN, i,

Theety-Alva N, Ozsunnr ¥ et al. Tiffusion tensot imaging s potentisl

beomarkor of white matter injury in dithuse axonal injurg ATNS Am J

Neuromgtial, 2008 Mar 25005708

Saimona CH, Monon DK, Onatisia D&, williams GE, Pena

A, Sahskian BJ ot ol Giifgaon tensor imagng in chronic

Fead injury SLNVEE COMELITIOnNS weth leaming and

meminy mdoes. Neurnimage. 2006 Jer 2 1)117-24

mtpadioolorg/T 006/ neuromags, 2006 57012

Le Bihen O, ima M. Diffumion magnste resonancs mmaging:

WhST waier telis ub About Lblegical tasues. FLOS Bol Z1E

N 37) 01002203 Mt Sdoiorg /1 00 22 Vjournal phio 1002203

Feauleu T Tha basss Of 4SIS0roRic water AifTuson in

the nervous systam: a techracal review. NMR Biormed.

2007 Now- Gec 157 -8) 435-55. hitpa Aolol org? 10 1002/m0m 7387

.
wan

Arg Neuropsiquistr 2018,76(30189. 130

2

38

24

3

n

2

an

Karsarsian £, Arslan A Ditfusion weghted MH maging
nan-infarct lesions of the braun, EurJ Radiol 2008 Mar88031402-18,
ittpeAidoi.ong/I 01018/ eyred 2007.08 023 PAID1 7555003
Le Ban U Apparent dettiaon coatficient and begond: whiat
diffuzion MR imaging can t=ll vz about tissue structure. Radintogy.
013 Aug 768I71:318-22 Iipe el g M0 14542018l 1 BT304 70
ORura A, Matano L O=akabe K, Yamaguchi N, Koyama D, Watanabe M.
Importance of frectans! b valls for Salcutnting appetent diffuxion
coatficicat in DWL AJR &m J Roentgenal 2016 Doc:207(6112238-43
Mitpe Mol ong/ 0 2214/AIRIS15385
Machtior LL. Shawstri KK, Cr ¥E.A
uwam:mmwmamw‘&o—mm BQ
hrtpsAdol rg M EI01E| nel 7013 08007
Nuciora P3G, Verma R, Loe SX, Melhern ER. Déffusion-tansor
MR irmgng and tractography: explonng brain microstructune
and connoctivity. Radiciogy. 2007 Nov. 245213687 -84
itpeiidoiong/1 01148 radiol 2652000445
Mo S, Zhang J Principiss of diffuaion TeNsor IMaging #od it
sppiications 1o basc neurascience research. Nearon. 2008
Sen 515152739, ma-mmmmowamzooamm H
Perpact C Bazser £ To
diffusion arectrapy. Mhonud 1096 Dec 3661 sauou
Mitps Hidol ong/ 01002 /merm 1 103806 12
Bazser AU, Pajewic &, Becpaol C. Duda J, Aldrout & Inwwo
Titoet tractogragity wsng DT-MRI data, Magn Reson Med,
FU00 Oot 44162532, hitps Sdolong/ 101 D01/ 672+
2504200010164 42625 -A1D-VRM 1 7>2.0.C02-0
mmarmm ond teoiogical Dics of QUENLTRYVE

from ditt: AL Cuant imagng Med Surg 2092
D 2{45254-65 MTpn M0 o 10,3878/ inen. 2225-4292 20123105
Sarg 5K, Sun 5W, Ramabottom M., Chang T, Russoll J Cross AH.
Dysnyeiination revasiad throagh MR 3% increesead radial it
WnNchangsd sl 0IMsion of water Newrsimags. 2002 Now 1 701479
26. hetpe:Adon.org MO I006Mimg 2002 1267 PMID1 24 14282
Song SK,Sun SW,IU WK, Lin S, Croess AH, Neuteld AH,
Lasty nu R o2 nd diff; an
and mysiin deganerstion n mouse aptic nerve afler
ratingl ischomie. Neuromags. 2003 Nav;20i301714-22.
Mips: FooLorg/ 121016/ neurcimage. 2000 07005
Garne-Muga A, Gotro D Feview and challsngss of Diain snalyss
through UT) maasurerments. Stud Health Tachnol mfarm,
2014 207.27-38. Mo ADoi.org 10.3233/978-1-1409-474-0-27
Snares JM, Margues P Atvac ¥, Sossa N. A hitchhikar's guioe 1o
diffuson tonsor imagng Froot Nearoocr 2012 Mar {31131,
ipe: ool org 103388 Fnine 2073,0006Y
Snook L, Plawes T, Boaulies C Vorol based verus
noond nteeest Mmm teraot thagitg of
smage. 2007 Jan3a&[1): 94387
NQ:MQJO‘!GI;mwm.MMI
Mac Doneid CL. Gikrarsan K, Bayly 2 Holtarman D.M
2. Qiffusion tensar
mmwmmmmm
time of inpury J Newoos:. 2007 0ot 27(44) 1 1896878,
httpa:didoi org/1 015 2AAINEURDSCI 364 7-07.2007
Arfanakis K, Haughton VM, Camew JO, Rogens BF Dempaeay R4,
Meyerand ME. Diffusion tensce MR imaging in diffuse axonal
Injury AJNR Am J Neutoradiol. 2002 May! 2355) 796802
https:fool org/ 101016/ negroimage, 201406 021
Evow BL. Copen WA, Izzy 5, Bakhadiroy K, Mouwe A, Glern ME ot sl
(ATPusion tanpar IMAGING in acute 10- SUDICUTe traumatic brain
injuny- a longitodingl anslyss BMC Nournl. 2016 Jan: 182
httpe ddolong/ 101156/ 12883-015-0525-8
Men S,van Zji PC Fibor tracking: principles and statages -2
technical rewew. NMR Bomed. 2002 Nov-Dec:15(7- 81 458-80.
Nps, Aol orgM T 100 Mbm 781

rdaq




Appendices

- 89

&1

Tournier JO, Mor: & Leamara A. Oiffusion tensar imagng
and beyard. Magn Reson Mag. 2071 Jun S8 T1E32-56
hrrps-Fooarg/10 1002/mrm 22824
Wars JY, Bakradimy K, Dovoes MD Se 2000 H, Meloll R,
Maora C o il Diffuson Tensor Uractogragty of tiaumetic
S e wxural Injuty Arch Naurol. 2008 May 655) 81926,
hrps-footarg/ 10 D0V archneur 555618
Rutgers DA, Touigoat F. Cazegust 2 Fllard P Lasinumoas B Ducreux O
‘White matter abnormalities in i traumatic brun injury: 2 affusion
wesnr magng study AINS Am 2 Neursradesl 2008 Mar 2909143
mmmnmm

ek N, Weirks T, Tae oo dirtusion.
Tmsar tractagaghy of long TrRcte i px
WITN TP RUmATES Brain injuty without sssacistng findings
at roctne MR imagirg. Rodoiogy. 207 Ape 26712315,
stps iolorg /10 YA/ ragiol $ 21 12900

o &Py BSr QMAML
Augu Jetal A af
mmmnmmmmum
of the undertying oy Froot Nuroi M oSN
muwowmtm
mss.mmu Peawis L Fnfieg JL Veltman DJ, O8F M.
uncinate f lus tract integrity sn eiake and fecnale

patmnts with PTSD: & diffuson tonser imaging study J Peychiatry
Nauroscl 2017 Seg4a2{Er331-42. hitpe Foaiarg/ 13 1503 7jon 1 63128
mmmnm‘umnmm
Machery CF ot 3l Trac - based spatiad yuisar

&1,

MU U e SN deta. Neurtkinagie. 006 U3 T AN 1487-505
Hitpy Mo ong/ 10 Y016 recrovmmgs 2006 02024
MMLMFB.‘ A, Twx TW, S G St ten

Betal M ts » tract-bamed

spatial stavistics (TESS) Neuraimage 2074 Ceri00:358-03.
httpocfidolong/ 10,10 Y8/ recroimage 2014 (6021

Znang H, Yuankeaoh P Samnder DC. Goe JC Deformania
regatraticn of diffumon tansar MA images with asplicit

SAONTRTION OPUMUIRTION. Med Imags Anul J006 Ot 10EL 764 85
Pt Mo o/ Y0 I0 TRV, i, 2006 06 00

Argirwde CS, Cononicho DN, Gesanl ncn umuw.
matter integrty with tract-based m wth
traumanc brasn impury. Vienna: Ewrcoean Socety of Rasalogy, 2077
httpacido org/ (L INEALecr 20T C-UTAT

Criu 2 Wiide EA, Hunter JY, McCautay SR Bigiar ED, Troyairciaya
Mot al Vol basad analyiis of EMLS0n TeNRCE IMAEIng i mild
TYRUSUTIC DEBin ey in AUNGE A J N 200G
Fotcd 1 22340-6 hitpe Aoorarg/ 10 31 7 d/ajre ATH0G
wmmaucwtw&mun

2008 Nov, 260 115133542 nttpefdol arg/10 1088/mew 2008 DS47
Xy, P A, Lagopousos o HA0erg A DiTTuse seons npury
) SIS TREPEIC EARIN Ny viaual e uning NiEN-resoiution
Giffusion Wesar imaging J Neumtrsums. 2007 Vey 245275365
nttp=didor g/ T 1088 ey 2008 0208

Grames OC ot & OT1in the avalluation of D4

199



Appendices -90

APPENDIX B — Publication 2

Nitps.Adolorg/10.1 590/0004-282X201 680110

LETTER

Reply

Resposta

Daphine Centola Grassi', Grasielo Roche Barros da Silva', Celi Santos Andrade’

Dear Editor,

We appreciate the effort of Santos and collesguies for writing
the letter entitled “Diffuse axonal imjury: diffusson tensor imaging,
and cognitive outcome™, about the published article by Grassi et
alz. We thank them for all their comments on our paper and we
acknowledge the opportimity to reply to thelr considerations.

Traumatie brain injury remains o major public health
concem. directly affecting millions of otherwise healthy indi
viduals, as woll as, indirectly, their household members, who
usnally have to deal with long-term sequelae, including psy-
chiatric symptoms and cognitive deficits, During the last
years, advanced magnetic resonance (MR) techniques have
played an important role in detecting abnormalities that
were once under-recognized when using conventional MR
technology. In particular, diffusion tensor imaging represents
an important advanced MR tooel in the context of traumatic
brain tnjury and diffuse axonal injury”. There are already
extensive compendinms coneerning the physics of diffusion
tensor imaging, however, instead. in our work we aimed to
brietly review its basic principles and main analytical meth-
ods (region-of-interest, tractography and voxelwise analyses),
slong with the main relevant findings in the context of tra-
matic brain iojury and diffuse axonal injury’.

Tuking into account the advantages of diffusion ten-
sar imaging in the noninvasive exploration of brain micro
structure and networks, one should not be surprised by the
striking number of recent publications using this technique
in the evaluation of patients at different stages after a trau-
matic episode, ranging from mild to moderate and severe
injuries™. However, there is still an urge to associate diffusion
tensor imaging findings with clinical nspects and to correlate
the scores with cognitive outcomes, making it valuable and
accessible as a prognostic tool in a dally clinkcal practice.

Fortunately, new scientific studies are evolving steadily
unel. soon after our recently-published paper’, new evidences
have strengthened the relationship between diffusion tensor
imaging nbnormalities and diffuse axonal injury outcomes,

As polated out by Santos et al, the work conducted by
Helistrom and colleagues' indicated robust associations
between  self-reported cognitive, somatic and emotional
symptoms, 12 months after mild tranmatic brain injury with
white matter diffusion tensor imaging parameters, extracted
with a voxelwise analysis, dubbed as tract-based spatial sta-
tistics, This work also reinforeed physiologie effects of aging
on brain white matter structures, leaving the older brain
more vitlnerable to subtle injury-related processes’, ‘This also
emphasizes the need to control age as a potential confound-
ing variable in case-control diffusion tensor imaging studies.

