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Resumo

Esta dissertacdo é fruto de cooperagao bilateral entre o Departamento de Fisica da Faculdade de Cién-
cias da Universidade de Lisboa e a Divisdo de Anestesia do Departamento de Medicina da Universidade
de Cambridge. Cooperacdo esta efetuada através da supervisao e partilha de recursos associadas a este
projeto, incluindo: o acesso a dados de pacientes, semindrios mensais com uma equipa multidisciplinar
e acompanhamento e comunicag¢ado didria no planeamento e desenvolvimento deste projeto.

As lesdes cerebrais traumadticas representam um vasto e heterogéneo conjunto de patologias que
causam numerosos problemas socioeconémicos, a uma escala global. Esta natureza heterogénea conju-
gada com a sua alta incidéncia torna as lesdes cerebrais trauméticas a principal causa de mortalidade em
jovens adultos e de incapacidade em todas as idades. Estas lesdes sdo usualmente definidas como alter-
acoes da fungdo cerebral e/ou danos estruturais no cérebro provocados por uma forga externa. A fisiopa-
tologia destas lesdes estd intrinsecamente ligada ao mecanismo fisico da lesdo, dado que a for¢a externa
pode danificar ambos o local de contacto como o local exatamente oposto, devido a forcas inerciais. Adi-
cionalmente, as aceleracdes rotacionais, comuns durante o impacto, apresentam um alto potencial para
cisalhamento dos tecidos, enquanto que acelera¢des no plano lateral acarretam uma maior probabilidade
de afetar as estruturas anatémicas mais profundas do cérebro humano. As principais causas das lesdes
cerebrais trauméticas s@o os acidentes de veiculos motorizados, as quedas, os assaltos violentos e as
lesdes desportivas. Em suma, estas lesdes podem acontecer a qualquer pessoa, em qualquer sociedade, o
que dificulta a identificacdo de elementos comuns nestes pacientes. Todos estes fatores contribuem para
a complexificacdo dos cuidados de saidde direcionados a estas lesdes.

O avango tecnoldgico das técnicas de imagem médica viabilizou a extragdo de uma maior quanti-
dade de informacdo das imagens cerebrais e, consequentemente, o incremento da pericia nos cuidados
de saide nestes pacientes. Num contexto clinico, a implementa¢do de um programa de reabilitacdo
adequado ao paciente estd intrinsecamente ligada ao seu prognéstico, que, por sua vez, depende fre-
quentemente do tamanho e local das lesdes do paciente. Esta dissertacdo tem como objetivo investigar
o impacto que o volume, local e tipo de lesdo t€m no progndstico do paciente. Para tal, foram tidas por
base imagens médicas de um total de cento e vinte e cinco pacientes, com lesdes cerebrais traumaéticas,
examinados em duas mdquinas de ressonancia magnética (3T SIEMENS Trio e Verio) e cujas lesdes
foram anotadas manualmente em multiplos contrastes - Fluid-Attenuated Inversion Recovery (FLAIR),
Susceptibility-Weighted Imaging (SWI) e Gradient Echo (GE) - por médicos clinicos. As lesdes foram lo-
calizadas por meio da comparac¢do com um atlas do cérebro humano constituido por trinta € uma regides
de interesse distintas. A andlise inicial das lesdes incluiu a computagdo de vdrias caracteristicas das
lesdes, como por exemplo, o volume lesionado e a conectividade (o grau de particdo da lesdo) de difer-
entes lesdes. A localizagdo das lesdes, por sua vez, resultou na associagdo do volume lesionado a uma
regido cerebral e na computacdo de uma varidvel bindria - occupancy - que descreve a presenga de lesdes
em cada regido.
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As lesdes anotadas manualmente foram atribuidas a um total de sessenta e trés tipos de lesdes, dos
quais vinte foram considerados relevantes, tendo sido agrupados posteriormente, em cinco grupos de
lesdes: Intraparenchymal Lesion Core (ILC), Intraparenchymal Perilesional Oedema (IPO), Petechial
Haemorrhages (PH), Extra-axial Haemorrhagic Lesions (EHL) e Ventricular and Cisternal Haemor-
rhages (VCH). Esta estratificacdo permitiu o estudo preliminar da cooccorréncia das vérias lesdes, ao
nivel do tipo e grupo. Para tal, tipos e grupos de lesdes foram emparelhados, e a cooccorréncia de cada
par foi definida pela percentagem de pacientes que demonstravam esse par, em fun¢do do nimero total
de pacientes que demonstrava uma das lesdes emparelhadas. Essencialmente, a coocorréncia do par for-
mado pelas lesdes A e B € definida pela proporcio de pacientes com a lesdo A, que também mostram
a lesdo B. Esta andlise permitiu revelar pares de lesdes com uma coocorréncia relativamente alta, que
podem ser explicados pela natureza das lesdes e/ou protocolo de anotagcdo das mesmas. Estas hipéte-
ses podem ser investigadas através da localizagdo de lesdes, capaz de elucidar a natureza das lesoes,
nomeadamente a proximidade espacial com que ocorrem. Tal averiguagdo estaria fora do Ambito prin-
cipal da disserta¢do, no entanto, esta andlise € escaldvel, podendo ser formalizada de forma a analisar
padroes de lesdes, em vez de pares. Eventualmente, investigacdes futuras poderdo analisar o impacto
que os padrdes e a sua ocorréncia t€m no resultado funcional cognitivo do paciente.

Naturalmente, é provavel que o uso de diferentes contrastes e/ou modelos de maquinas de ressonan-
cia magnética introduza variabilidade na medicdo das caracteristicas das lesdes. Esta variabilidade foi
analisada no volume e conectividade das lesdes. Os resultados sugeriram um aumento significativo
(Wilcoxon signed-rank (WSR), p < 0.05) do volume e niimero de clusters (particdes da mesma lesdo) das
lesdes anotadas em SWI, quando comparadas com as suas anotagcdes em FLAIR. As imagens obtidas no
modelo Verio também demonstraram um aumento de volume e contagem de clusters, quando compara-
das com imagens obtidas no modelo Trio. Ndo obstante, a metodologia de comparacdo entre modelos
foi aplicada aos mesmos grupos de lesdes, mas em pacientes diferentes, dado que apenas um paciente
foi examinado em ambos os modelos. Assim, a interpretacdo dos resultados é necessariamente incerta,
uma vez que é impossivel verificar se as diferengas observadas entre os volumes e nimeros de clusters
obtidos em cada modelo se devem & variacdo do modelo ou & variacdo entre os conjuntos dos pacientes
examinados em cada modelo. Todavia, a comparagao entre contrastes foi feita para as mesmas lesdes,
nos mesmos pacientes, e os resultados obtidos s@o coerentes com atributos conhecidos do contraste SWI
que tendem a evidenciar artificialmente lesdes hemorragicas.

Os resultados dos pacientes, medidos através da Glasgow Outcome Scale extended (GOSe), foram
previstos através de quatro modelos lineares gerais, que incluiram o volume das lesdes de quatro maneiras
diferentes. O primeiro modelo considerou o volume total lesionado dos pacientes, independentemente
dos tipos e locais das lesdes. O segundo modelo integrou os volumes associados com cinco grupos
de lesdes, cada um constituido por vdrios tipos de lesdes. Similarmente, o terceiro modelo associa
os volumes com as diferentes regides cerebrais identificadas. Por dltimo, o quarto modelo combina
o grupo e local da les@o, ambos quantificados em volume lesionado. A comparacio entre modelos
revelou que o volume das lesdes poderd ser benéfico para o progndstico do paciente, ou previsdo do
seu resultado, particularmente se ambos o tipo e local da lesdo forem incluidos. Foram encontradas
associacoOes significativas entre preditores e resultado do paciente no primeiro (Summed Volume (SV);
p = 0.047) e quarto modelo (ILC com o lobo parietal esquerdo; p = 0.047), indicando que a combinacao
da regido cerebral com o grupo da lesdo aumenta a significancia da sua associa¢io com o resultado do
paciente. No geral, esta metodologia mostra potencial para revelar o efeito que certos tipos e locais de
lesdes tém no resultado dos pacientes apds uma lesao cerebral traumatica.
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Investigagdes futuras poderdo beneficiar de segmentacao automatica de lesdes, que provavelmente ul-
trapassara o processo lento e trabalhoso de anotacdo manual, possibilitando conjuntos de pacientes mais
amplos, essenciais para a investigacdo de uma doenca tao heterogénea como a lesdo cerebral traumadtica.
Avangos neste sentido aumentarao o poder estatistico da metodologia apresentada nesta dissertacao.

Palavras chave: Traumatismo cranio-encefdlico, Ressonincia Magnética, Lesdes Cerebrais
Traumadticas, Localizacdo de Lesdes, Progndstico
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Abstract

Traumatic brain injury (TBI) is a highly heterogeneous pathology that poses severe health and so-
cioeconomic problems on a global scale. Neuroimaging research and development has advanced its
clinical care in numerous ways, as injured brains are being imaged and studied in greater detail. The
size and location of TBI lesions are often necessary to accurately determine a prognosis, which is key
in defining a patient-specific rehabilitation program. This dissertation aims to investigate the impact
of lesion characteristics, such as volume and location, on outcome prediction in TBI patients. Lesion
localisation was achieved by comparing annotated TBI lesions to a brain atlas. Furthermore, other le-
sion characteristics were examined across different Magnetic Resonance Imaging (MRI) sequences and
scanners, with results suggesting that the use of different scanners or MRI contrasts introduced biases in
said lesion characteristics. Patient outcome was predicted using four generalised linear models. Besides
clinical variables, these models included lesion volume, group and location as predictors. Model com-
parison indicated that lesion volume could be beneficial for outcome prediction, but may be dependent
on both lesion group and location. Overall, this methodology showed potential in uncovering the effect
that certain lesion groups and/or locations have on patient outcome after TBI.

Keywords: Traumatic Brain Injury, Magnetic Ressonance Imaging, Lesion Volume, Lesion Locali-
sation, Patient Outcome
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Chapter 1

Introduction

The following chapter describes the context, motivation and structure within this dissertation.

1.1 Context and Motivation

Traumatic brain injury (TBI) is a major health and socioeconomic problem that impacts all societies,
particularly in developing countries [1]]. It is broadly defined as a brain injury that results from an impact
or external force, thus, it comprises a vast collection of causes, lesion types and severities [1[]. This
heterogeneity combines with a high incidence rate, making TBI the leading cause of mortality in young
adults and a major cause of disability across all ages [2} 3]. All in all, TBI can have a devastating
impact on patients and their families, which is reflected in its socioeconomic cost estimates of up to
$US400 billion each year [3]. These facts and figures have prompted experts and researchers to focus
on the current shortcomings in prevention, health care and rehabilitation related to TBI [3]]. One key
aspect of TBI health care is prognosis, i.e. patient outcome prediction, as it is vital for tailoring patient-
specific treatment and rehabilitation [4} 5]. Therefore, more accurate and reliable prognostic methods
will improve patient health care whilst also alleviating the burden on families and socioeconomic cost
SR

Multi-parametric magnetic resonance imaging (MRI) is a valuable tool for clinical management of
TBI, as it enables complementary information on the damage caused by the injury, such as lesion size,
type and location [[7H10]. Researching efforts have been made to associate these features with patient out-
come, with the objective of finding a potential pathway for more accurate and/or reliable TBI prognosis
[6L [TTH19].

In this context, this dissertation aims to investigate the relationship between patient outcome and
lesion location, by developing a novel outcome modelling pathway based on multi-atlas lesion localisa-
tion. Put simply, this dissertation hypothesizes that features such as patient age, lesion type and location
can be used to predict patient outcome, with hopes of improving or uncovering relevant factors related

to TBI prognosis.



1. INTRODUCTION

1.2 Structure

This dissertation is divided into seven chapters, including this introductory chapter. The following
chapter elaborates on the principal concepts within this dissertation, starting with TBI and medical imag-
ing related to this disease and ending with an overview of the statistical analysis and modelling methods
used in this dissertation.

The third chapter provides an overview of lesion localisation methods and outcome prediction related
to TBI, with examples of state-of-the-art studies and procedures.

The fourth chapter details the methodology used throughout the dissertation, from data collection
and processing to bias and co-occurrence analysis, lesion localisation and patient outcome modelling.

The fifth chapter reports the results and findings associated with this dissertation. First, data demo-
graphics and lesion analysis are presented, setting the stage for the presentation of bias analysis results.
Lastly, outcome-related findings are presented, initially associated to a qualitative analysis and then with
respect to models and predictions.

The sixth chapter discusses the results previously mentioned and finishes with an overview of poten-
tial researching proposals related to this work, either by continuation, alteration or improvement.

Finally, the seventh chapter concludes this work, while an appendix with supplementary tables and
figures is also included.



Chapter 2

Background Knowledge

This chapter introduces the major concepts present in this dissertation.

2.1 Traumatic Brain Injury

TBI is defined as a traumatically induced alteration of brain function and/or structural damage to the
brain, as a result of an external force, such as an impact with an external object, foreign body penetration,
acceleration/deceleration brain movements and forces generated by an explosion [20]. The pathophys-
iology of TBI is connected with the biomechanics of the injury, as external forces can induce a brain
injury at both the site of contact and the opposite side of the brain, due to inertial forces [21]]. Moreover,
rotational accelerations, which are common during impact, have a high potential of resulting in shear-
induced tissue damage, whereas lateral plane accelerations are more likely to damage the deep internal
structures of the human brain [22].

The leading causes of TBI include motor-vehicle-related events, falls, assaults and sports-related
injuries. These causes are also reflected in the risk factors for TBI which include sex, as motor-vehicle
and violence-related TBIs lead to males being almost three times more likely to suffer a TBI, and age, as
children and elders are more vulnerable to falls [23]].

Furthermore, TBI is diagnosed with the emergence or worsening of at least one of the following
clinical signs: loss or decreased level of consciousness, loss of memory for events immediately before
or after the injury, alterations in mental state such as confusion and disorientation, neurological deficits
(e.g. change in vision, lethargy and loss of balance) and intracranial lesions [24]. These clinical signs
can be transient, long-lasting or permanent, and are usually accompanied by a variety of symptoms, such
as, vomiting, headache, body numbness, speech difficulties and breathing problems [25]. Put simply,
TBI is presented with vastly heterogeneous pathological patterns, making it difficult to identify single
commonalities across patients [25]. Although TBI severity is best characterized as a continuum due to its
strong heterogeneity [[25]], TBI is often classified based on the Glasgow Coma Scale (GCS), as mild (GCS
13-15), moderate (GCS 9-12) or severe (GCS< 9) . This classification may be additionally guided by
acute injury characteristics such as level of impaired consciousness and duration of post-injury amnesia
[21].



2. BACKGROUND KNOWLEDGE

Having established the heterogeneity of TBI etiology and classification, i.e. causes and severity, it
becomes transparent that TBI impacts a large demographic cohort. In fact, TBI has been reported as one
of the most common neurological disorders [26], with estimates suggesting that there were 82,000 deaths
and 2.1 million hospital discharges across Europe in 2012 [2]}, and that, each year, more than 50 million
people worldwide suffer a TBI, with half of the entire world population having one or more TBIs during
their lifetime [3]. Figure [2.1]illustrates additional statistics found in a TBI report made by the Centers
for Disease Control and Prevention [27].

Annual TBIl in the U.S

(total cases: 1.7M) TBI by external causes

M Falls

® Motor-vehicle-related

M Treated and released

M Hospitalizations

! Deaths X
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B Unknow/Other
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Figure 2.1: Left: Annual TBI cases in the U.S with percentages of deaths, hospitalizations and treated and released from an
emergency department. Right: External cause percentages related to TBI.

Recovery and rehabilitation are also highly variable as they naturally depend on the severity of the
injury. This combination of heterogeneity, incidence and morbidity contribute to an overwhelming so-
cioeconomic cost associated with TBI, with estimates of the aggregate financial burden on U.S citizens
ranging from 60.4 to 221 billion US dollars [28].

In summary, TBI occurs frequently, with a high degree of heterogeneity. Therefore, many research
efforts have been (and are being) made to improve healthcare for patients that suffer from TBI, par-
ticularly through the development of faster and more accurate prognosis and diagnosis [29]. However,
comprehensive reviews on this subject report a body of literature of varying quality, study design and
objectives, with incorrect causal inferences deducted through cross-sectional studies [4} 29].

To understand these shortcomings, one must first analyze the current conventional and more ad-
vanced methods for TBI prognosis and diagnosis, starting with their general objectives [30], which are
as follows:

* Identification of injuries that require emergency interventions, i.e. surgery;
* Detection of injuries that could benefit from early therapy and supervision;

* Accurate patient prognosis to enable personalized rehabilitative measures and to help family coun-

seling and discharge planning.
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2.2 Medical Imaging for Traumatic Brain Injury

One possible answer to these objectives was, and currently is, neuroimaging, as it enables unprece-
dented levels of information about human anatomy and physiology. When applied to TBI, neuroimaging
methods such as MRI and Computed Tomography (CT), provide the means for detailed damage assess-
ment in terms of location, categorization and severity, which is key for effective patient triage, injury
classification and, ultimately, clinical trial design [31]].

In the clinical setting of acute TBI, CT scans are usually the first imaging choice, and justifiably so,
given their high sensitivity for blood, which can identify most urgent injuries. However, this is mainly
due to the limitations of MRI, such as scanner availability, waiting time and compatibility [32]. As a
matter of fact, when compared with CT scans, MRI has consistently shown better lesion detection, and
is particularly useful in long-term TBI prognosis and management, because of its higher sensitivity for
pathologies such as micro-haemorrhages, which are commonly presented with Diffuse Axonal Injury
(DAI) [32, 33]]. In the acute TBI context, MRI is usually requested if a CT scan is negative while the
patient still presents abnormal neurologic behaviour, as reports have found that nearly one in four TBI
patients admitted with a normal CT scan showed an abnormal MRI scan [33].

Moving forward, the focus turns to MRI in TBI, along with the different functionalities that comprise
state-of-the-art procedures, as the next section provides a brief summary of MRI methods to highlight
their relevance for clinical management of TBI.

2.2.1 Conventional Methods

In the reviewed literature, MRI methods are usually divided into two main categories: conventional
and advanced methods. The three most relevant conventional MR contrasts, regarding their applicability
to TBI, are T1-weighted (T1w), T2-weighted (T2w) and Fluid-Attenuated Inversion Recovery (FLAIR).
These sequences display gross pathoanatomical features in the brain and have been shown to be beneficial
when employed for TBI imaging. For instance, T1w has been extensively used to evaluate brain atrophy
in chronic TBI, often being paired with automated or semiautomated software [[34-37]]. In fact, subacute
haemorrhage products, as well as lipids and proteins, appear hyperintense on T1w scans, as a result of
shortened T1 relaxation times [38]].