A work by Leon et al.” assessed 217 victims with imoderate
to severe trawmatic brain injury 19 days after the trammntic
episode. Twenty-eight white matter fiber bundles were cho-
sen becanse of their susceptibility to trama and were evalu-
ated by region-of-interest analysis. Diffusion tensor imaging
metrics were highly associated with unfavorable clinical out-
comes after six months to one year after the taunm.

Furthermore, a recent meta-analysis of 20 studies inves-
tigated correlations between diffusion tensor imaging mea-
sures adl seven cognitive domains in mild to severe trmmatic
brain injury victims. All studies pointed to & concordance
between diffusion tensor imaging parsmetens and cognition:
increased fractional anisotropy values were associated with
higher cognitive performance, especially regarding memory
and attention functions®,

It is expected that diffusion tensor imaging evaluation
will potentially have clinical application in head lnjury sur-
vivors in the near future. Nevertheless, most findings hereto-
fore were bused on singlo works and henoe upcoming studies
nre awaited to highlight the prognostic value of diffusion ten-
sor imaging There is still mach work to be done. Larger scale,
longitudinal analyses with homogeneous trawmatic brain
injury groups may play a decisive role in how this technigue
will prove helpful in predicting o patient’s prognosis and also
aiding in selection of patients who might benefit from tar
geted therapies,

'Univarsidade de Saa Paulo, Faculdade de Medicna, Dapartamento de Radwlaga, Sao Paula SP Brasil,
Daphine C_ Graass Dopartamento de Radiologia do HC-FMUSP; Ay, Dr. Enéss de Carvaiho Aguiar, 255; 05£03-800 S0 Pauls SP, Brasi:

Correspondence:
E-mall daphnetgrassi@gmal com
Conflict of interest: Thers o no conflict af interest to daclare

Support: Grants 2015/18136 -1, 2016/08547-6, 201771 7060-5 and 2018/03862-2 from Sao Paulo Research Foundation ~ FAPESE

Recaived 13 August 2018, Accepted 20 Auguat 20138,

726



Appendices -91

References

Saracs JGRF Cavis SPS Teaera MU A aoe A7 Pacvs WA
m-—- Ry ST WNE0r MRAENG Atdd OGN ve

N . 20 RIGNGT 24
WIWW'”‘"’
Granyi OC, Concmipac D0, Levte OF, Ancrace C3. Curreest
cortr duton of Aftusn ety FERENG V1 I eveisaton of
EEN0e Secral ngery Amg Nesrcomiguat 2018 Mar JECR-18S- 193
ps Food arg/ 1D VSE3/0004-TEI 201 80007
Shenten ME, Hamddy HM Sclmeaderman JS, Bouta 5
Pasternaix O, Rathn ¥ of ol A review of magrwtic rescrance
g 870 SHhupon lewoor imagng adngs g treematc
bram ingury. Bran magng Betey 2012 A= 2137192,
rRpa-foolorg M0 0071 1ES2-01 791563

Salaooen T, Weatiye (1 Hautmaen T, Do NT Sotecg M2 Saproecums S
wtal Whae St Wity L. oy

sonel eyrepionme 12 LT -t b iy SO
feg 2017 O NTi- 14 e Aouorp TGS 1508 D1 7- 138281
Lecn ANC, Gouender M, Nevarro 8. Mumartiz P, Cepeda S. Paredes
fet al What can tw learmo2 fron detsson tersce rapng o a
L@ DaLemaTic Draen Injury SOROrTT. miiTE AT ety and =3

Enecr Imagng Sndmgs snd cogrvtve o
CIerTatc trav m-wmm&mo
Sep9253- 7032 rape ol org 10 10714/) nesbicoow I0I1 8 08.023

s Bty 127



Appendices -92

APPENDIX C - Publication 3

Taylor & Francis

IRAN Teptor & Framuis Croug

Mps/idoiong/10.1080/02655052. 2000, 1859655

) O v snbetnn

Dynamic changes in white matter following traumatic brain injury and how diffuse
axonal injury relates to cognitive domain

Daphine Centola Grassi (""", Ana Luiza Zaninotto®”, Fabricio Stewan Feltrin (3", Fabiola Bezerra Carvalho Macruz*®,
Maria Concepcion Garcia Otaduy™®, Claudia Costa Leite™”, Vinicius Monteiro Paula Guirado®, Wellingson Silva Paiva’,
and Celi Santos Andrade (%"

‘Department of Radiclogy, Faculdade de Medicing da Universidade de Sao Paulo, 580 Paulo, Brazil; "Laboratory of Medical Investigation 44, Hospital
Das Clinicas, Faculdade de Medicina da Universidade de Sao Paulo, Sso Paulo, Brazil; “Speech and Feeding Disorders Lab, MGH institute of Health
Professions (MGHIHP). Boston, Massachusetts, USA; “Department of Neurology, Hospital Das Clinicas, Faculdade de Medicina da Universidade de Sao
Paulo, Sao Paulo, Brazil: *Department of Radiology, University of Texas Southwestern Medical Center, Dallas, Texas, USA

ABSTRACT ARTICLE HISTORY
Objective: The goal Is to evaluate longitudinally with diffusion tensor imaging (DT)) the Integrity of  Received 14 May 2020
cerebral whita matter in patients with moderate and severe DA! and to correlate the DTl findings with ~ Fevised 24 October 2020
cognitive deficits. Accepted 1 December 2020
Methods: Patients with DAI {n = 20) were scanned at three timepoints (2, 6 and 12 months) after trauma. ey worns
A healthy control group (n = 20} was evaluated once with the same high-field MR scanner. The compus  gain injury; whits matter:
callosum (CC) and the bilateral superior longitudinal fascicles (SLFs) were assessed by deterministic ML OT) paciography:
with ExploreDTL A hychological evaluation was also cognition

comparisons. All DTl parameters demonstrated changes across time in the body of the CC while FA
{fractional anisotropy) increases were seen on both SLFs. in the splenium of the CC, progressive changes in
the mean diffusivity (MD)} and adal diffusivity (AD) were also observed. There was an improvement in
m“ mmmmmmm.mmmmwmmm
Conclusions: Our findings suggest that microstructural changes in the white matter are dynamic and may
umwmmmmmymmmmmmm

improvement in some cognitive skills.

Introduction

Traumatic brain injury (TBI) is a complex public health issue
worldwide because of its high prevalence, morbidity, and mor-
tality (1,2). In the last decades, studies have demonstrated the
vulnerability of cerebral parenchyma in the trauma scenano
and also the social and economic burden associated with cog-
nitive and psychological impairments in survivors (3,4).

Diffuse axonal injury (DAI) plays an essential role in TBI
since it is present in almost half of the patients who need
hospitalization and because it is refated to brain dysfunctions
(5-8). The widespread axonal injury leads to a loss of the brain
connectiveness, causing cognitive, motor, and sensory deficits
(9-11). Also, DAI 15 associated with the development of the
chronic neurodegenerative traumatic disorder (12,13).

There are different and complex mechanisms involved in
the pathophysiology of DAL Histopathological studies have
shown primary and secondary axonal lesions, inflammatory
and regeneration processes accompanied by Wallenian degen-
eration and neuroplasticity that may be the refated with the
clinical and cognitive outcomes in patients with TBI (7,14).
Computed tomography (CT) and conventional magnetic

resonance imaging (MRI) are relatively insensitive
for these microstructural changes. Nevertheless, dif-
fusion tensor imaging (DTI) is an advanced MRI
technique that is able to probe microstructural int
rity by exploring the diftusion of water molecules
brain tissues (15-17). Therefore, we hypothesized
that these abnormalities would be detectable by
DTI metrics along the first year after trauma.

In the last decades, DTI has demonstrated its capability to
study brain architecture, geometry and microstructure, and it
has been used in the evaluation of several neurological conds-
tions, including brain trauma (18,19). Among different DTI
methods of analysis, tractography has been commonly used to
parcellate and to assess the white matter tracts in patients with
TBI, ranging from mild to severe trauma, and even in those
without associated findings in conventional MRI (20-23).

Fibre tracts connect different regions of the brain i order to
modulate neuronal impulses. The greatest white matter bundle
in the human brain is the corpus callosum (CC), responsible to
link homologous regions of both cerebral hemispheres, and
also involved in motor, psychological and cognitive activities
(24). The genu, body and splenium are the main CC
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subdivisions connecting the orbitofrontal regions, the fronto-
parictal lobes and the occipital cortices, respectively. Another
critical tract involved in different cognitive processes such as
language, memory, emotions and attention is the superior
longitudinal fasciculus (SLF), which connects Broca’s arca
(frontal lobe), Geshwind ‘s area (parietal lobe) and Wernicke
‘s territory (temporal lobe) in the same brain hemisphere (25),
Several studies have demonstrated the vulnerability of these
brain tracts in the context of patients with traumatic brain
injury {20,22,26,27). However, longitudinal studics assessing
the dynamic changes of while matter in DAI are scant in the
literature.

This study aims to longitudinally evaluate with DTI the
integrity of the CC and the SLFs in patients with moderate
and severe DAI at three moments during the first year after
the traumatic event, and also in comparison with a matched
healthy control group. In addition, correlations between DTI
quantitative parameters and neuropsychological data will also
be scrutinized.

Materials and methods
Patients

Selection criteria

This study was approved by the Institutional Review Board,
and all individuals agreed 1o be in the study and signed the
informed consent form. Patients included in this study were
adult outpaticnts (ages between 18 and 55 years old) admitted
10 the Emergency Room of the Haospital das Clinicas da
Faculdade de Medicina da Universidade de Sdo Paulo, Brazil,
due to moderate and severe head trauma according to Glasgow
Coma Scale (GCS) scores of 3-12 at initial evaluation, and who
met the following criteria: (1) clinical and tomographic diag-
nosis of DAL (2) 2 Marshall score (28) of I, II or 111 based on
CT evaluation, (3) had no focal lesions greater than 10 cm’, (4)
had no midline shift greater than 0.5 cm, (5) had no epidural
hematomas that determined compression of the brain par-
enchyma, (6) had no previous head injury history with
hospitalization.

Description of patient’s sample

Initially, 225 patients with moderate and severe head trauma
were admitted in Emergency Room, but 186 were excluded due
to the presence of intra- or extra-axial hematomas or cerebral
contusions larger than 10 mm at initial computed tomography
examination. Of the 39 remaining individuals, 19 were
excluded based on the following reasons: seven losses of follow-
up; five individuals had exclusion safety criteria for MRI exam-
ination; five DTl artefacts; one patient deceased; and one
patient developed epidural compressive hematoma.

For the 20 patients who met the selection criteria, demo-
graphic characteristics were as follows: 17 men and 3 women;
mean age was 29.6 years (SD£6.8), 14 patients presented with
moderate head trauma (GCS of 9-12), and 6 patients presented
with severe trauma (GCS of 3-8). The majority of patients
suffered motorcycle accidents (n = 10), while the others suf-
fered car accidents (n = 6), running over {n = 3), and physical
aggression (n=1).

Brain imaging

Magnetic resonance

Each patient had a 3.0 Tesla MRI of the brain performed on the
same scanner (Intera Achieva, Philips Medical System, Best,
The Netherlands) with an cight-channel head coil (Philips
Medical System) at three timepomnts: (1) 2 months after the
trauma, (2) 6 months after the trauma and (3) 12 months after
the trauma. A healthy age- and sex-matched control group of
20 individuals was also scanned once.