T2-weighted scans, on the other hand, have consistently been shown to be useful in detecting various
intracranial injuries that result in the increase of tissue water percentage, which increases T2 relaxation
times. As such, examples of T2 hyperintense lesions are oedema, haematoma and axonal injury, and
hypointense features - due to decreasing T2 relaxation time - include paramagnetic blood products [39,
40].
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Lastly, FLAIR scans show contrast similarly to T2w scans while also suppressing normal ventricular
and sulcal cerebral spinal fluid, which enhances the visibility of T2 hyperintense lesions like the ones
aforementioned [41]]. Examples of these MRI contrasts are shown in Figure 2.2

Figure 2.2: Axial Tlw (a) and T2w (b) imaging demonstrates a large acute subdural haematoma along the right cerebral
convexity. Reformatted coronal T2w FLAIR imaging shows leftward subfalcine herniation (c) and a focus of axonal injury
involving the splenium of the corpus callosum (white arrow) (d). Source: Kazam et al..

2.2.2 Advanced Methods

As for advanced methods, the ones usually referred to are Susceptibility-Weighted Imaging (SWI),
Diffusion-Weighted Imaging (DWI) and functional MRI (fMRI). These techniques are of particular in-
terest in situations where conventional MRI is not sufficiently sensitive, e.g. when imaging produces
normal findings, but the patient is still symptomatic, and thus offer opportunity for better prognosis [42].
Similarly to the conventional methods mentioned before, the three advanced ones have also demonstrated
well-documented applicability to TBIL.

SWI combines magnitude and phase images with a 3-dimensional, velocity compensated GE se-
quence and has been reported as being highly sensitive for minute haemorrhages that usually occur with
DAL [43] [44]. Diffusion weighted imaging captures the movement of water, i.e. Brownian diffusion of
water molecules in a voxel of tissue, by quantifying it through diffusion coefficients that are mapped
onto T2w images [45]]. When applied to acute TBI, DWI has been shown to be very useful for assessing
cerebral oedema and axonal injuries 47)]. Functional MRI (fMRI) enables noninvasive brain func-
tion evaluation, by assessing neuronal activation through a Blood Oxygen Level-Dependent (BOLD)
signal. This signal quantifies magnetic field inhomogeneity caused by changes in the oxygenation state
of hemoglobin [48]]. This is perhaps the least reported technique, regarding its applicability to TBI, due
to a lack of task-based studies within different behavioral/cognitive domains. In fact, only a small num-
ber of functional networks - mostly the default mode - have been researched with resting-state fMRI
techniques, which limits insight into fMRI potential in the TBI context [42| 49].
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Examples of SWI and DWTI are presented in Figure [2.3] while examples of fMRI applications to TBI
include the analysis of neuronal activation during functional tasks inferred from BOLD signal [48]].

Figure 2.3: DWI (a) clearly demonstrates axonal injury in the left body of the corpus callosum while SWI (b) shows it much
more subtly. A ventricular catheterization (asterisk) was performed during examinations. Source: Kazam et al. @]

These imaging techniques exploit different contrast mechanisms to enhance our understanding of
persistent symptoms and provide accurate prognosis. As such, thorough reviews have been made which
feature quantitative and qualitative comparisons between them, enabling vital knowledge on these meth-
ods, e.g. parameter setting recommendations for optimal procedures and advantages and limitations of
each technique 50]. The key points in said reviews have been covered in this chap-
ter for conventional and advanced MRI sequences. Nonetheless, the reviews are suggested for further
reading.

2.3 Statistical Analysis and Modelling

Statistical analysis is a key component of biomedical data analysis, as descriptive and inferential
statistics enables researchers to summarize findings and conduct hypothesis testing [[51]]. In this section,
the inferential procedures used in this dissertation are introduced theoretically.

2.3.1 Mann-Whitney U Test

Quite often, t-tests are used to compare two populations means based on independent samples from
the two populations or groups. To do so reliably, various assumptions need to be put in place, a particular
one being that the data follows a normal distribution [52]. This constraint is eased in the Mann-Whitney
U (MWU) test, enabling its application to non-normally distributed data or other cases in which this
assumption is not accepted. Thus, the MWU test is often considered as the non-parametric alternative to
a t-test.

Essentially, the MWU test ranks all the values from low to high, with no regard for the group each
value belongs to. The minimum is attributed a rank of one while the largest value gets a rank of N,
where N is the total number of values in the two groups. The ranks are then averaged, within each group,
producing two average rank values to be compared. If these two averages are significantly different, the
respective p-value will be small [53]. With a threshold ¢ set at 0.05, a p-value below this value will
indicate a statistically significant difference in group rank averages, with a confidence level of 95%.

This procedure, though less strict than the t-test, also carries two general assumptions: all observa-
tions from both groups are independent and the observed variable must be, at least, ordinal, to allow
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comparison between observations. Additionally, with the assumption that the two groups have equally-
shaped distributions, the MWU test is transformed in a test of medians [54]).

Therefore, the null hypothesis that groups share the same distribution, is rejected if a p-value lower
than o is obtained. Moreover, the test produces a U statistic value, which is computed in the following

manner:
n m
U=Y Y F(X,Y)) (2.1)
i=1j=1
where
1, ifY <X,
FX,Y)=4q3, ifY=X, (2.2)
0, ifY>X.

The number of comparisons equals the product of n times m. If the null hypothesis is true, then the
value of U should be approximately half the number of comparisons. Alternatively, if its value is much
smaller than that, the p-value will likely be low, leading to rejection of the null hypothesis [55]].

2.3.2 Wilcoxon Signed-Rank Test

The WSR test allows for the comparison of matched-pair data based on the distribution of their
differences. Indeed, it accepts dependent observations and non-normally distributed data, serving as an
alternative to the paired or dependent samples t-test [S6].

The data must consist of samples (Xi,Y;)...(X,,Y,), so their differences are computed as d = X; —
Y;, with i = 1,2,...,n. The assumption that d is symmetric around zero produces the two-sided null
hypothesis that the median of the differences is zero against the alternative that it is different from zero.
The one-sided test has the null hypothesis that the median is positive against the alternative that it is
negative, or vice versa [57]]. To compute the test statistic, one must first sort the differences by assigning
ranks Rj...Ry, so that 0 < [Xg, | < |Xg,| < ... <|Xg,|- Next, let sgn denote the sign function, as sgn(x) =1
if x > 0 and sgn(x) = —1 if x < 0. Lastly, the test statistic T is defined as:

T = isgn(X,-)R,- (2.3)
i=1

Subsequently, a p-value is produced by comparing the test statistic T to its distribution under the
null hypothesis [57]]. As before, a p-value below o = 0.05 leads to a rejection of the null hypothesis,
concluding that the median of differences is different from zero, i.e. there is a statistically significant
difference between the paired observations.

2.3.3 Binary Logistic Regression

Regression analysis is usually described as the search for relationships among variables, mainly by
estimating a mathematical relationship between a dependent variable, also termed outcome or response
variable, and one or more independent variables, often called predictors or explanatory variables [58]].
Logistic regression follows this same logic by modelling the probability of a discrete outcome variable,
usually of binary nature, given one or more input variables. Because of this, logistic regression is often
a valuable tool for classification problems, with many applications in the industry [59].
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Let us consider a model with two predictors, x; and x,, and a discrete binary outcome variable Y,
which gives p =P(Y = 1), as the probability that ¥ equals 1. Next, a linear relationship between the
predictors and the log-odds of Y = 1 is formulated as follows:

I =logp = Bo+ Bix1 + Baxa, 2.4)

14
I—p
where [ is the log-odds, b is the base of the logarithm and f3; are the coefficients or parameters of
the model. The probability p can then be retrieved via exponentiation of the log-odds and basic algebra,

producing:

1
~ 11 b (BotBixi+Box2)

D (2.5)

These coefficients are estimated by fitting [2.4] to adequate training data, and are key in interpreting
the model. The y-intercept, By, is the log-odds of ¥ = 1 when x; = x, = 0. The other coefficients are
interpreted in the same manner: obtaining a f8; = k will imply that increasing x; by 1, increases the log
odds by k, or, alternatively, increasing x; by 1 will increase the odds that Y = 1 by a factor of 10% [60].
Along with the coefficients, each predictor is attributed a p-value, under the null hypothesis that there is
no association between the predictor and the outcome variable. Therefore, a p-value below alpha rejects
the null hypothesis, implying that there is a statistically significant association between said predictor
and outcome variable [61]].

Having constructed the model, i.e. obtained its coefficients, one can use it to predict the probability
that the outcome variable is 1, given certain values for the predictors. Subsequently, the model confusion
matrix - a visual layout that summarizes the performance of the model - can help determine the correct
and incorrect predictions [62]]. Moreover, the model accuracy can be calculated as:

ACC = [P+TN (2.6)
TP+TN+FP+FN

where TP and TN are the true positives and negatives, respectively, and FP and FN are the false

positives and negatives.

The error rate, err, can be inferred from the accuracy: err = (1 —ACC) x 100. If the model is applied
to the data it was trained on, this value represents the training error rate, whereas, if the model is applied
to data, which was unknow during the training phase, then this value reports the test error rate. These
calculations enable a key aspect in building a model: its validation [|63]].

2.3.4 Multiple Comparison Correction

Contrasting different situations or elements is often the basis for research projects, for instance in the
form of group/treatment or product comparisons. In statistical analysis, this might occur as many tests
of the same hypothesis, which leads to what is commonly referred as a multiple comparisons problem.
Put simply, an increase in number of tests increases the likelihood of finding the effect or relationship
under analysis. However, it also increases the likelihood of finding said effect by chance, thus producing
a false claim [64]].

Various procedures have been developed to solve this issue, for example by controlling the False
Discovery Rate (FDR), i.e. the expected proportion of null hypothesis rejections that are incorrect. One
method to control the FDR is the Benjamini-Hochberg p-value correction.
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In short, p-values are ordered, and tested under the following inequality:

bl

b < —a, 2.7

3

where m is the number of p-values and k = 1,2,...,m.

The largest p-value that satisfies is set as a threshold for significance, i.e. the largest p-value
and all p-values below it are deemed significant. In addition to p-value corrections, researchers are
also advised to plan before the analysis and perform reproducibility studies, to guard against multiple
comparisons problems [65]].
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Chapter 3

Lesion Analysis in TBI

This dissertation is structured in two parts: lesion localisation and patient outcome prediction. Put
simply, lesions were manually annotated and automatically located using a brain atlas, thus enabling
analysis into the relationship between patient outcome and lesion type, size and/or location. This chapter
provides a general overview of related work in lesion localisation and patient outcome prediction.

3.1 Lesion Localisation

As lesion segmentation identifies voxels associated with injury, it also enables the derivation of lesion
features that provide further information for clinical assessments. One of the most obvious ones is the
total lesion volume. However, lesion size alone might not provide a full picture of the injury, since lesion
location within the brain also has an impact on the patients well-being, as the brainstem [[19]], cerebellum
[66]], corpus callosum [67]] and several other locations [68]] have been investigated with regards to their
prognostic value as a lesion location. Indeed, lesions can be located in many ways, three of which are
here described.

3.1.1 Visual Inspection

Lesions can be located by visual inspection, which often coincides with their manual annotation. For
example, Williams et al. [19]] investigated the prognostic value of brainstem lesions in acute CT scans.
Initially, board-certified neuroradiologists evaluated the scans for the presence or absence of brainstem
lesions. These lesions were then further categorized by location, size and type, with lesion localization
being done manually by a fifth-year neurological surgery resident outlining and measuring regions of
interest on appropriate software (OsiriX MD DICOM Viewer, v.11.0.2.). Figure [3.1] schematizes this

procedure.

Figure 3.1: Brainstem lesion segmentation on ascending axial head CT. Borders (light green) are hand-traced through the slices
in Osirix MD software. These demarcated areas are merged to create a 3D region of interest for further quantitative analysis
(last image on the right). Taken from William et al. [19)].
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In this case, lesions were first located on the brainstem and then distinguished through three lesion
features: size, type and sub-location. The study found that the addition of these lesion features into
a patient outcome model did reveal significant associations between each feature and patient outcome,
whereas the presence or absence of brainstem lesions were not significantly associated with outcome.

Inversely, a lesion type of interest can be defined first, and then analyzed within one or more regions:
Moen et al [68]] located traumatic axonal injuries across the hemispheres, cerebellum, corpus callosum,
brainstem and thalamus/basal ganglia, as neuroradiologists characterized image findings on several MRI
contrasts. These lesions were counted across all contrasts, and their volumes were estimated in FLAIR
sequences. These features, i.e number of lesions and lesion volume, were then analyzed as potential
predictors of patient outcome, with results suggesting that the number of DWI lesions and FLAIR lesion
volumes in the corpus callosum, thalamus and brainstem were predictive of patient outcome. These
findings are coherent with those produced by Cicuendez et al [69], as they also located traumatic axonal
injuries in the corpus callosum and other regions, further categorizing these lesions across features such
as the presence of haemorrhage, severity, sub-location, number of lesions and total lesion volume. Their
findings suggest that lesion presence in the corpus callosum is associated with unfavourable patient
outcomes, whereas the total volume is an independent prognostic factor for these same outcomes.

Matsukawa et al [[67]] employed a similar method, as two experienced neurosurgeons evaluated CT
and MRI scans, and visually located lesions in the corpus callosum on MRI and intraventricular haem-
orrhage on CT. Lesions in the corpus callosum were distinguished by their presence or absence at three
sub-locations, with the authors reporting that evidence of an intraventricular haemorrhage on CT may
indicate lesion presence on the corpus callosum, which in turn is associated with unfavourable patient
outcomes.

As seen above, visual inspection and neuroradiological expertise is commonly used as means to
locate lesions, either by first selecting one or more brain regions and then analyzing the lesions within
it [19]], or by initially selecting a specific lesion type and then mapping its various occurrences across
several regions [67-69]. These methods enable valuable information; however, visual inspection or
manual lesion localisation is a laborious, time-consuming task, and may limit the sample size included
in the analysis, which compromises TBI-related inference, due to its notorious heterogeneity, i.e. smaller
sample sizes will result in fewer identifiable lesion types [[7H10].

To surpass the time-consuming nature of manual lesion localisation, brain atlases and templates -
which provide anatomical reference - can be used with the general objective of automatically mapping
large collections of lesions [70, [71]].

3.1.2 Brain Parcellation

This process of labelling distinct partitions across the spatially heterogeneous human brain is com-
monly described as Brain Parcellation (BP). In a historical perspective, it could be seen as the latest
form of the century-old quest to develop an universal map of the brain [70]]. This is challenging due to
inter-individual variability and the multilevel complex topography of the human brain. However, there
is now a wide range of MRI-based approaches for BP, focusing on several different features, from local
properties of brain tissue to long-range connectivity patterns and functional and/or structural markers
[70,[71].

Across research fields, BP has emerged as both a vital tool to advance knowledge of brain organi-
zation, and a practical step to perform biologically-based information compression by summarizing data
from several voxels into more manageable groups that represent particular anatomical entities.

12
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This reduction is critical in recent big-data approaches that aim to predict behavioral or clinical phe-
notypes from brain imaging data, as these predictions are usually related to distinct anatomical regions
[72H75]]. As such, efforts to automate BP have generally been successful, and several software tools are
available [7678]]. However, these methods have mostly been optimized for healthy, anatomically normal
brains, whereas brain pathologies, due to their heterogeneity, require more detailed solutions, depending
on the lesion [[79]].

A popular approach in this setting has been atlas-based BP, which has been very useful for structural
brain mapping, and widely used across neuroimaging [[80]. It can also be achieved for individual or
groups of patients, and many brain atlases are available as digital image files, containing multiple brain
regions following region-specific image intensity values [80, |81]. Usually, brain atlases are defined as
a template or reference brain image, be it a single subject image or an averaged image across a specific
cohort. As such, they require image registration, a process that maximizes spatial similarity between
source and target images. In other words, atlas-based brain mapping requires spatial matching between
the atlas and the brain image being mapped. Image registration is in itself a nuanced topic, as many
strategies have been developed to achieve it, including rigid-body and affine or non-affine registration
[82] 183]]. When applied to TBI, atlas-based BP allows for multi-modal registration and enables group
comparisons with anatomical reference. Here, research efforts are divided across two main approaches:
single-atlas and multi-atlas parcellation.

3.1.2.1 Single-Atlas Parcellation

For single-atlas parcellation, the common procedure is to register an image, that has yet to be seg-
mented, to a single template image with delineated regions annotated by an expert. This allows the
mapping of region labels from the template or atlas to the new image [84]. This approach has found
various applications in neuroimaging [|66} |85} 86].

In a prospective study, Daniels and Foundas [85] aimed to determine the relationship between neu-
roanatomical sites and increased risk of aspiration in acute stroke patients. In doing so, lesions were
located using standardized templates of axial CT/MRI sections at various angles to the canthomeatal
line: lesion features, such as sub-location and size, were mapped out within and across each CT/MRI
image on the template. Once the lesion was mapped, its location was determined using standardized
templates. The study found that various locations were injured in patients with risk of aspiration, but no
specific cortical site was identified as a predictor of risk for aspiration.

In similar fashion, Kasahara et al. [86] combined voxel and atlas-based analysis to better distin-
guish between focal axonal injury and DAI, thus improving diagnosis on patients with mild TBI. To
achieve this, diffusion maps, produced from Diffusion Tensor Imaging (DTI), were normalized to the
International Consortium for Brain Mapping atlas.
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This mapping allows for segmentation of Region of Interest (ROI)s and consequent region-specific
data analysis, as demonstrated in figure [3.2]

Figure 3.2: Group analysis of DAI and mild TBI compared to control group. Atlas-based analysis enables the segmentation of
ROIs in comparing different patient groups. Blue regions contain white matter diffusion measures that are lower in the DAI
patient group while red regions contain white matter diffusion measures that are higher in the mild TBI patient group. Both
representative values pertain to radial diffusivity. Retrieved from Kasahara et al. [|86|].

Moreover, the authors further segmented and normalized all diffusion maps using a diffeomorphic
registration tool in an effort to reduce misregistration. This is a common problem in single-atlas ap-
proaches, as deformation models used for novel image registration fail to capture the wide range of
anatomical variation that comes with brain lesions [84,[86]).

Another variation of single-atlas methodology is the introduction of probabilistic inference as novel
images are registered to a a single atlas, producing additional information, such as the probability of
observing a specific label at a given location [84} 87].

This procedure has also been applied to neuroimaging of brain lesions as Garfinkle et al [66] evalu-
ated the impact of preterm cerebellar hemorrhage (CBH) in childhood development, with preterm MRI
scans of 221 neonates being manually segmented for CBH quantification and location. These locations
were then analyzed with respect to the likelihood of resulting in an adverse outcome.