Anatomical imaging protocol was acquired in the sagittal
plane with a 3D Tl-weighted Fast Field Echo (3DT1-FFE)
sequence covering the entire brain (180 slices), and the follow-
ing parameters: inversion time (IT) = 700 ms; TR/TE = 6.2 ms/
2.7 ms; flip angle = 8% acquisition matrix = 240 x 240; field of
view (FOV) = 240 x 240 x 180 mm; voxel resolution = 1 mm”
(1sotropic); slice thickness = 1.0 mm; completion time = 4 min-
utes. The susceptibility weighted image protocol consisted of
principles of Echo Shifting with a Train of Obscrvations
(PRESTO) 3D-TIFFE sequence, axially acquired (a total of
230 slices - 1 mm thick), according to these specifications:
TRITE = 22/29 ms; flip angle = 10% FOV = 220 x 182 mm;
matrix = 224 x 224; voxel size = 0.98 x 0.98 x 1.0 mm; comple-
tion time = 3 minutes.

DTl data acquisition

DTI images were collected in the axial plune with gradients
applied in 32 non-collinear directions. The entire brain was
covered within 70 slices, 2 mm-thick each, with no gaps in
between. One image with no diffusion weighting was obtained
(b = 0 s/mm’). Other parameters used were: TRITE = 8500/
61 ms; b value = 1000 s/mm2; matrix = 128 x 128; FOV (“fidd-
of-view") = 256 x 256 mm; 2mm" isotropic voxel; NEX = 1;
completion time = 7 minutes.

Pre-processing

All data were pre-processed using the functional MRI brain
(FMRIB) software library (FSL), version 5.0 (available at http.//
www.fmrib.ox.acuk/fsl/), following this sequence: brain
extraction tool (BET), FMRIBE's linear image registration tool
(FLIRT) and correction of eddy current induced distortions
(29,30). Motion correction was completed using the free tool-
box ExploreDTI (A. Leemans, University Medical Center,
Utretch, The Netherlands), by rotating the B-matrix in order
to keep the orientation imput accurate. Investigation for resi-
duals and outliers of the diffusion tensor fit was done with the
same software, ending on residual maps similar on all groups.
Moreover, the same software was used for tensor calculation
and fibre tracking (31,32),

Tractography
A whole-brain tractography was first automatically obtained in

procedures,
which included positioning of multiple regions-of-interest
(ROIs) on different planes, based on prior anatomical knowl-
edge and previous studies (33,34). The FACT (fibre assignment
by continvous tracking) algorithm was calculated with
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a fractional anisotropy threshold of 0.25 and maximam angles
of 30° for the CC and 60° for the SLF, equally applied to all

subjects (35)

The CC was segmented mn three parts: genu, body and
splenium. According to the Hofer and Frahm's representation
(36), the genu was defined as the one-sixth part of the anterior
CC, while the splenium the last one-fourth and the body the
residual part. The C
steps: first, “SEED™ ROls were marked in the paramedian plane

was virtually dissected following these

slong the CC. To securely track fibres from left and right
hemispheres, “AND" ROIs were traced in the midsagittal por-
tion, and, finally, “NOT™ ROls were drawn in the axial and
coronal planes in order to eliminate horizontally and vertically
oriented fibres {e.g cingulum and corticospinal tracts, respec-
tively). To dichotomize the SLF fibres, two “SEED™ ROIs were
delineated in the coronal plane, and two “NOT™ ROIS were
used to the axial plane to exclude any tracks that had a vertical

orientation (toward the corona radiata or the corticospinal

fibres) (Figure 1)

The following average quantitative DT1 parameters were
extracted from each track: fractional amsotropy (FA), mean
diffusivity (MD), axial diffusivity (AD) and radial diffusiv-
ity (RD)

Neuropsychological tests
An exper

nced neuropsychologist (ALZ) performed specific
tests to assess different cognitive domains. The patients were
submitted to neuropsychological (NP) assessment only at time-
points 2 and 3 because of comprehension difficulties, mental
confusion and agitation typically scen in the carly post-trauma

BRAIN NULRY (&) 3

stage. The results of each test were converted into a Z-score
according to age and years of edocation. On timepoint 2, three
patients were not able to complete the NP tests. On timepoint
3, one patient had missing information concerming the 1Q
estimabion

I'he Hopkins verbal learning test (HVLT) cvalvates the
episodic verbal memory. It consists of immediate, late recall
The

examiner reads the list and the patient is asked to repeat as

tion of a list containing 12 words (3

and later recog

many words as possible. This procedure is repeated two more
and

required 1o remember the words previously learmned (later

>

times then, 25 minutes after that, the participant is
recognition ).
The Victoria Stroop test assesses sclective attention and

nhibitory control. It consists of three cards. The first card

has coloured dots, the second has random coloured nouns

words, and the third has the name of the colours with mis-

matched ink’s colour (38). The patient has to say aloud the
colour of the ink of the dots, nouns, and coloured names in
cach card as fast as possible

Phonologic fluency was assessed by the FAS test — where the
patient is asked to say as many words as possible beginning
with each letter | For the
using animals as

A and & for 1 min cach letter

semantic verbal fluency assessment -
a category, the patient has to say as many different animals as
possible in one-minute interval (38)

Dig

Scale 3'

(39). A digit sequence is presented at one digit per second rate

Span (DS) forward and backward (Wechsler Memory

edition, WAIS - III) evaluates the working memory

The sequence starts with a two span and increases as the

participant repeats it correctly. After the DS forward, the

Figure 1, DTHbased tractography post-processing with ExploreDTI (8

NOT (in red) ROIs placed in multiple planes of FA maps to wvirtually dissect the hilateral S

whole-birain tractography is first cbtaned with & brute-

rce appeoach. [bl, SEED Gin blue) and
tation of both SLF: on obligus view. (d,

icl. Theee-dimensanal represen

e and 1) show the fing results of segmentution of the CC in the tateral plane: genu, body, and splenium, respectively
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same procedure is repeated, but the digits are repeated in the
backward sequence.

1Q estimation was calculated by combining the perfor-
mance on both vocabulary and matrix reasoning tests present
in the WAIS - III (39,40). The vocabulary test consists of the
presentation of words and the patient is asked to define them.
In the matrix reasoning test, a matrix of abstract pictures in
which there is one picture missing is presented, and the
patient has to choose one option that better suits the missing
picture,

Statistical anal
Statistical analysis was performed using IBM - SPSS statistics for
Windows, version 25 (Interational Business Machines Statistical
Package for the Sodal Sciences Inc, Chicago, [L, USA).
A professional statistical expert was consulted for all analyses.

Initially, the data were inspected for outliers and distribu-
tional characteristics. There were no considerable asymmetries
in all DTI quantitative samples or NP tests resuits.

Comparisons between the patients and the control group
were performed with Student’s t-test. A generalized lincar
function test with robust standard error and unstructured
correlation matrix was performed to evaluate changes over
time of DT parameters and neuropsychological tests. After
that, the Benjamin-Hochberg procedure for repeated mea-
sures was performed. To calculate correlation coefficients,
Pearson and Spearman’s tests were used. Results were sig-
nificant with p-value <0.05.
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Results

Comparisons of the DTl parameters between patients and
healthy controls

The DTI parameters (FA, MD, AD and RD) extracted from the
CC and both SLFs in the control group and in the patients’
group at all three timepoints can be seen in the supplementary
Table S1.

In order to examine the early microstructural lbnormnllnes
after moderate and severe TBI, we compared the p
group at timepoint | with the healthy controls (Fn.gurc 2). We
found significant differences in various DT1 parameters at all
segments of the CC with lower FA values and higher MD and
RD values in the patients’ group (p < .001). There were no
significant differences in AD in any CC segment when compar-
ing both groups. For both SLFs, we found similar results as
those found in the corpus callosum, except for AD in the right
SLF, which also demonstrated significantly higher values in the
patient’s group (p = .04),

Changes in the DTl parameters along time
Table I summarizes the results from the generalized estimating
equation (GEE) for the comparison of all quantitative DTI
metrics in the patients group considering the three timepoints.
In the body of the CC, FA demonstrated a decrease between
iand 2, and then a significant increase at timepoint
3 (p = 02). For both MD and AD, we also observed the same
pattern of increasing values along time in the body (p = 003, p
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Tabie 1, Results obtained with generalized estimation equation to evaluate of DTI

BRAN UURY (S 5

Table 2. Z«ovsmpmdhve«htmmmdtmmmm
after i

parameters in the patients group (n = 20) aleng timepoints 1, 2 and 3. g using time 23 a moded of effect.
Tract DTl metnc prvalue Caognitave domain P12 PT3 p-value
Genu FA B35 Memory -2478 £ 0071 ~1980 = 0.205 o4
MD 063 Attention -1941 + 0.245 -1.113 £ 0251 21
AD 061 Verbal fluency ~1.348 = 0,190 -1239 £ 0132 AT3
RD 8t 1) Working memory -0424 £ 0.158 -0425 + 0155 993
Body FA 020 Q -1006 = 0.141 -0385 + 0.144 101
g 003 The resufts am shown In mean values = standard deviations. P12 and PT3
D ﬁ: accounts for the patients groups at tmepoints 2 and 3, respectively.
sl FA s Sgnificant p-values are shown In Falics.
MO <091
AD <001
fD 070 Neuropsychological evaluation
Right SFL FA 202
MO 764 Neuropsychological tests indicated deficits in all cognitive
g j;; domains in the patients group as indicated by negative
Left SLF FA g1 Z-scores at both timepoints 2 and 3. Along time, however,
MO 231 patients presented improvement of the performances on mem-
. 98 ory (p=004) and attention (p = 001). Other domains such as

Sagnificant p-vadues are shown In Ttalics.

= 025}, and splenium (p < .001, p < .001), respectively. For RD,
we found increasing values in the body of the CC (p = .016).
There were no other significant changes in the DTI parameters
in the genu of the CC (Figure 3).

We also found significant FA increases along time in both
right and left SLFs (p = 003, p = 035, respectively), accom-
panied by a significant decrease for RD values in the right SLF
(p = .035). No other significant changes over time for the other
DTI parameters were observed in the SLFs {(Figure 3).
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verbal fluency, working memory and 1Q estimation did not
demonstrate significant changes throughout time (Table 2).

Correlations between DTI parameters and
neuropsychological tests

There were several significant correlations between DTT para-
meters and the results of the neuropsychological tests at both
timepoints 2 and 3. These results are summarized in the sup-

plementary Table S2.
At timepoint 2, we found positive correfations of FA val
in the genu of the corpus callosum with attention (R = 0.508, p
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along time found with generalized inear function tests are indicated in the graphics with the carresponding p-values.



Appendices -97

6 (@) D.CGRASSIETAL

=.031), and in the splenium with attention (R = 0.496, p = .036)
and working memory (R = 0,645, p = .003). There were also
positive correlations of FA values in the right (R = 0.489, p
=.039) and left (R = 0.6, p = 009) SLFs with 1Q. In parallcl, MD
values in the genu correlated negatively with working memory
(R = ~0.456, p = 05), as well as in the splenium with attention
(R = —0.594, p = .009), verbal fluency (R = —0.529 = p = .020),
working memory (R = —0.494, p = .032) and 1Q (R = -0.53, p
= 024). MD values also correlated negatively with verbal flu-
ency on left SLF (R = —0.481, p = .037), Morcover, RD values in
the splenium were correlated negatively with attention
(R = 0,549, p = 018), verbal fluency (R = ~0.465, p = 045),
working memory (R = -0.511, p = .032) and IQ (R = -0.597, p
= .009); and in the left SLF with 1Q (R = -0.479, p = 044).
There was no evidence of correlations between AD at any
regions studied and the neuropsychological results at time-
point 2

At timepoint 3, FA values at the genu also demonstrated
a positive correlation with the attention index (R = 0514, p
= A2). Correspondingly, RD values in the same site showed
a negative correlation with the same cognitive domain
(R = ~0445. p = 049). AD values in the left SLF showed
a negative correlation with attention index (R = —0.620, p
= 004). There were no other significant correlations between
DT1 metrics and the cognitive domains at timepoint 3.

Discussion

Our study demonstrates extensive diffusion abnormalities in
the white matter, characterized by lower FA and higher MD, in
all the evaluated segments in patients with DAI in comparison
to healthy controls. This is coherent to the widespread feature
of DAI following moderate and severe trauma and is in line
with several previous works conducted in animal models and
in humans (9,18-20,41-50).

FA is the most commonly used parameter in DT1 studies to
assess integrity and geometry of axonal fibres. High FA values
(close to one) arc observed in brain regions containing well-
organized paralld axon arrays. On the other hand, brain
with low FA (close to zero). In contrast to FA, MD represents
the overall water diffusion, regardless its direction, and is
affected by both radial and axial diffusivities (51,52). It has
been largely discussed which processes underlic the changes
in RD and AD and how they should be interpreted (51-55).
Based on mathematical models, observations of in vitro and
in vivo experiments (51-53) and also studies with animal
models (54,55), we think the more pronounced increments in
RD found in our study are possibly associated with demyelina-
tion and neuroinflammation, particularly the water accumula-
tion within the myelin sheath (intramyelinic oedema). There
were also higher AD values in the patients’ group, but this
difference was significant only in the right SLF, which most
likely reflects abnormalitics in cell density and increase in
extracellular space. Kinnunen et al. also found the same com-
bination of abnormalities in DTI-derived scalar metrics using
a voxchwise approach in patients with TBI in several brin
regions, including the CC and SLFs (9). Our work reinforces
the usefulness of both FA and MD as sensitive DTI biomarkers

of microstructural damage in patients with DAL even in other-
wise normal-appearing parenchyma on conventional MRL

The longitudinal evaluation of DT1 parameters demon-
strated that the diffusion abnormalities are not stationary, but
also change into some extent along time afier trauma, This was
particularly evident in the boady of the CC, that showed an
mmaldxmmFAnlmfolbw«lbymmmmm
the second phase post-injury, accompanied by an i
MDADdeDmtheavenllsmdymternLMmako
progressive increments in MD and AD values in the splenium.
In the SLFs, there were progressive increases in FA mean
values, accompanied by significant changes in RD in the right
side. Indeed, several works demonstrated that, in addition to
the primary axonotmesis directly caused by rotational forces at
the moment of the impact, other pathological processes ensue
afkrwudx. There is evidence of a late secondary pro-
inflam "‘vn!h‘ ition of myelin
debmmxpmsmnofcylo&m dysfuxnon,acn—
vation of glial cells, and also deposition of anomalous proteins,
such as Tau and beta-amyloid (56-59). On the other hand, in
2 search for homeostasis and regeneration, a continuous pro-
cess of debris dearance and anti-inflammatory response is also
triggered, with reparative mechanisms that contribute to
a neurological recovery (60,61).

One study using @ mouse modd showed carly isolated
axonal injury, followed by demyelination, oedema, and persis-
tent axonal damage up to one month after the experiment,
which were accompanied by progressive changes in scalar
indices, suggesting that DT may indicate approximate timing
of injury (43). Tissue reorganization have been detected to start
as early as days after trauma and within 4 weeks, along with an
increase in fibre density in affected regions in a rodent model
(62). Other investigations conducted in humans that analyzed
patients with TBI from mild to severe trauma also demon-
strated FA changes from early phascs up to scveral years after
trauma (42,45.48). In addition to the continuing process of
debris removal and neuronal regeneration, another reasonable
cxplanation for the progressive increment in FA may be related
to the vascular injury associated with DAl that causes local
which may also determine dynamic changes in FA values
(63,64). Noninvasive methods such as DTI might be helpful
1o foster the understanding of the underlying complex patho-
substrates of the commonly observed cognitive deficits n
patients with TBL

Following recovery from transient loss of consciousness
and partial or complete recuperation of acute neurological
deficits caused by head trauma, survivors of DAI may present
persistent disabilities, loss of productivity and impaired qual-
ity of life (1,2). Cognitive impairments depend on multiple
variables, such as the trauma severity, rehabilitation and even
genetic factors (65-67). A neuropsychological assessment
indicated compromise of all cognitive functions in the
patients’ group in our study up to one year after trauma, but
there was significant improvement of episodic verbal memory
and attention domains along time. This is in agreement with
a meta-analysis review of 39 cross-sectional TBI studies,
which indicated that cognitive functions improve after
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moderate to severe TBI but remains markedly impaired up to
two years post-injury (67).

Moreover, we found significant correlations between DTI
metrics and cognitive performances. There were positive corrcla-
tions between FA values in the genu of the CC with attention at
both evaluated phases, as well as negative correlation between
MD values and working memory at timepoint 2, The mechanics
of head trauma places the ventral and lateral surfaces of the
frontal lobes in particular vulnerability for damage (68,69).
Given the frontal projections of the genu, it i not surprising
that executive functions mediated by these areas could be corre-
lated with microstructural abnormalities as detected by DT in
our study. The splenium i also frequently injured in head trauma
due to specific anatomical features such as its cdlose proximity to
the fixed falx that determines how the shearing forces propagates
in this region. There were significant correlations between DTI
indices extracted from the splenium and several cognitive
domains, including attention, verbal fluency, working memory
and 1Q at six months post-trauma, Our results also indicated
positive correlations between FA values in both SLFs and 1Q at
the same timepoint, in addition to negative correlations between
the other DT metrics and verbal fluency and 1Q, The correlations
were more pronounced in the left SLF, what may be related to the
by far more prevalent functional language dominance in the left
cerebral hemisphere (70). Furthermore, there were more pro-
nounced correlations in our study at six-moths post-injury, sug-
gesting this interval as the optimal timing of DT data acquisition
for evaluation of cognitive outcomes.

Other authors have also found correlations between DT
parameters and neurocognition. Hashim et al. evaluated 19
subacute (up to one year post-trauma) and chronic (from one
up to five years post-trauma) patients with a voxelwise
approach and found persistent functional loss in chronic TBI,
and also correlations between diffusion indices with memory
and visuomotor coordination test scores, but not with execu-
tive function {71). Another group conducted a longitudinal
study with region-of-interest-based analysis at specific brain
sites and demonstrated significant correlations with clinical
outcomes up to 15 months after severe trauma (72). There is
also evidence of associations between DTI indices and self-
reported cognitive and emotional symptoms at 12 months
post-injury in mild TBI (4). This study also pointed strongest
effects in frontal regions including the forceps minor and the
genu of the CC (4),

Lack of corredations between some DT metrics and cognitive
domains at specific sites in our study, especially in the body of the
CC, may be refated tw the relatively low number of participants
that are ideally required for corrclational studies (73), Indeed, we
have applied strict exclusion criteria in order to evaluate a very
homogeneous group of patients with moderate and severe TBI
with a pure presentation of DAl rather than evaluating patients
with a broader spectrum of traumatic injuries, such as large intra-
axial and extra-axial hematomas, Furthermore, another possible
explanation is that distant rewiring and behavioural compensa-
tion may mediate spontancons improvement of cognitive deficits
after TBI. Although these mechanisms are not completely under-
stood and do not represent true pathological recovery, it i
supposed that second behaviour in intact circuits overtake the
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original cognitive function with associated shifts in anatomo-
functional maps topography (74,75).

There are several methodological approaches to analyze
DTI datasets. Region-of-interest analysis allows straightfor-
ward  extraction of  diffusion  parameters  from
a predetermined area of the brain, but only a limited part of
the cerebral structure is evaluated in two-dimensional images.
Voxelwise analysis is broadly applied on research scenarios
because it is suitable for global analyses of brain parenchyma
and allows semi-automated comparison of large groups of
patients. Some shortcomings of this approach, however, are
the need for alignment and registration of brain volumes to
a standard space, with its associated inaccuracies (15,18).
Herein, rather than spplying an exploratory evaluation prone
to multiple error biases, we chose to evaluate with tractography
the greatest inter-hemispheric commissure bundle and one
long association tract that are known to link critical cortical
regions and to modulate several cognitive functions.

Still, some caveats of the deterministic streamline tractography
approach should be mentioned. This technique indirectly esti-
mates fibre tract anatomy based on the main direction of water
molecules diffusion in each voxel (in the order of millimetres), by
far much bigger than the axonmal diameter (in the order of
microns}. This assumption of homogeneous unidirectional vec-
tors is unrealistic and gives erroneous estimations of fibre path-
ways in areas of crossing fibres. Furthermore, longer acquisition
times and motion artefacts limit increases in spatial resolution,
Other robust diffusion analysis techniques that soothe some of
these limitations are evolving steadfastly, such as global probabil-
istic tractography, high angular resolution diffusion imaging
(HARDI), g-ball imaging and diffusion kurtosis analysis (DKI)
(15,18,75-77,78). So far, however, these approaches require more
sophisticated processing algorithms and are less feasible for imple-
mentation in clinical settings to evalvate individual patients
with TBL

Finally, this study emphasizes the utility of DTI to obtain
quantitative information about the white matter microstruc-
ture in patients with moderate and severe brain injury, Our
results showed extensive and dynamic changes in DTI para-
meters throughout the first year after trauma. In parallel,
patients also demonstrated better performance scores in dif-
ferent neuropsychological domains over time, which could be
correlated with DTT metrics at particular brain sites, indicating
the potential role of microstructural reorganization and neu-
roplasticity. DT1 is a noninvasive method that could be helpful
in monitoring progression of DAl and to sclect cognitively
compromised patients for targeted therapies in the future.

Acknowledgments
We are also thankful to patients and volunteers who agreed 1o join this

study.

Funding

This work was supported by FAPESP - Sao Paulo Research Foundation
under Grangs 2015/18136-1, 2016/05547-6 and 2017/17065-9]



Appendices

-99

& (&) D.C GRASSIET AL

ORCID

Daphine Centala Grassi
Fabricio Stewan Felirin

hitp:forcid org/0000-0001 50037619
http/forcid org/0000-000 1 -6783-7655

Celi Santos Andrade (3) httpforcid.org/0000.0003-0382-3232

Declaration of interest
The authors bave no condlicts of interest to declare.

References

4

o.

15,

. Adams JH, Doyle D, Ford 1, G

. Johnson VE, Stewart W, Smith DH. Axonal pathology

. Smuth DH. N hani

. Ki KM, G

. Graham NS, Sharp D). Understanding & !

Bell IM, Taylor CA, Breiding M), The public health approach 1o
TBL J Head Trauma Rehabil 201530(3):148-49. doi:10.1097/
HTR00000000000001 43,

b Ma,fhn M, Plancikova D, Maas A, Polinder S Feigin V,

Th A, Rusnak M, Brazinova A, Haagsma | Years of life
lost due to traumatic bruin injury in A cross.sectional
analysis of 16 countries. PLoS Med. 2017;14(7)3:1-19, dox:10.1371/
joarnal.pmed. 1002331,

. Spitz G, Bigler ED, Abildskov T, Maller J), OSullivan R,

Pounsford J1. Regional cortical volume and

following traumatic brain injury, Brain Cog: NIJM(I)?A—M
doi: 1L 1016/ bandc. 201 5.06.007.