To do this, the manually annotated CBH on each preterm scan was mapped to the common space of
the early preterm template using a nonlinear transformation, which compensates the anatomical variabil-
ity between patient and template images. Subsequently, probabilistic CBH maps were generated based
on the cumulative number of CBH that occurred in homologous brain regions within the standard preterm
template. These maps identify relevant regions and characterize the spatial distribution of CBH, whilst
analogous outcome-based CBH maps enable visual assessment of difference in CBH location between
different outcome groups. In this study, these maps demonstrated that CBH extending to deeper parts of
the cerebellum predicted adverse motor, visuomotor and behavioral outcomes.

This probabilistic methodology can also be applied to multiple atlases, i.e. training images delineated
by an expert, by summarizing them into a single probabilistic model. However, the consequential loss of
information can lead to faulty region segmentation, particularly in the presence of lesions [84} 87].

3.1.2.2 Multi-Atlas Parcellation

Multi-Atlas Parcellation (MAP) has shown promising results for combating the issues plaguing
single-atlas approaches [84, |88, |89]. Instead of summarizing atlases into probabilistic models or using
a single standardized template, MAP takes into consideration all atlases as potential spaces for mapping
novel images, e.g. pairwise registration between novel images and each atlas with label propagation for
a specific region being done by label fusion [90]]. This last process can be done by selecting the best
atlas and using its corresponding labels, or by attributing the most frequent label across registrations to a
given location [90, 91].
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This methodology has been applied to neuroimaging in various forms, such as brain parcellation, i.e.
whole-brain segmentation into a certain number of regions [[88} [92]], or with a focus on a specific set of
regions or an individual ROI, which are often associated with pathologies [84}(93-93].

For example, the hippocampus has been the focus of several studies that use this methodology due
to its association with Alzheimer’s disease and dementia [84]. Other pathologies have been investigated
in similar ways such as Parkinson’s disease [93]], multiple sclerosis [94] and epilepsy [95]. However,
when compared to TBI, these pathologies produce much more subtle anatomical variation. Indeed, the
mapping of TBI lesions is a challenging task even with the advantages of MAP, resulting in scarce
literature regarding its application to TBI.

A published example of such application was produced by Ledig et al. [88]], as the authors present
a fully-automatic multi-atlas whole-brain segmentation method for MRI. The method was called Multi-
Atlas Label Propagation with Expectation-Maximisation (MALP-EM) and it was based on a combination
of a robust registration approach (MAPER), joint label fusion and intensity-based label refinement, which
allowed for applicability to abnormal brain anatomy. To demonstrate this, authors applied this framework
to segment 125 magnetic resonance images into 134 regions from patients with TBI, producing not
only state-of-the-art segmentation, but also valuable insights on TBI disease progression and outcome
prediction. Figure 3.3 shows the segmentation of an highly abnormal brain configuration.

Figure 3.3: Examples of segmentation of an highly abnormal brain configuration. Colored arrows point to errors that arise
Jfrom oversegmentation and other inaccuracies. Retrieved from Ledig et al. [58)].

In short, this study showcases the potential and advantages of using MAP for abnormal brain
anatomy, i.e. in presence of lesions. Automated lesion localisation has thus started to pave the way
for larger and normative databases, as it scales visual inspection to much larger sample sizes. These
tools not only facilitate data processing, but also produce a wealth of data features that can be associated
and studied in various forms. Put simply, large collections of TBI patients clinical data coupled with
automated lesion localisation, allow for unprecedented insights into various aspects of TBI. A key aspect
in this regard is patient outcome analysis and prediction.

3.2 Outcome Prediction

Traumatic brain injury prognosis, i.e. outcome prediction, is often described as a vital effort to
address its heterogeneous incidence and consequential motor and mental disabilities, as faster, more
accurate and reliable outcome predictions enable better rehabilitative planning. Indeed, acute prognos-
tic measures play a fundamental role in clinical decision-making and enables patient counselling with
regards to rehabilitation [96), 97]].
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Because of this, several variables have been studied as potential prognostic factors, such as age, sex,
pupil reactivity, hypoxia and the presence of subarachnoid bleeding [11} [12]]. In fact, recent prognostic
models (CRASH and IMPACT) have been developed on large numbers of patients (10 008 and 8509,
respectively), with studies showing that age, GCS and pupillary reactivity contain the largest amount of
prognostic information, particularly when applied to moderate and severe TBI [98]]. Their application
to mild TBI, however, has been less successful [99]. One of the most established outcome measures
after TBI is the Glasgow outcome scale (GOS), later extended to the GOSe, which ranges from 1 to 8.
Hereby, the lowest value represents a fatal outcome and the highest value points to a favourable recovery,
as the patient should show no symptoms due to TBI [13]]. This measure is usually coupled with the
GCS score, which ranges from 3 (completely unresponsive) to 15 (responsive) and is often a reliable
measure to assess level of consciousness after TBI. Both measures have shown promising results in early
prediction of long-term functional outcome, however, their limitations are increasingly recognizable,
particularly when applied to large patient cohorts. To address these limitations, sets of guidelines have
been developed to standardize the clinical interview used to assign outcome [6 |13]].

Several studies have combined specific lesion patterns with the aforementioned variables and mea-
sures to model and predict patient outcome. Gauthier et al. [14] administered several language tests to a
sample of 145 adult patients with TBI, as a means of evaluating cognitive-communication impairments
in this cohort. GOSe and GCS, along with several other variables, were combined with lesion pattern
analysis to acutely predict outcome. The authors found that older and less educated patients with a more
severe TBI were at high risk of unfavourable outcome. Additionally, it was reported that left temporal,
frontal and right parietal lesions may increase the risk for impairment.

Aldossary et al. [15]] focused on DAI and its prognostic value, as neurological assessment of 251
patients with severe TBI was done according to the GOSe. The authors report an association between un-
favourable functional outcome (GOSe below or equal to 4) and DAI, especially in patients with cerebral
hemisphere and brainstem lesions. Moreover, other clinical variables such as duration of post-traumatic
amnesia, hospital stay, DAI volume and loss of consciousness were all associated with unfavourable
neurocognitive outcome.

Williams et al. [19] investigated the prognostic value of brainstem lesions in TBI patients across the
severity spectrum. Patients with brainstem lesions were matched by age, sex and GCS to patients with
cerebrum lesions only. Additionally, all patients undertook a head CT scan within the first 48 hours after
the injury, and were attributed a GOSe score.

The report found no significant difference in GOSe scores for patients with brainstem lesions, com-
pared with patients with similar scores but only cerebrum lesions. Nonetheless, further categorization
of lesions into lesion types identified a proportion of patients with significantly less favorable outcomes.
Lastly, a multivariate logistic regression model of favorable patient outcome showed that including lesion
type and GCS produces a significant relationship with patient outcome.
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3.2 Outcome Prediction

Chastain et al. investigated TBI outcome prediction across different imaging modalities and
injury distributions. The imaging modalities considered were CT, T2w, FLAIR and SWI, which were
obtained for each of 38 adults between 0.1 and 22 months after injury. Additionally, outcomes were
assigned with respect to GOS. Figure [3.4] shows how dichotomized outcomes - unfavourable outcome
(GOS 1-3) and favourable outcome (GOS 4-5) - vary according to median total lesion volume.
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Figure 3.4: Variation of median total lesion volume for each outcome, across different imaging modalities. Interquartile range
is depicted by error bars for each outcome group, while a logarithmic scale with a base total lesion volume of 1 mn. Retrieved
from Chastain et al. [@]

Recent systematic reviews (2017-2018) analyzed a total of 90 studies to conclude that several lesion
patterns are significantly associated with long-term functional outcome: DAI and lesions in the corpus
callosum were associated with an unfavourable outcome. Additionally, while lesion locations and lesion
count produced inconsistent results, lesion volume was predictive for outcome in the FLAIR sequence
and apparent diffusion coefficient calculated from DWI [[17]. Other studies relating patient outcome to
lesion features such as lesion type, location, severity and size were in section [3.1] for instance, Garfin-
kle et al [[66] have shown that the cerebellum holds significant prognostic value, while Matsukawa et
al demonstrate the same for corpus callosum injuries [67]. Moen et al [68] specified lesions even fur-
ther, by introducing lesion volume and lesion count, and found that the number of DWI lesions and
FLAIR lesion volumes in the corpus callosum, thalamus and brainstem were predictive of patient out-
come. Despite promising results, systematic reviews have pointed out that most studies were at high risk
of methodological bias, as reviewers indicate that most studies did not report data adjusted for confound-
ing prognostic variables and were at risk of selection bias due to frequent lack of consecutive patient
recruitment [[17]]. In conclusion, reviewers a call for large standardized studies to produce more reliable
and robust results 118].

In conclusion, lesion localisation produces several lesion features, which can then be combined with
patient clinical data to model and predict patient outcome. The next chapter explores this methodology
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while presenting some of its implicit steps such as data reduction, lesion and bias analysis.
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Chapter 4

Methods

Having presented an overview of state-of-the-art procedures in lesion localisation, as well as ad-
vances in patient outcome prediction, this chapter focuses on the methods used in this dissertation. Be-
sides data collection and processing procedures, important tasks pertaining to lesion localisation and
patient outcome prediction are described. It should be noted that the data collection and processing sec-
tions include tasks that were not done during, or as part of, the dissertation. Nonetheless, they are briefly
described as they pertain to the acquisition and preparation of the data used throughout the dissertation.