Hellstrom 71, Westlye LT, Kaufmann T, Doan NT, Seberg HL,
Sigurdardottir S, Nosdhoy W, Helseth E, Andreassen QA
Andclic N. White matter microstructure is associated with func-
tional, cognitive and tional 12 months after mild
taumatic beain injury. Sci ch mn.?(nx ~14. dou:10.1038/
#41598-017-13625-1.

ili TA, Grah Di,
Mclellan DR, Diffuse axonal injury in head injury: definiton,
diagnosis and grading. Histopathology.  1989,15(1):49-39,
dok10, 111 1/5.1365-2559.1989. 10340, x.
Mittl RL Jr, Grossman RI, Hichle JF, Hurst KW, Kauder DR,
Gennarelll TA, Alburger GW. Prevalence of MR evidence of diffuse
axonal injury in patients with mild head injury and normal head
CT findings. AINR Am | Neuroradiol, 1994;15({8):1583-89,

i .
brain injury. Exp Neurol, 2013; (246):35-43. doi:10.1016/)
expneurol. 201201 015,

and p logy of diffuse axonal
injury in concussion. Bridge (Wash D C). 2016;46(1):79-84.

d R, Powell [H, Leech R, Hawking PC,
Bonnelle V, Patel MC, Counsell 5], Sharp D). White matter damage
and cognitive impairment after traumatic brain injury, Brain.
200 1:134(2):449-63. doi: 101098 brain/awg 347,

Gaetz M. The neurophysiology of brain injury, Clin Neurophysiol
2004:115{1)4- 15 doi: 10.1016/51 358-2457(03]00258- x.

. Vieira RC, Paiva WS, de Oliveira DV, Teixera MI de Andrade AF,

de Sousa RM. Diffuse I inj pidemi and
associated risk factors. Front Muml. 2016:7: 17& doi:10.3389/
fneur 2016.001 78,

. Mckee AC, Stein TD, Kiernan PT, Alvarez VE The neuropathol-

Tl

ogy of ch
{3):350-64. doi:10. lllllbpa.l!Zl&

pathy. Beain Pathol. 201625

after
traumatic brain injury: from mechanisms 1o ‘clinical trials. n
dementia. | Nearol Neurosurg Psychiatry. 201990(11):1221-35.
doi:}0. 1 136/innp-2017-317557.

. Sullivan GM, Mieczwa A, Kijpaisalratana N, Tang H, Wang Y.

Song SK. Schwyn R. Armstrong RC. Oligedendrocyte lineage and
subventriculas zove response to traumatic axonal injury in the

1 } Newropath Exp Neural. 201372 12):1106-25.
dok 10, 1097/NEN 0000000000000009,
Edlow BL, Wu O. Advanced imaging in feain

mjury. Semin Neurol 2014;32(4): 374-400, doi:10.1055/5-0032-
1331810

16.

15

20,

>1 B

25,

27,

28,

30,

E1 N

n

33

. Soares [M, Marques P,

Alexander AL, Lee [E, Lazar M, Field A. Diffusion tensor &

of the brain. Neurotherapeutics, 2007;:4(3):316-29, doi:10,10164j.

nurt.2007,05.011

Alves V, Sousa N. A hitchhiker's guide to
diffuslon  tensor ging.  Front N 1o 2FT():1-14,
doi: 10.3389/fnins 201 3.00031.

Grassi DC, Conceigho DM, Leite OC, Andeade CS, Current con-
tribution of diffusion tensor imaging in the evaluation of diffuse
axomal  injury.  Arg  Neuropsiquatr,  2018:76(3):1859-99,
doi: 10, 15%0/0004-282x201 RO007,

. Hulkower MB, Polisk DB, Rosenbaum SB, Zimmerman ME,

Lipton ML A decade of DTT in traumatic brain injury: 10 years
and 100 articles later. Am | Neuroradiol. 2013:34(11):2064-74,
doi:10.3174/ajnr. A3395.

Wang 1Y, Bakhadirov K, Devous MD Sr, Abdi H, McColl R,
Moore C, Marquez de la Plata CD, Ding K. Whitemore A,
Babeok E, et al Diffusion tensor tractography of traumatic diffuse
axonal injury. Asch Neurol 200865(5):619-26. doi:10.1001/
archneur 65.5.619.

Rutgers DR, Touigoat F, Cazejust |, Fillard P, Lasjaunias P,
Ducreux ). White matter abnormalities in mild traumatic brain
injury: a diffusion tensor imaging stady. AINR Am } Neuroradiol.
2008:29(3):514-1%. doi:10.3174/ajnr. AVSS6.

. Brandstack N, Kurki T, Tenovuo O. Quantitative diffusion-tensor

tractography of long sssocation tracts in patients with traumatic
brain injury without associated findings at ine MR i
Radiology. 2013;267(1):231-39. doi:10. lIlSlmdwlln 12570,

L

. Koch SB]. Van Zuiden M, Nawijn L, Frijling JL, Veltman DJ,

Olf M. De d uncinate fasciculus tract integrity in male
and female patients with PTSD: A diffusion tensor imaging
study, | Psychiatry Neurosci. 20017;42(5):331-42, doi:10.1503/

ipn.160129.

. Fitsioni A, Nguyen D, Karentzos A, Delavelle |, Vargas ML The

corpus callosum: white matter or terra incognita. Br | Radiol.
201 L;84{997):5-18. doiz10.1259/bjr/21946513.
Kamuh A. Randcn AE. Brody J, Hunter |V, Hasan KM, Tracing
ivity in the n brain
uuug high resolution diffusion tensor tructography. Brain Struct
Funct. 2015; 219(1):269-81. doi10.1007/500429-01 20498y,
O'Phelan KH., Otoshi CK, Emst T, Chung L. Common patteris of
regional brain injury detectable by diffusion tensor imaging in
otherwise pormal-sppearing white matter in patients with early
maderate to severe traumatic brain imjury. ] Neurotrauma.
2018:35739-49, dox 10,1089/ nen. 2016, 4944,
Yin B, Li DD, Huang H, Gu CH, Bai GH, Hu LX, Zhuang JF,
Zhang M, Longitudinal changes in diffusion tensor imaging fol-
lowing mild traumatic brain injury and correlation with outcome.
Front  Neural Circuits  201%13{28)1-11,  doi:10.3389)
focir.2019.00028,
Marshall LF, Marshall SB, Klauber MR, Van Berkum Clark M,
Eisenberg H, fane JA, Luerssen TG, Marmarou A, Foulkes MA,
The Angnom of head mjury nqum'; a classification based on
d uxial v 1N 1992,%(1):5287 .92

X Imkxmnn M, Smith 5. A Ml’ optimisation method for robust

affine ton of brain images. Med Image Anal 20015
(23:143-56. do:10.1016/51 36 -84 15{01)00036-6,

Smith SM. [lenkinson M, Woolrich MW, Beckmann CF,
Behrens TEL Johansen-Berg H, Bannister PR, De Luca M,
Drobnjak I, Flmq DE, etal. Advuwu in functional and structural
MR image analysis and i jon as FSL Newroimage.
2004,23(1 2208 -19. doiz10. IDINMMG 2004.07 051,
Leemans A, Jones DK. The B-matrix must be rotated when correct-
ing for subject motion in DTT data, Magn Reson Med, 200961
(6):1336—49. doi:10.1002/mrm 218590,

Leemans A, Jeursssen B, Sijbers |, Jones DK, ExploreDTE
a graphical toolbox for processing, analyzing, and visualizing diffu-
sion MR data Proc Tnt Soc Magn Reson Med, 200%:17(2):3537.
Wakana S, Caprilun A, Panzenboeck MM, Fallon JH, Perry M,
Gollub RL. Hua K, Zhang |, Jiang H, Dubey P, et al. Reproducibifity
of quantitative tractography methods applied to bral white




Appendices -100

4L

matter.  Neuroimage — M0T36(3)}6M-44  dorl010165
neurokmage 2007 02.049.

Jdison B], Fiddd AS, Medow |, Larar M, Salamat MS
Alexander AL Diffusion tensor inaging of cercbral white matter:
2 pictorial review of physics, fiber tract y, and tumor ima-
png paterns. AINR Am | Neuroradsol, 200425(3):356-69.

.HmS.CunH.MV?.mZJPCh‘n:‘—-I

g of " in the brain by magnetic resonance
m At Mewrol. 1999:45(2):265-69. do:10.1002/1531-8249-
(19990245 2NIC 265 nid -ana2 1 % 3ES 00023,

Hdns. Fnh-l Tm of the bmu corpus callosam

by using diffusion tensar

m vimage.  2006:32(3)959-94.
200605034

oy

megnetic
doi10.10%

s mmwumumluw-mu

g fest — data and analyss of inter-form
sind test-retent refiability. Chin Newropsychol 199812(1343-55
dorl10.1076/cln 12 1 43 1726,
Spreen 0. & E A compendium of opy festsc
dministration, and y- 2nd od New Yok, NY:
Oxford Usdversity Press; 1995,

ol

.wmmmu.sd.mn.v.uu-.twmm

four-subtest short forms in beain
injury. Appl Newropsych 201 I.ll(l)‘.l’l-ﬂ doc:10.1080/
OO08L242 201 | 59335

Harman-Smith YE. Mathias JL. Bowden SC, Rosenidd JV,
Begler ED. Wechdder adult rateligence scale third dition profies
and their ek 10 welf- foBowing trau-
matic brain injury. lc&&pwmuﬁmn
o 10 108 1 3803395 201 1824554,

Baki A, Povishock IT. All roads lcad to disconnection? - traumatic
azonal injury revisited  Acts  Newsochir. 2006 148(2)3151-94.
dox:10. 1007 500701 -005 D674-1.

Kraus MF, Suwmarass T, Caughlia BP, Walksr CJ, Sweeney JA,
Linle DM. White matter integrity and cognition in chronic trau-
mat brain injary: & diffusion tenor imaging study. Brain.
2007;130( 1032508~ 19. doi-10. 1093 brain/swm2 16

Mac Donald CL, Dikranisn K, Ily'y | & llnkmn- D. Brody D.
Dl‘—muﬂ'mnlnﬂy
axona injury and indicates u-eof-;-y.l\kum
200727(44:11865-76. doi-10.1523/INEURCOSCL3647-07.2007
Matsushita M, Hosoda K, Nasch ¥, Yamashita H, Kohmura £
UMJMMMmhmwdnﬂw
moderate traumatic brain inpury for & X
dmwwm-“lm
200 115(1 130-39. don 103171201 L2 INSI01547.

Lipton ML, Ksm N, Park YK, Hulkower MB, Gardin TM, Shifich K,
mummwnmmmdm
of 1 injury in individesd mild atic brain
imjury patients: imtersubject varistion, change over time and badir-
ectionsl changes i anisotropy. Brain Imaging Bohav. 20128
12):32942. dov10.1007/+11682-012-9175-2

Magnoni S, Mac Donadd CI, Esparza TI. Conte V, Sorrell |,
Macri M, Bertami G, Biff R, Costa A, Sammons B et al
Quantitative asscssments -l traumatic d um in b
beain: d of dialysis and ad d MRL Bram.
20151 38(8):2263-77. dok: 10,1093 benin/awv 152

. Wilde EA. Li X, Hunter JV, Narsyana AN, Hasn K, Bickman B,

Swank P, Robertson C, Miller E McCacley SR, ot al Loss of
comsciousness is refated 10 white matier injury in mild traumastic
brain injury. ] Neurotrauma. 2016:33(2212000-10. doi:10.108%/
new 20154212

Genc S, Andenon V, Ryan NP, Malpas CB, Gawoppa C.
Beauchamp M. Silk T]. Recovery of white matier following pedie-
| Nesrotrsuma. 201734798806, dor: 10,1059/ news 20164584,

. Tu T, Williams RA, Lescher 1D, likaria N, Turtro LC, Frank JA.

Radiclogcal-pathological cormelation of diffeson tenior and mag-
Detization transfer imaging in 2 dosed head traumatic brain injury
model. Ann Neurel 2017;79(6)907-20. doi: 10,1002/ ana 23641,

50.

5L

55.

BRAIN NUURY (&) §

Leoa AMC, Cicuendez M, N: B. M iz PM, Cepeda S,
Paredes L Hilario A, Ramos A, Gémes PA, Lagares A. What can be
1 N 201835(2052365-76. ol 01089/
ner 20185691,
Winston GP. The physical and biological basis of quantitative
paramcters derived from diffusion MRL Quant Imaging Med
Surg. 20122(4):254-65. doi: 10 3978/} 2223-4292. 20121205
Rolseh AM, Keller |, Tintira |, Kotk M, Vymazal |. Chasing
had what & anes DT1 s in gray matter regions? An
in vitro and in vive study. | Magn Reson Imaging 201338
(30110310 oi: 10,1002 pmri. 29065,
Beaalica C. The basis of snisotropic water diffusion in the nervoas
stem - a techmical review. NMR Biomed  2002:15:435-55.
Sot:10. 1002 /nbm 782,
WXM&MMLMQMI Cross AH.
Dysmyclination revealed

axial)
200214361429 36, doi: 101006/ mirmg 2002 1267.
Sun S Lisng H, Schmidt RE, Cross AH. Song S. Selective vuloer-
ability of cerchral white matter in 3 murine modd of multiple
sclevosis detected using diffusion temsor imaging, Nearobiol Dis.
200728{1):30-38. doi-10.10165.0bd 2007 06.011.
Yang XF, Wang H. Wen L From myelin debwis 10 inflammasory
responses: @ wicous orde in diffuse axonal mjury. Med
Hypotheses. 201177(1):60-62. dok10. 1016/ meky 301103 (25,

.MA.C.MLO&M.WK.N*LWL

NGHI'I‘IKI_ l““‘ of beta-amylosd(1-42}
and ) cbrospinal flusd
Mmmmm IMMIMM.
ot:10,1007 /500415-004-0451-y,
Lin Y. Wen L Inflemmatory response diffese axonal
impury. Tt | Mod Sai. 201 5:10(5):515-21. dok10.71 50/ jme 5423,
Rubovitch V, Ten-Bosch M. Zohar O, Harrson CR, Tempd-
Brami . Siein E. Hoffer B, Balsban CD, Schredher S, Chie WT,
«t al A mouse modd of blast-induced mild traumatic brain injary.
Exp Newrol 3011:250-39. doi: 101016/ cxpeurnl 2011.09.018.
Ray SK. Dixon CE. Banik NL Molecular mechanisms i the
of traumatic brain injury. Histol Histopathol
2002171451 137-52. doi-10.14670/HH-17.1137.
Wang H, Soag G, Chuang H., Chiu C. Abdedmaksood A, Ye Y,
Zhoo L Portrait of glisdl war discancs,
Int | lmmunopathol Pharmacel 201831:1.6. doicl011777
205573841 8301408,
Harris NG, Verley DR, Gutman BA, Sctton RL Bi-directional
changes in fractional y aficr cxpert TBE: disorgani-
mation and w-m! Nm*_ 2016,133:129-48.
4ot 10, 10164 neuroimage 2016.03.012.

.m:wrmuw&wt
injary in

Aeal

Moore C. Disz-Arrmtia R. C
bran  imjury. Exp Newrol 016,275353-66. doi:10.101645
1505019,
Haris M. Gupta RK, Husain N, Hasan KM, Husasin M,
Namayans PA. M of DTT ics in hemnorrhagic brain
lessomy: possible imphaation m MRI mterpretation. | Magn Reson
Imaging. 2006:24(6):1259_68 doi:10. 1002 jmn 277X,
Patry BN, Matoer CA. aucament of moderste
1o severe traumatic brain injury. Inc Psychological knowledge in
court: FTSD, mﬂmmmm; 352-77.
Jasey N. Ward L Newroplasticity in brain injury: maumiring
Curr Phyy Mod Rehabil Rep. m!:r«ku;—n
d-:luurmoulmo-nu. 7.
Schwetlen D, Shapiro AM. A quantitative review of the cffects of
2003 15(4):341 4% doe. 1001 05G/09530060 3 10001 606728
Gdryll.cohiyl('.‘nml MR -“dhad
review of the distribots radiopathod of
treumatic Jessoms. AJR Am | w uu.lsounn-n
S0 10321 4/sjr-150.3.663.




Appendices -101

10 (&) 0.€ GRASSIET AL

069,

70,

72

Kim DS, Choi HJ, Yang IS, Cho Y], Kang SH. Radiologic
determination of corpus callosum injury in patients with mild
traumatic brain injury and associated clinical charcteristics.
| Korean Neurosurg Soc, 201558(2):131-36, doi:l0.3340/
jkns2015.58.2.131.

Lurito JT, Dzemidzic M. Determination of heal hemisph
1, A, ' ey w‘nh i ol 1 L - i,

Neuroimaging Clin N Am, 2001:11(2):355-63,

. Hashim E, Caverzasi E, Papinutto N, Lewis CE, Jing R, Charles O,

Zhang S, Lin A, Graham S], Schweizer TA, et al [nvestigating
micrastructural abnormalities and neurocognition in sub-acute
and  chronic  traumatic  braln  injury  patients  wath
normal-appearing white matter: A preliminary diffusion teasar
imaging  study, Front Newrol. 20178(975:1-12, dei:10,3389/
frveur, 201 7.00097,

Sidaros A, Engberg AW, Sidaros K. Liptrot MG, Hemning M,
Petersen P, Paalson OB, Jernigan TL, R p E. Diffusion tensor
Imaging during recovery from severe traumatic brain injury and
relation to clinical outcome: A longitudinal study. Beain, 2008;131
(2):559-72. doi:[0,1093/brain/awm294,

74

75,

76

77.

78

. Armstronsg RA. Should Pearson's correlation coefficent be

avoided?  Ophthalmic 2019;39(55316-27.

doi: 10,111 Lopn. 12636,

Physiol - Opt.

Nudo RI. Recovery after brain injury: and principl
Fromt Hum  Newrosci,  201324(7)1-14.  doil0.338%/
fnhum. 201300887,

Stroemer RP, Kent TA, Hulsebosch CE- Neocortical neural sprout-
ing, synaptogenesie, and behavioral recovery after neocortical
infarction in  rats. Stroke. 1995:26:22135-44. doi:10.1161/01.
STR26.11.2135,
Tournier |, Cal F. Connelly A. MRtrix: diffusion tractogra-
phy in crossing fiber regions, Int | Imag Syst Tech. 2011:2
(135366, doi:10.1002/ima. 22005.
Rensel V, van Hedel HIA, Scheer |, Tuura RO, Comparison of DT
I" ALJb‘I"I PT—— ) pre-p 'p
and tract sclection methods. Eur Radiol Exp. 2018:2(1):0-12
d0u:10.1 186/531747-018-0066-1.
Jones DK, Kndsche TR, Turner R White matter insegrity, fber count,
aned ather fallacies: the da's and don'ts of diffh MRL Newroi
201%73:239-54. doi 10,1016/, neuroimage. 201 206 081

-



Appendices -102

APPENDIX D - Publication 4

Arquivos de Neuro-Psiquiatria

ARQUIVOS DE

NEURO-PSIQUIATRIA

Longitudinal whole-brain analysis of multi-subject diffusion
data in diffuse axonal injury

Journal: | Arquives de Neuro-Psiquiatna

Manuscript 1D | ANP-2020-0595.R1

Manuscript Type: | Original Article

Date Submitted by the
' Author!

nfa

Complete List of Authors: | Grassi, Daphine; Universidade de Sao Paulo Faculdade de Medicina,
Department of Radiology

Zaninotto, Ana; HCFMUSP, Division of Psycelogy

Feltnin, Fabrico E.; Facukiade de Medicina da Universidade de Sao Paulo;
University of Texas Southwestern Medical Center

Macruz, Fabiola; Universidade de Sao Paulo Hospital das Clinicas,
Radiology

Otaduy, Maria Concepcidn Garcia; Faculdade de Medicina da
Universidade de Sdo Paulo

Leite, Claudia Costa; Faculdade de Medicina da USP, Radiology;
University of North Carolina, Radiology

Monteiro de Paula Guirado, Vinicius; University of Sao Paulo,
Neurosurgery

Pava, Wellingson S.; HCFMUSP, Neurosurgery

Andrade, Cell Santos; Universidade de S3o Paulo, Radlology

Craniocerabral Trauma, Diffuse Axonal Injury, Diffusion Tensor Imaging,

Keywards Glasgow Outcome Scale, Regeneration

SCHOLARONE™
Manuscripts

htips//medd manuscriptcentral com/anp-scielo



Appendices -103

Page 10of 26 Arquivos de Neuro-Psiquiatria

1

2

: Longitudinal whole-brain analysis of multi-subject diffusion data in diffuse axonal
5 injury

g Anilise longitudinal do encéfalo por tensor de difusdo em lesdo axonial difusa

g Short title: Longitudinal voxelwise analysis of DT in DAI
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ABSTRACT

Background: Diffuse axonal injury occurs in high acceleration and deceleration forces in
traumatic brain injuries (TBI). This lesion leads to disarrangement of the neural network,
which can result in some grade of deficiency. The Extended Glasgow Outcome Scale (GOS-
E) is the primary outcome instrument to evaluate TBI victims. Diffusion tensor imaging
(DTI) assesses the white matter (WM) microstructure based on the displacement distribution
of water molecules.

Objective: Study the WM microstructure along the first year after trauma using DTI, check
the patient’s clinical outcome, and test for associations.

Methods: We scanned 20 TBI victims of moderate and severe trauma at 2 months and | year
after the event. Imaging processing was done with the FMRIB software library; we used the
tract-based spatial statistics software yielding fractional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD) for statistical analyses. We
computed the average difference between the two measures across subjects and performed a
one-sample t-test and threshold-free cluster enhancement, p-value < (.05, corrected. The
GOS-E evaluated clinical outcomes. We tested for associations between outcome measures
and significant mean FA clusters.

Results: Significant clusters of altered FA were identified anatomically using the JHU WM

atlas. We found spotted areas of FA increment along time, in the right brain hemisphere and
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1

2

i' the left cerebellum, Extensive regions of increased MD, RD, and AD were observed. Patients
5 presented an excellent overall recuperation. There were no associations between FA and
6 =5

7 outcome scores, but we cannot exclude a small to moderate association.

8

9

10 Keyvwords: Craniocercbral Trauma: Diffuse Axonal Imjury: Diffusion Tensor Imaging:
1

12 Glasgow Outcome Scale; Regeneration,

13

14

15

16

17 RESUMO

18

19 Background: A lesdo axonial difusa ocorre em traumas com alta energia de aceleragio e
i? desacelerag@o, determinando desorganizagio da microestrutura cerebral, levando a algum
;; deficit. A escala de Glasgow Estendida (GOS-E) é indicada na avaliagao clinica das vitimas
24 de trauma cranioencefalico. Imagens por tensor de difusdo (DTI) estudam a microestrutura
25 g ¥ r .

26 cerebral a partir da difusdo das moléculas de agua.

;; Objetivo: Analisar a microestrutura cerebral ao longo do primeiro ano apds trauma, avaliar
Zg clinicamente os pacientes e testar para correlagdes entre estes resultados.

3

1 Métodos: 20 vitimas de TCE moderado e grave foram avaliados 2 meses e | ano depois do
32 . . .. .
33 trauma. O processamento foi feito usando o software FMRIB (FSL) e a analise estatistica foi
:‘; feita com wract-based spatial statistics software para extrair os parametros de DTL
36 Calculamos a diferenca da média entre as duas observagdes de cada sujeito e fizemos um
37

38 teste-t para uma amostra e threshold-free cluster enhancement. Realizamos corregdes para
:g multiplas comparagdes e determinamos o valor de p < 0.05 como significativo. Um ano apos
:; o trauma, a avaliacdo clinica foi feita usando a GOS-E. Testamos para associagdes entre os
43 resultados clinicos e os valores médios de FA dos clusters.