4.1 Data Collection

4.1.1 MRI Acquisition & Demographics

The MRI data used for this dissertation were acquired either on a 3 Tesla SIEMENS Trio or a 3 Tesla
SIEMENS Verio scanner, both located at the Wolfson Brain Imaging Centre (Addenbrooke’s Hospital,
Cambridge, UK). A total of 267 scans from 125 subjects that experienced TBI were collected, with an
overview of the Magnetic Resonance (MR) sequence parameters being provided in Table @.1] Further-
more, scans were collected within a large time window, ranging between 0 and 3422 days since injury,
with most patients having multiple scans along this timeline.

Table 4.1: Overview of MR Sequence Parameters.TI is the inversion time, TE is the echo time and TR is the repetition time.

Parameters Tlw FLAIR GE SWI
Acquisition Type 3D 2D 2D 3D
TE 2.98 ms 95 ms 20 ms 20 ms
TR 2300 ms 7840 ms 500 ms 28 ms
TI 900 ms 2500 ms - -
Flip Angle 9° 150° 20° 15°
Dimensions Ix1x1mm’ | 0.7x0.7x4 mm® | 0.8x0.8x5 mm> | 0.5x0.5x1.2 mm?

In addition to MRI scans, demographics such as age, sex and education were also collected. Further-
more, the severity, mechanisms of injury, GCS score, and patient outcome (GOSe score at six months)
were recorded (see section [3.2). An overview of clinical variables can be found in the Appendix (Table

AT).
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4.1.2 Manual Lesion Segmentation

Experienced clinicians manually annotated multiple lesions types on FLAIR, SWI and GE scans.
This resulted in five lesion groups: ILC, IPO, PH, EHL and VCH. Where SWI sequences were un-
available, lesions with the same imaging characteristics were annotated on GE sequences, as both show
similar contrast. This was the case for four out of six classes of lesions that were annotated on SWIL

Lesion frequency in subjects and scans varied within groups, as demonstrated in Table

Table 4.2: Lesion groups accompanied by lesion type frequency across subjects and scans.

Lesion Group Lesion Type Subjects (%) | Scans (%)
SWI Contusion Core 112 (90.3) 218 (82.6)
FLAIR Contusion Core 111 (89.5) 184 (69.7)
ILC SWI Callosal Blood not Petechial 43 (34.7) 70 (26.5)
Basal Ganglia Contusion Core 23 (18.5) 35(13.3)
FLAIR Brainstem Contusion Core 24 (19.3) 34 (12.9)
Intracerebral Haemorrhage 1(0.81) 1 (0.38)
FLAIR Contusion Oedema 113 (91.1) 187 (70.8)
FLAIR Callosal Oedema 57 (46.0) 85 (32.2)
IPO FLAIR Petechial Oedema 56 (45.2) 76 (28.8)
FLAIR Brainstem Contusion Oedema 38 (30.6) 54 (20.4)
Basal Ganglia Contusion Oedema 21 (16.9) 28 (10.6)
SWI Petechial Haemorrhage 107 (86.3) 189 (71.6)
PH SWI Brainstem Blood 48 (38.7) 82 (31.1)
SWI Callosal Blood Petechial 47 (37.9) 67 (25.4)
Subdural Hematoma (SDH) 99 (79.8) 157 (59.5)
BHL Subarachnoid Haemorrhage (SAH) 55 (44.3) 73 (27.6)
Post-surgical Subdural Debris 32 (25.8) 42 (15.9)
Epidural Hematoma (EDH) 12 (9.7) 14 (5.3)
VCH Intraventicular Haemorrhage 83 (66.9) 121 (45.8)
SWI Blood in Cisterns 24 (19.3) 29 (11.0)

4.2 Data Processing

4.2.1 Lobe Atlas Construction

Lesion locations were computed using an atlas-based lesion localisation method. The lobe atlas
was constructed through the parcellation of 652 MR Tlw scans from the Cam-CAN study [100] via
MALP-EM [_88]]. First, the T1w scans were non-linearly registered to the standard MNI template. The
found transformation was then applied to the individual MALP-EM parcellations, to project them to the
common MNI space. All parcellations were fused to generate an average ROI atlas comprised of 138
MALP-EM anatomical brain regions. Since MALP-EM segments white matter as a whole by design,
each white matter voxel was associated to the closest cortical region within the atlas. The assignment
of white matter voxels to specific ROIs via proximity, was elegantly solved via distance maps. Finally,
adjacent regions were fused based on prior anatomical knowledge to reduce the number of ROIs. This
resulted in 31 ROIs defining larger brain regions, such as the frontal or occipital lobe, but also ventricles
or the brainstem. Figure 4.1 schematizes the atlas construction process. Figure {.2] displays the final
product from four different views.
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MR Template Parcellation Distance Map Proximity Map Lobe Atlas

Figure 4.1: Atlas construction pipeline for lesion localisation.
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Figure 4.2: Visual representation of the brain atlas from four different views. From left to right: sagittal left hemisphere,
coronal, sagittal right hemisphere and axial.

4.2.2 Image Preprocessing

All T1w scans were first skull-stripped [[101]], corrected for scanner field inhomogeneities [102]], and
spatially normalised to the MNI T1w template. The transformations for the affine registration and non-
linear deformation were computed with ANTS (SyN) [103]]. All other anatomical scans (FLAIR, SWI
and GE) were co-registered to their respective T1w scan (acquired during the same training session).
The rigid transformation, only allowing for translation and rotation, was also computed with ANTS.
Both inverse transformations were concatenated and applied to the lobe atlas, to project it from MNI
space to the native space of each of the scans with manually annotated lesions (FLAIR, SWI and GE)
using nearest-neighbour interpolation.

4.3 Lesion Characteristics

4.3.1 Lesion Volume & Connectivity

Manual lesion segmentation allows for the computation of lesion characteristics such as the total
lesion volume and cluster count (i.e. counting the number of disconnected lesion parts for a particular
lesion type). The total lesion volume is computed by multiplying the number of voxels annotated as
lesion with the individual voxel volume. The cluster count is the number of voxel-wise disconnected
regions that comprise the lesion.
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4. METHODS

4.3.2 Lesion Co-occurrence

The differentiation of lesions into several lesion types associates each patient with a set of lesions,
enabling an assessment of lesion patterns within the data. This is done by pairing up lesion types and
computing a lesion co-occurrence matrix, with co-occurrence defined as the proportion of patients with
lesion A, that also show lesion B:

N(A,B)

T N@)

4.1

where C is the co-occurrence value, N(A) equals the number of patients with lesion A, and N(A, B)
the number of patients with lesion A and lesion B. This method was applied to all lesion types and lesion
groups. To improve visualization, intracerebral haemorrhage was neglected since this lesion type occurs
in only one patient.

4.3.3 Atlas Based Features

An established atlas-based mapping of annotated lesions allows for another level of insight into the
data, particularly through feature extraction. In this dissertation, the following features were computed:

¢ Lesion volume, i.e. the lesion volume within a ROI;

* Relative lesion volume, which equals the lesion volume within a ROI, divided by the total lesion
volume.

* Occupancy, a binary metric for lesion location, equal to 1 if the region is deemed occupied by the
lesion, while it is equal to 0, if it is not. The region was considered occupied when at least 5% of
the total lesion volume was within the region [[104]].

Both lesion volume and relative lesion volume are useful when characterizing specific lesions, how-
ever, when visualized across all lesion types, tend to marginalize smaller lesions. To address this issue,
an occupancy feature was incorporated. Put simply, if at least 5% of the lesion volume is located within
the ROI, then the occupancy for said ROI is equal to 1 [105].

4.4 Bias Analysis

Lesions types were attributed their respective volume and cluster count. This is extended for lesion
groups, by adding volumes and cluster counts within each group, for each patient. Since the lesions were
annotated on two different MR sequences and scanners (SWI and GE were used interchangeably - see
section 4.1.2), the impact of this variation on lesion volumes and cluster counts was analyzed, to assess
acquisition biases. To do this, scanner and MR sequence group comparisons were made, qualitatively
and quantitatively, for each lesion group. Moreover, statistical analysis was employed to further inspect
this hypothetical impact.

Practically all patients were associated with only one scanner, therefore lesion group volumes as-
sociated with each scanner can be considered independent observations. MR sequences, on the other
hand, are usually both present in the same scan, i.e. nearly all patients present volumes in FLAIR and
SWI/GE sequences. Put simply, while volumes are being compared for different MR sequences, they
still pertain to the same lesion group, within the same patient. Because of this, these observations are
deemed dependent. This differentiation is key in selecting adequate statistical tests. An additional factor
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is that lesion volume and cluster count data failed standard normality tests, therefore their distributions
are not assumed.

Following these restrictions, scanner group differences were assessed using MWU tests, with the null
hypothesis that the two groups have equally-shaped distributions, i.e. medians. With alpha set at 0.05,
a p-value below alpha will reject the null hypothesis in favor of the alternative: there is a statistically
significant difference in medians, i.e. scanner variation impacts lesion volumes and/or cluster counts.

MR sequence comparisons, since they were made on dependent observations, were carried out with
WSR tests, under the null hypothesis that the median of group differences is zero against the alternative
that it is different from zero. A median of differences different from zero is equivalent to a difference in
groups. Additionally, the one-sided version of the test was also computed, with the null hypothesis that
the median is positive, against the alternative that it is negative. Here, a two-sided p-value below alpha
will indicate that there is a significant difference between the paired observations, whilst a one-sided
p-value below alpha will indicate which group holds bigger values. Essentially, this translates to a MR
sequence producing significantly bigger volumes and/or cluster counts, for the same lesion group, within
the same patient. These claims are made with a confidence level of 100(1 — o) %, i.e. 95%.