45 Resultados: Os clusters significativos foram identificados usando o atlas JHU WM.
:: Observamos aumento de FA predominantemente no hemisfério cerebral direito e cerebelar a
48 esquerda e também extensas areas de aumento nos demais parametros de DTL. A recuperacio
49

50 dos pacientes foi satisfatoria. Ndo encontramos associagdes entre os resultados. no entanto
51 s .

52 alguma associag¢do pequena a moderada ndo pode ser excluida.

53

54

55 Palavras-chave: Traumatismo Cranioencefalico; Lesdo Axonial Difusa; Imagem por Tensor
56 ¢ "

57 de Difusdo; Escala de Coma de Glasgow: Regeneracio.

58

59
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INTRODUCTION

Traumatic brain injury (TBI) causes different complex brain lesions such as hematomas,
contusions, vascular injuries, and diffuse axonal injury (DAI). DAI results from high-energy
acceleration and deceleration forces, determining shearing strains in the white matter, leading
to disconnection or dysfunction of the neural network!.

Head injuries, particularly DAL, result in distinct functional deficits, such as physical,
cognitive, and behavioral impairments, which dramatically affect life quality, return to daily
activities, and social reintegration of survivors®. In 1975, Jennett and Bond developed the
Glasgow Outcome Scale (GOS), and it was used as a primary outcome measure in phase [l
trials in TBI*Y. Afterward, acknowledging some limitations of the GOS, the Glasgow
Outcome Scale — Extended (GOS-E) was developed. Since its definition in 1981, it has been
primarily used and recommended as the primary outcome measurement in TBI studies™".

DAL is not only restricted to mechanical forces at the moment of the trauma. Many
different processes are triggered, such as inflammatory responses, molecular changes,
apoptosis, and Wallerian degeneration. Therefore, the pathophysiology of DAI can be divided
into primary and secondary lesions. The primary axonal lesion is the complete disconnection
related to the kinetic energy in the trauma moment. In contrast, secondary axonal injuries are
indirect and progressive lesions to neurons that ensue late after the initial shock’. The impact
sparks molecular and cellular events that disturb the homeostasis. leading to changes in
neurons and the regional microglia that can persist for years®.

Traditional imaging modalities such as computed tomography and standard magnetic
resonance (MR) sequences, such as T1 and T2 weighted sequences, are not sensible to show
the white matter (WM) damage related to DAL Diffusion tensor imaging (DTI) is an
advanced MR modality based on water molecules diffusion that measures the preferential
displacement along the white matter tracts and has been used to access the brain
microstructure in different pathologies, including head injuries”. There are diverse methods
available to analyze DTI images, such as region-of-interest analysis and tractography. One of
the most commonly used is the whole-brain approach to test for group-comparisons, for
which tract-based spatial statistics (TBSS) is particularly recommended for voxel wise and
cluster-based analyses, constraining statistical analysis to the center of the tracts”. It is a semi-
automated method, with minimal user dependence, that allows a whole-brain evaluation and

is notably suitable for evaluating diffuse lesions in the brain parenchyma such as DA,
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1

2

i' Other groups have used this approach to assess white matter changes in head injury
5 victims in different stages after trauma'>!?. Lipton and colleagues conducted a study on
g patients with mild TBI who presented with persistent cognitive impairment eight months to
: three years after the trauma. They found decreased fractional anisotropy (FA) and increased
:? mean diffusivity (MD) in the corpus callosum, subcortical white matter, and internal capsules
12 compared to healthy controls'”. Another group investigated adolescents with mild TBI in the
:z acute phase (from | to 6 days after the trauma event) compared to age-matched controls'!,
:i They found significantly decreased apparent diffusion coefficient (ADC) and radial
17 diffusivity (RD) and increased FA in several white matter regions and the left thalamus,
:3 consistent with axonal cvtotoxic edema in the acute phase post-injury. However, few
i? published works analyzed the progressive changes in the white matter in DAI, particularly in
;; moderate and severe trauma victims,

24 This study aims to evaluate longitudinally the white matter of patients with severe and
;g moderate DAI at two moments defined as the subacute (two months) and early chronic phases
;; (one year) following the trauma event. We also assessed patients” clinical outcome one year
§g after trauma, using the GOS-E scale". Our central hypothesis is that DTI parameters change
1 along time and can have a degree of correlation with functional outcome.

ii

34

35

36 METHODS

37

38

:g Standard protocol approvals

:; The protocol was reviewed and approved by the institutional review board, the local
43 ethics committee, and all participants gave written informed consent.

s

:: Study design and subjects

48 A prospective study was conducted throughout one year. Adult outpatients admitted at
;g the Emergency Room of Clinics Hospital, Faculdade de Medicina da Universidade de Sao
:; Paulo, victims of moderate and severe TBI (Glasgow Coma Scale scores between 3 and 12 at
: initial evaluation), presenting clinical and tomographic findings exclusively of DAI were
55 eligible to be admitted in the study. Exclusion criteria were the presence of contusions greater
?? than 10cm’, midline shift greater than 0.5 cm, extra-axial collection determining compression
2: of the brain parenchyma, or any indication for surgical intervention. Patients with poor guality
60
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imaging studies that limited analysis, clinical contra-indications that precluded MR scanning,

or loss of follow-up were also excluded

Data acquisition

All data were acquired on a 3T system (Intera Achieva, Philips Healthcare, Best, The
Netherlands), Patients were scanned using an 8-channel head proton coil (Philips Healthcare,
Best, The Netherlands) at two time-points: two months (subacute phase) and one vear (early
chronic phase) after the trauma. The routine protocol included fluid-attenuated inversion
recovery (FLAIR), diffusion-weighted imaging (DW1), and susceptibility-weighted imaging
(SWI) sequences. For the data analysis in this study, we used a volumetric Tl-weighted and
DTI sequences.

The 3D-T1 fast field echo, acquired in the sagittal plane, was obtained using the
following parameters: FOV 240 x 240 x 180 mm*; matrix 240 x 240mm: isotropic resolution;
TR/TE 6,2/2,7ms; and acquisition time 4.13min.

The DTI sequence was acquired in the axial plane, using 32 directions and one b0 using
the following parameters: 70 slices; slice thickness 2mm; no gap: field of view 256 x 256
mm: voxel resolution = 2mm* (isotropic); TR/TE 8.500/61ms: b = 1000 s‘/mm?; matrix 128 x

128; number of excitations (NEX) = 1; and acquisition time of 7 minutes.

Imaging processing and analysis

Initially. all diffusion images were pre-processed for eddy current corrections and
extraction of non-brain voxels. using FMRIB's Diffusion Toolbox (FSL) software, version
5.0.11%" For motion correction, the free twolbox Explore DTI (A. Leemans, University
Medical Center, Utrecht, The Netherlands) was used, which rotates the B-matrix while
keeping the exact initial orientation. With this same software, visual quality inspection for
residuals and outliers was performed in each data set'®'".

Thereafter, FA maps were analyzed using TBSS". All individual's FA images were non-
linearly registered to the most typical subject of the sample (using -n command), and then the
aligned dataset was transformed into the MNI152 standard space (Imm?). The mean aligned
FA images were merged into a single four-dimensional (4D) average FA image. A mean FA
skeleton was extracted from the generalized 4D image and the tracts were projected into the
skeleton, using a 0.2 threshold'. To extract mean, axial, and radial diffusivities (MD, AD,
and RD, respectively), non-linear warps and skeleton projections were applied to each DTI

scalar parameter.
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1

2

3

4

5 Statistical analysis

6

7 To assess differences in FA, MD, RD, and AD along time, we performed one-sample t-
: tests, using the average difference between the two measures across subjects. Initially, it was
:? first computed the difference between the subacute minus the early chronic phases, and then
12 the early chronic minus the subacute phases. Permutation-based nonparametric inferences
:2 were made on unsmoothed statistical maps, using 5000 permutations, and the cluster-like
:i structures were enhanced using the threshold-free cluster enhancement (TFCE) algorithm®”.
17 This approach was similarly also applied to the MD, AD, and RD maps. Data were corrected
18

19 for multiple compansons, using the family-wise error (FWE) rate, setting the significance
iy level at p < 0.05.

;; Thenceforth, the cluster tool (http://fsl.fmrib.ox.ac.uk/fsl/fsiwiki/Cluster) was applied to
24 extract the exact clusters, followed by the Atlasquery tool to obtain the coordinates
25

26 (http://fsl fmrib.ox.ac.uk/fsl/fslwiki/Atlasquery) according to the Johns Hopkins University
;; (JHU) white matter tractography atlas.

29

30

31 Outcome measure

2 We used the GOS-E at 12 months post-injury obtained at the medical appointment
:‘; follow-up. which has been recommended as the main outcome measurement in TBI studies’.
36 It consists in an eight-scale global measure of function, used to estimate physical disability
37

38 grading®. It classifies patients into upper and lower levels of good recovery (GOS-E = 7.8).
:g moderate disability (GOS-E = 5,6), severe disability (GOS-E = 3.4), vegetative state (GOS-E
:; =2) and death (GOS-E =1).

43

44 &y .

45 Association analysis

:: The WM areas with FA differences along time were defined as ROIs and the mean FA
48 values of each one was calculated. Then, to test for association of mean FA values of each
49

50 ROl with GOS-E grading, we used Cohen’s d effect size test. We segmented patients into two
:; different groups: sub-optimal (GOS-E= 5 or 6) and optimal (GOS-E = 7 or 8) performance.
: We tested for associations of each ROI at two months and one year after trauma.

55 Taking into account the relatively small patient sample, we also estimated Cohen's d
56

57 effect size test considering a bigger sample size (4 times our sample, with the same
58 R el

59 distribution).

60
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RESULTS

In the initial screening, 225 patients with head trauma were evaluated, and the final
analysis included twenty patients of those. Demographics of the final sample are described in
Table |. Two hundred and five subjects were excluded for the following reasons;

- 186 had no clinical and’or tomographic criteria for DAI;

- 7 follow-up losses:

- 5 were not eligible for MRI;

- S had low-quality DTI studies;

- 1 developed epidural compressive hematoma;

- 1 deceased.

Evaluation of changes along time at two months and one year after trauma (chronic
minus subacute volumes) with voxel based TFCE analysis indicated brain regions with FA
increment along time, predominantly in the right hemisphere and in the left cerebellum. The
significant brain clusters (Table 2) were found in the nght superior longitudinal fascicle, the
temporal part of the night superior longitudinal fascicle, right inferior front-occipital fascicle,
right superior and inferior longitudinal fascicles, the body of corpus callosum, forceps major
and left corticospinal tract (Figure 1), Moreover, we found extensive areas of increases in MD,
RD, and AD (p < 0.05, FWE corrected) (Figure 2).

Of note, the one-sample t-test used to assess the difference between subacute minus the
early chronic volumes did not demonstrate significant differences for any DTI parameter.

Correlations between the different FA ROIs and the one-year GOS-E grades were tested
with different ROIs at 2-months and 1-year post-trauma (Figures 3 and 4). We did not find
any correlations on either moment,

In addition, hypothetically increasing 4 times our sample, we found some associations
the one-year GOS-E and the specific ROIs of FA increase at 2 months and | year after trauma
(Table 3),

DISCUSSION

In our investigation, we did a whole-brain analysis using a semi-automated method to

explore white matter changes over time in moderate and severe TBI victims, DTI has mainly
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1

2

i' been used to study white matter in the trauma scenario. However, most published articles are
5 related to mild trauma and with different follow-up periods'>'*2_ 1t is important to emphasize
? that our patient sample is very homogeneous, consisting of victims with moderate and severe
: trauma, explicitly diagnosed and exclusively with DAL, and followed throughout one vear
:? after the event.

12 We found some scattered arcas of FA increase, notably in the right brain hemisphere,
:2 accompanied by vast regions in the brain and the cerebellum demonstrating an increase in
:i MD, RD, and AD along time. Interestingly, the patients showed relatively good clinical
17 outcomes, according to the GOS-E scale. We also found different associations between each
:3 brain region with increased FA and the late chinical outcome (GOS-E) two months and one
i? vear after trauma, which were more prominent when tested for a larger sample size. Our
;; results are aligned with previous studies that have described white matter changes on DTI
24 parameters along with time in victims of head trauma®'“%. These ongoing DTI parameters are
if, related to different pathophysiological processes such as inflammation, degeneration, and
;; regeneration — which have already been described in experimental studies™'**,

§g We identified a general area of increase in MD, AD, and RD in brain tracts one year
1 after trauma. We consider that MD increase is mainly a result of high RD values and, in a
;; fower degree to AD increment. MD represents the overall diffusivity of water molecules,
:‘; which can be related to the increasing content of isotropic tissue with water content (gliosis)*.
36 Although the biological basis for the anisotropy and diffusivity changes in tissues revealed by
;; DTI data is still largely debated. studies using animal models have demonstrated that axonal
:g injury itself is represented by AD changes and demyelination is associated with an increase in
:; RD values®®. Considering that increases in both AD and RD contribute positively to augments
43 in MD values, it is reasonable to assume MD as a more sensitive parameter when compared to
:g FA in our observation.

:: Moreover, in addition to axonal injury, other important and specific pathophysiological
48 processes are also present in the trauma scenario, such as neuroinflammation, afferent
;g degeneration, and debris clearance, and the magnitude of each one at different stages may
:; imply distinct changes in DTI scalar values. Animal models’ studies play an essential role in
: characterizing these other effects ensued by the trauma event and how they change over time.
55 However, most of the articles published to date describe the changes seen in the early acute
?? time after trauma, and only a limited number of articles evaluate long-term consequences®. It
2: is already well established that the overall axonal injury in trauma survivors is a consequence
60 of the secondary axonal injury, which is the indirect damage to neurons related to
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neuroinflammation and microghial activation, triggered by the initial impact and that can
persist for years™, These processes are responsible for biochemical changes leading to local
edema and changes in the microvascular circulation, leading to ischemia and demyelination,
which can be illustrated by the RD increase over time*® Moreover, AD increase has been
associated with an increment of the extracellular water content, such as debns clearance, that
would ease¢ the water molecule movement in an axis parallel to the axons™. Thereby, we
suppose that our results can be explained by the Wallerian or Wallerian-like degeneration
process due to DAI or related to a secondary pathological process, such as regional ischemia
and neuronal death may ultimately lead to brain atrophy’.

We also found some spotted areas of FA increase in the right brain hemisphere and the
left cerebellum over time. Different causes can be associated with FA increase, such as local
fibrosis, hemorrhage areas, and neuronal sprouting™, FA is related to the microstructural
organization, with high values (close to one) related to most anisotropic tissues.
Microstructural organization after the trauma has been reported to start as early as days and
can persist for vears, which is linked to neuroplasticity’’. The functional recovery
accompanied by FA increment may be related somehow to neuroplasticity. Interestingly, we
found areas of FA increase in the right brain hemisphere and in the left cerebellum, which
may illustrate the involvement of the contralateral cerebellar hemisphere in functional and
compensatory changes after trauma, as it has been already reported®®. An interesting
functional study evaluated children with moderate and severe trauma in comparison to
controls, and it demonstrated that children with TBI demonstrated changes in functional
cerebral activity and demonstrated increased recruitment of neural resources such as the
cerebellum*.

We tested for correlations between mean FA values at the subacute and early chronic
phases of the specific regions that presented significant changes in overtime and the GOS-E
scores. We couldn’t find any significant correfations; however, the lack of significance may
be related to our sample size, relatively small when considering the optimal number of
individuals required for correlational studies™. Still, some specific regions as the right SLF
and the body of the corpus callosum demonstrated, at the early chronic phase, promising
effect sizes in functional stratification between optimal and sub-optimal GOS-E scores and
mean FA values by using a theoretical larger sample size.

Whole-brain voxel-wise analysis has been increasingly used to study DAI since the
widespread nature of the disorder, as well as the advantages of minimal intervention for

multi-subject group evaluation provided by this analytical method. However, with this

10 ’ -
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1

2

i' technique, it 15 mandatory the use strict statistical procedures for correcting for multiple
5 comparison errors, which reduces the sensitivity for detecting subtle changes'?,

6

7 One limitation of our study is the relatively small sample size. However, we included a
: particular and homogeneous group of patients with a minimum one-year survival after the
:? traumatic event, especially considering that victims of moderate and severe head trauma have
12 high mortality rates in the first six months™***, Moreover, we did have a particular group in
:z terms of one-year survival, but these patients also presented an excellent recovery with high
:i one-year GOS-E scores. This may be related to the exclusion of other conditions commonly
17 associated with a head injury, such as contusions and hematomas that can imply a poorer
18

19 outcome?,

i? Conceming the methodology and imaging acquisition, we need to emphasize that more
;; gradient encoding directions and more robust DTI acquisition and analytical methods such as
24 high angular resolution diffusion imaging (HARDI), diffusion kurtosis imaging (DKI), and -
25

26 ball imaging are available and could have enhanced the power of the data analysis''~"®.
;; However, these approaches require longer acquisition times, more sophisticated algorithms,
§g and are still less feasible to implement in clinical and research scenarios.

N

32

33

;; CONCLUSION

36

37

38 In conclusion. our work indicated changes in all DTI scalar metrics in the brain and
:g cerebellum white matter in a homogeneous group of DAI victims along the first year
:; following moderate and severe head trauma. This study can be important to guide future
43 research in understanding the different pathophysiological processes that ensue at different
45 stages during patient recovery. Upcoming studies are awaited to indicate DT as a tool in
:: sighaling functional outcome, as well as an auspicious method to be used to guide therapies
48 and rehabilitation procedures in trauma survivors.

49
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Gender Male = 16; Female =4
Handedness Ruight-handed = 16, left-handed = 4
Traumatic event Matorcycle = 10
Car accident = 6
Runover=3
Agression = 1
GCS at hospital admission Moderate (GCS 9-12) =14
Sovere (GCS<8) =6
Interval between trauma and hospital admission 39 minutes (15 to 77 minutes)
‘One-year outcome GOSES5w1
GOS-E6=7
GOSET7=11
GOSE8=1

Table 1. Demographics,

GCS = Glasgow coma scale, GOS-E = Glasgow outcome scale extended

Table 2. The most significant clusters found in FA analysis.

Cluster
Index

7

N WA U o

Voxels p X(mm) Y(mm) Z(mm) Location
7 0007 25 44 36 RSLF, R IFOF
4 005 3 3 26 body corpus callosum
4 0024 32 a1 30 RSLF, RSLF (temporal part), R ILF
2 0027 28 47 38 | LesT
1 0.04 29 -68 11 | forceps major, R IFOF, R ILF
1 0038 30 43 R | RSLF and R ILF
1 0.031 33 -35 32 R SLF, R SLF (temporal part)

R SLF = right superior longitudinal fascicle, R IFOF = right inferior fronto-occipital fascicle,

R ILF = nght inferior longitudinal fascicle, L CST = left cortical spinal tract
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Table 3. Correlation analysis supposedly increasing by 4 times the sample size,

Cluster p value p value

index {2 months) {1 year)
1 004 0,000
2 0.006 o0
3 0523 0564
4 0190 0398
: 0020 0,061
6 0.161 024
7 0048 0.688

¢ pvalue obtained by Cohen’s d test.

Figure Legends

Figure 1. The most significant clusters found with increments in FA (early chronic minus

subacute phase) are represented in red, TFCE (p < 0.05, FWE corrected). The mean FA

skeleton is indicated in white. FA, fractional anisotropy.
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Figure 2. White matter differences between early chronic and subacute phases. Significant

clusters (p < 0.05, FWE corrected). Blue depicts MD, vellow AD and green RD increases in

the chronic phase. FWE, family-wise error; MD, mean diffusivity; AD, axial diffusivity; RD,

radial diffusivity
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Figure 3. Subgroup analysis

The forest plot shows the effect size in the outcome variable across the prespecified subgroup

according to GOS-E outcome stratification (moderate disability w good recovery)

Association analysis between different ROIs at 2 months after trauma with sub-optimal and
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optimal 1-vear post-trauma GOS-E scores. Horizontal axis demonstrates differences between

the groups of recovery according to each cluster.

Effect sizes values displayed along with respectively confidence interval of 95% and statically

significance (p) obtained by Cohen’s d test (squares),

Good recovery
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Figure 4. Subgroup analysis
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The forest plot shows the effect size in the outcome variable across the prespecified subgroup

according to GOS-E outcome stratification (moderate disability v good recovery),

Association analysis between different ROls at one year after trauma with sub-optimal and

optimal 1-year post-trauma GOS-E scores. Horizontal axis demonstrates differences between

the groups of recovery according to each cluster.

Effect sizes values displayed along with respectively confidence interval of 95% and statically

significance (p) obtained by Cohen’s d test.
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Figure 1. The most significant clusters found with increments in FA (early chronic minus subacute phase) are
ropresented in red, TFCE (p < 0.05, FWE corrected). The mean FA skeleton is indicated in white. FA,
fractional anisotropy.
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25 Figure 2. White matter differences between early chronic and subacute phases. Significant clusters (p <
26 0.05, FWE corrected). Blue depicts MD, vellow AD and green RD increases in the chronic phase. FWE,
family-wise error; MD, mean diffusivity; AD, axial diffusivity; RD, radial diffusivity.
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Figure 3. Subgroup analysis
The forest plot shows the effect size In the outcome variable across the prespecified subgroup according to
GOS-E outcome stratification (moderate disability vs good recovery). Association analysis between different
ROIs at 2 months after trauma with sub-optima! and optimal 1-year post-trauma GOS-E scores. Horizontal
axis demonstrates differences between the groups of recovery according te each duster.
Effect sizes vaiues displayed along with respectively confidence interval of 95% and statically significance
(p) obtained by Cohen's d test (squares).
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20 Figure 4. Subgroup analysis
21 The forest plot shows the effect size in the outcome variable across the prespecified subgroup according to
22 GOS-E outcome stratification (moderate disability vs good recovery). Association analysis between different
23 ROIs at one year after trauma with sub-optimal and optimal 1-year post-trauma GOS-E scores, Horizontal
24 axis demonstrates differences between the groups of recovery according to 2ach duster.

Effect sizes values displayed along with respectively confidence interval of 95% and statically significance
25 (p) obtained by Cohen's d test.
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Table 1. Demographics of the 20 patients included in the study.
GCS = Glasgow coma scale, GOS-E = Glasgow outcome scale extended
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Cluster
Voxels p X(mm) | ¥Y(mm) Z(mm) Location
Index

7 | 7 0.007 25 -44 36 R SLF, R IFOF
6 ' 4 0.025 3 3 26 body corpus callosum
5 4 0.024 32 -41 30 R SLF, R SLF (temporal part), R ILF
a | 2 |oo027| -2 47 -38 LesT
3 1 0.04 29 -68 11 forceps major, R IFOF, R ILF
2 1 0.038 30 -43 32 RSLFand R ILF
1 1 0031 33 -35 32 R SLF, R SLF (temporal part)

Table 2. The most significant clusters found in FA analysis.

R SLF = right superior longitudinal fascicle, R IFOF = right inferior fronto-occipital

fascicle, R ILF = night inferior longitudinal fascicle, L CST = left cortical spinal tract
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Cluster index p value p value
(2 months) (1 year)
1
0.014 0.009
2
0.056 0.078
3
0.823 0.994
4
0.1%0 0.398
5
0.020 0.061
6
0.161 0.024
7
0.044 0.685
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Table 3. Correlation analysis supposedly increasing by 4 times the sample size.

p value obtained by Cohen's d test.
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