Furthermore, all p-values were corrected for multiple comparisons mistakes, by controlling the FDR
using the Benjamin-Hochberg method described in section [2.3.4]

4.5 Patient Outcome Prediction

4.5.1 Data Selection

The combination of patient clinical and imaging data, i.e. lesion segmentation and localisation, can
be used to model patient outcome in function of said data, using binary logistic regression.

The first step in building this model is data selection, particularly by grouping patients in similar
conditions, starting with patient outcome. In this dissertation, much like in the aforementioned literature
(see section [3.2)), the GOSe was used to perform this stratification, as patients with a GOSe score above
4 were attributed to the favourable outcome group, while patients with a score below or equal to 4 were
classified as having an unfavourable outcome. Additionally, a time window of interest, termed hyper-
acute, was defined as containing scans collected within at most, three days since injury, resulting in a
cohort of 74 scans (27.7%). Within this time frame, three patients had two scans, with the latter being
discarded for each case, bringing the total to 71 scans and patients. When this cohort is intersected with
the GOSe stratification and lesion selection, the total number of patients decreases to 58. Figure [4.3|
illustrates the distribution of scan time post-injury up to 30 days, with an identification of hyper-acute
scans and outcome availability.
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Figure 4.3: Distribution of scan time post-injury up to 30 days. The vertical line at three days since injury timestamps the
hyper-acute phase (blue area) that includes 74 scans from 71 patients. Blue dots represent scans pertaining to a patient with a
known outcome, while orange dots stand for unknown outcomes. The final sample size stands at 58 patients/scans.

An overview of the selected data is presented in Table[d.3] distributed across relevant variables, along

with their respective categories.

Table 4.3: Overview of patients within outcome groups. Patients are distributed across relevant variables (top to bottom): sex,
age, scanner, days since injury (DSI), Glasgow Coma Scale (GCS), injury mechanism and education.

Variable Unfavourable outcome | Favourable outcome
Sex (M/F) 21/7 24/6
Age (mean [min, max]) 409 [18, 71] 36.6 [17, 69]
DSI (mean [min, max]) 1.7 [0, 3] 1.6 [1, 3]
Scanner (Trio/Verio) 18/10 19/11
GCS (%)
3 12 (42.9 %) 7 (23.3 %)
4 2 (7.1 %) 1 (3.3 %)
5 2 (7.1 %) 1 (3.3 %)
6 2 (7.1 %) 3 (10.0 %)
7 3 (10.7 %) 6 (20 %)
8 4 (14.3 %) 2 (6.7 %)
9 - 2 (6.7 %)
10 - 133%)
11 - 2 (6.7 %)
12 1 (3.6 %) 2 (6.7 %)
13 1 (3.6 %) -
14 - 3 (10.0 %)
15 1 (3.6 %) -
Injury mechanism (%)
Struck by object 1 (3.6 %) 1 (3.3 %)
Fall 7 (25.0 %) 7 (23.3 %)
Violence or assault 7 (25.0 %) 1 (3.3 %)
Road traffic collision 13 (46.4 %) 21 (70.0 %)
Education (%)
GCSE/AS/A levels equivalent 4 (14.3 %) 13 (43.3 %)
Diploma - 1 (3.3 %)
University degree - 4 (13.3 %)
Below GCSE - -
Unknown 24 (85.7 %) 12 (40.0 %)

After data selection, the focus turns to the combination of lesion type and location, and how it can be
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incorporated in the model. The rationale was to use lesion volume as a means to represent these features
across a total of four models. Each model is built on top of the following base formula:
outcome = Py~ Py x age+ P x GCS, 4.2)

where f is the y-intercept coefficient, age and GCS are numerical variables associated with each
patient, and ; and 3, are the coefficients for age and GCS, respectively. Since patient outcome is a
binary variable, a favourable outcome is valued as 1 and an unfavourable outcome as 0, for all models.

25



4. METHODS

4.5.2 Overview of Statistical Models

The first model ignores lesion type and location by attributing a SV value to each patient. This
volume is equal to the sum of all lesion volumes within a patient, i.e. patient with lesion A and B will
have a SV value of lesion volume A plus lesion volume B. Thus, the formula for the first model is as
follows:

outcome = Py + P x age + P x GCS + B3 x SV (4.3)

Importantly, for patients that show multiple lesion measurements, i.e. patient shows lesion A with
two different volumes, one for a FLAIR sequence and other for SWI/GE, the FLAIR sequences were
considered and others discarded, meaning that when a lesion is repeated on other sequence, only its
FLAIR sequence volume measurement is considered. This is the rule for all but one patient, which
presented repeated lesions but only had SWI/GE sequences. This convention is implemented across
models.

The second model incorporates lesion types by extending SV to each lesion group and attributing
them across patients. As such, each patient will be associated with their respective lesion group volumes,
calculated by adding up all lesion volumes within the group. Therefore, the second model is computed
with the following formula:

outcome = Py + PB1 X age + B x GCS + B3 x LG;, 4.4)

where i = (1,...,N) and LG; is the volume of lesion group i, pertaining to a patient with N lesion
groups. This model is repeated for all lesion groups, producing five distinct formulas and sets of coeffi-
cients and p-values.

The third model introduces lesion location in the form of ROI-based lesion volumes by associating
each patient with the lobe regions, each containing the sum of all lesion volumes within said region.
Some regions lack representation in one of the outcome groups. To combat this imbalance, regions with
median equal to zero, within outcome groups, were discarded, reducing the overall number of regions to
15. As in the second model, the third was repeated for each region, under the following formula:

outcome = Py + PB1 X age + B, x GCS+ B3 X r, 4.5)

where i = (1,...,N) and r; is each region volume, out of a total of N = 15.
Lastly, the fourth model combines lesion groups with regions in a single formula, which is repeated
for all possible group-lesion pairs:

outcome = Py + P x age+ Bo X GCS+ B3 X LS; + PB4 X ry, (4.6)

where i = (1,...,5), k = (1,...,15), LS; is each group and r; each region, with both being calculated
as in the previous models.

Each model, or each formula repetition, produces a set of coefficients and p-values. The p-values
were, as before, adjusted using the Benjamin-Hochberg multi-comparison correction. The coefficients
are estimated by fitting the training data to the model formula, and can then be used to predict patient
outcome given a set of new data.
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Thus, the models were validated by making two sets of predictions. The first set was made with an
input of the same data that the model was trained with; whereas the second set of predictions was made
using a model trained only on Trio scanner data, given as input the Verio scanner data.

Both sets of predictions enable the construction of confusion matrices, which produce accuracy and
error rate values for each set. The first set of predictions is associated with a training accuracy and
training error rate, while the second set is associated with a test accuracy and test error rate, as defined in
section[2.3.3] Having computed these values, the most promising models were compared with respect to
their error rates.

All computations were made using Python on Jupyter Notebook, a web-based interactive compu-
tational environment that allows for coding in document or notebook format. Inside this enviornment,
the statsmodels and scikit-learn Python packages were used to estimate the statistical models, while the
Pandas and Seaborn packages were used to manage and visualize the data. The next chapter contains the
results produced by this methodology.
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Chapter 5

Results

This chapter describes the results produced throughout this dissertation.

5.1 Data Distribution

As one of the first stages in this project, a demographic characterization of the data offers an overview
of data distributions across different variables. This begins by identifying the elements within said data,
their respective count and distribution across relevant categories within the data. Table [5.1] shows an

inventory of data elements: subjects, scans and lesions.

Table 5.1: Data overview. Lesion selection and grouping increases the quality of the data but decreases overall sample sizes.

Data Count Notes
Subjects | 125 123 after lesion selection

Scans 267 253 after lesion selection
Lesions 63 20 lesion types were selected and grouped

Additionally, the data contains a substantial majority of male subjects and severe TBI cases, as 96
(76.8%) of all 125 subjects are male, and 70 (80%) experienced severe TBI. Nonetheless, the data pre-
sented less disparity with regards to age groups. Table[5.2] shows the sex and severity distributions, from
left to right, while Table[5.3]contains the age distribution.

Table 5.2: Sex and severity distributions within subjects.

Sex | Number of Subjects (%) Severity | Number of Subjects (%)
Severe 100 (80.0 %)
Male 96 (76.8 %)
Female 29 (23.2 %) Moderate 14 (11.2 %)
= Mild 11 (8.8 %)
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Table 5.3: Age distribution within subjects.

Age | Number of Subjects (%)
10-19 18 (14.4 %)
20-29 34 (27.2 %)
30-39 22 (17.6 %)
40-49 22 (17.6 %)
50-59 14 (11.2 %)
60-69 13 (10.4 %)
70-79 2 (1.6 %)

5.2 Lesion Analysis

The following sections analyze the annotated lesion types within the database by first computing
their co-occurrence, with the goal of identifying lesion pairs that were frequently observed together, and
secondly, by locating lesion types within the previously described atlas (Section[4.2) to understand which
brain regions were mostly affected by said lesions.

5.2.1 Lesion Patterns

Combining lesions together according to their group (see Table produced high co-occurrence
rates (Figure [5.1). For example, IPO co-occurred in 99% of the scans that also presented ILC. Similar
rates were found for petechial and extra-axial haemorrhages, appearing frequently together with lesion
cores and perilesional oedemas (co-occurrence rates all approximately 90%). The lowest values were
found between VCH and all other lesion types (co-occurrence rates all approximately 73%).

Lesion Group Co-occurrence Matrix
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Figure 5.1: Lesion group co-occurrence matrix. As lesion types are grouped, the resulting group co-occurrence values naturally
increase as group pairs are much more frequent.



5.2 Lesion Analysis

The same process was done to investigate lesion type co-occurrence, with the respective matrix in
Figure[5.2] This is an unbiased approach in terms of MR sequence, location or scanner, thus, as expected,
the increase in number of lesions results in lower co-occurrence rates overall, as the information provided

by the matrix also increases.
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Figure 5.2: Lesion co-occurrence matrix. Each square holds the ratio between patients with Lesion A and B, and patients
with Lesion A. The matrix format coupled with colored mapping allows for an easier identification of high pair-specific co-
occurrences.

The pairwise co-occurrence matrix highlights lesion types that were often found together in patient
scans. FLAIR contusion oedema and FLAIR contusion core exhibit the highest co-occurrence rate at
97% and share very similar values across other lesion types, e.g. both have a co-occurrence rate of
75% with EDH, 30% with FLAIR brainstem contusion oedema and 46% with FLAIR petechial oedema.
However, the 97% co-occurrence rate between FLAIR contusion core and FLAIR contusion oedema
decreases when the same lesion pair is attributed to a specific brain region: FLAIR brainstem contusions
(core and oedema) have a co-occurrence rate of 62% and basal ganglia contusions have 52%.

Additionally, FLAIR brainstem contusion core and FLAIR contusion core did not appear together
often (co-occurrence rate at 18%). This is analogous for contusion oedema despite an increase to 30%.
Similar values were also found for basal ganglia contusions (17% co-occurrence rate between FLAIR
contusion core/oedema and basal ganglia contusion core/oedema).
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As expected, the highest co-occurrence values seem to concentrate around the most frequent lesion
types - SWI contusion core and petechial haemorrhage and FLAIR contusion core and oedema (see
Table 4.2)). Intraventricular haemorrhage and SDH also appear in most subjects (66.9% and 79.8% of
subjects, respectively - Table 4.2)), although their respective co-occurrence values across the other lesion
types seem less elevated. Interestingly, the lowest co-occurrence rate (4.3%) was found between the most
frequently annotated lesion - SWI contusion core - and SWI callosal blood petechial.

5.2.2 Localisation Features

Along with pairing frequency, lesion types were also analyzed with regards to their location. The
atlas described in section [4.2] allows for the computation of features like lesion volume and occupancy
(Section [4.3)) across 31 distinct regions, which can then be visualized in a lesion localization matrix

(Figure[5.3).
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Figure 5.3: Lesion Localization matrix. Each square holds the lesion-specific (y-axis) average occupancy value for that ROI
(x-axis). Color-mapping helps identify high-occupancy zones.

As expected, contusions annotated within the brainstem (i.e. FLAIR brainstem contusion core and
oedema) show highest occupancy values in the brainstem (occupancy = 0.95, 0.96, respectively), how-
ever, these same lesions also appear in other regions such as the ventricles (occupancy = 0.14, 0.21,
respectively). This is analogous with intraventricular haemorrhage lesions, which naturally have their
highest occupancy value associated with the ventricles (occupancy = 0.85), yet also appear in the left
and right occipital (occupancy = 0.6, 0.5) and parietal (occupancy = 0.38, 0.36) lobes. Importantly, the
presence of ventricular haemorrhage seemed to be frequently associated with all three callosal lesions,
i.e. FLAIR callosal oedema and SWI callosal blood petechial or not petechial, with occupancy values
of 0.43, 0.49 and 0.74, respectively. Additionally, SWI blood in cisterns are similarly distributed across
the brainstem (0.43), cerebellum (0.43 for cerebellum, 0.37 for left cerebellum and 0.4 for right), the
ventricles (0.33) and the right occipital lobe (0.33).
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5.2 Lesion Analysis

Overall, the most occupied regions coincide with the largest regions: left and right frontal lobe lat-
eral/medial and left and right parietal and temporal lobes (compare Figure [5.3] and Figure [AT] in the
Appendix). After these major regions, and the already mentioned ventricles and brainstem, regions such
as the left and right basal ganglia-lentiform-nucleus, thalamus proper and cerebellum are less but still
visibly occupied. Lastly, the left and right basal forebrain, basal ganglia, caudate, insula and hippocam-
pus are barely occupied, with a maximum occupancy value among these regions of 0.15, for SWI callosal
blood petechial in the left and right caudate.

Additionally, these findings are further explored in Figure[5.4] which show 3D glass brain templates
with overlaying lesion occupancy maps.

Figure 5.4: Color-mapping of FLAIR contusion core (top) and FLAIR brainstem contusion core (bottom) average occupancy
values for each ROI on a 3D brain template across 4 different views: sagittal left hemisphere, coronal, sagittal right hemisphere
and axial.

The top maps show the brain regions affected by FLAIR contusion core whilst the bottom ones show
them for FLAIR brainstem contusion core. These lesion types are clearly differentiated by the size of the
regions in which they were found while also mirroring the matrix shown before, as the brainstem lesion
is mapped across the same two regions - the brainstem and, more subtly, the ventricles. In contrast,
FLAIR contusion core is mapped across the temporal and frontal lobes. This lesion comparison enables
the clear distinction between FLAIR brainstem contusion core and FLAIR contusion core.
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5. RESULTS

5.3 Bias Analysis

The lesions were annotated on scans collected on two different scanners and MR sequences (Section
A.1). This section aims to investigate how these factors affected lesion volumes and number of lesion
clusters (cluster count), by comparing lesion groups across scanner and sequences. While scans were
distributed more evenly across both scanners (Table [5.4)), some lesion groups were mostly annotated on
either FLAIR or SWI/GE scans. For example, IPO were predominantly delineated on FLAIR (n = 117)
and rarely on SWI/GE (n = 6) scans. On the contrary, petechial haemorrhagic lesions were primarily
segmented on SWI/GE scans (n = 112) and only on a single FLAIR scan. VCH, despite being mostly
annotated on SWI/GE (n = 86), were also segmented in several FLAIR scans (n = 25). The biggest
disparity in number of scans across scanners was found for ILC (Trio: n = 66, Verio: n = 53).

Table 5.4: Number of scans containing each lesion group across scanners (Trio and Verio) and MR sequences (FLAIR and
SWI/GE).

oo ' Nu.mber of Scans
Trio | Verio | FLAIR | SWI/GE
ILC 66 53 113 115
IPO 64 53 117 6
PH 61 51 1 112
EHL 59 50 100 91
VCH 44 44 25 86

5.3.1 Scanners

Figure[5.5]shows clear differences in total lesion volumes and cluster counts across scanners for each

of the five lesion groups.
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Figure 5.5: Violin plots displaying the differences between scanner groups in total lesion volume (left) and cluster count (right).
The dashed lines represent the third quartile, the median and the first quartile (from top to bottom). Cluster count values above
50 were removed before plotting the data to improve visualization. Asterisks indicate statistically significant differences (* = p

< 0.05; ** =p < 0.005)
In fact, the figures seem to indicate a trend in which Verio scans are associated with larger lesion

group volumes and cluster counts. This trend was in most cases supported by quantitative differences
and statistical testing: for example, ILC lesions showed significantly larger volumes and cluster counts
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5.3 Bias Analysis

(MWU; p = 0.0095, p < 0.0001, respectively) on Verio (average ILC volume of 15.8 cm?, average ILC
cluster count of 17.1 clusters) than on Trio (9.4 ¢m?, 8.0 clusters) (Table .

The EHL group showed similar behavior MWU; p = 0.0150 for volumes and p = 0.0298 for cluster
counts), despite having more similar cluster counts across scanners, with an average of 6.7 clusters in
Trio and 8.5 in Verio. IPO lesions showed significantly larger volumes on Verio MWU; p = 0.0114),
however, cluster counts were not significantly impacted by scanner variation (MWU; p = 0.1414). In-
versely, PH show a significant increase in number of clusters (MWU; p < 0.0001) when annotated on
Verio scans, yet, their volumes were not significantly impacted by the scanner used (MWU; p = 0.1438).
Lastly, this trend was not observed for VCH lesions, where both volumes and cluster counts were not
significantly impacted by scanner variation MWU; p = 0.1543, p = 0.1249, respectively).

Table 5.5: Quantitative differences between scanner Trio and Verio in total lesion volume and cluster count for each lesion

group. MWU p-values regarding scanner comparison are also presented, with an asterisk identifying p-values below alpha =
0.05.

Total Lesion Volume (cn2°) Cluster Count
. (mean [median]) (mean[median])
Lesion group Trio Verio MWU (p) Trio Verio MWU (p)
ILC 9.4 [2.8] 15.8 [8.6] 0.0095* 8.0[6.6] | 17.1[12.3] | <0.0001%*
1PO 16.2 [5.5] | 23.8[14.5] | 0.0114* 5.3[4.4] 5.7 [4.7] 0.1414
PH 0.5 [0.6] 0.4 [0.3] 0.1438 17.9[9.2] | 25.7[22.3] | <0.0001%*
EHL 10.1 [8.0] | 14.5[11.7] | 0.0150% 6.7 [4.2] 8.6 [6.5] 0.0298*
VCH 1.7 [0.3] 1.0 [0.3] 0.1543 2.512.0] 2.8 [2.6] 0.1249

Overall, scanner variation seemed to have impacted four out of five lesion groups, with Verio scans
generally producing larger lesion volumes and cluster counts. Importantly, in the case of petechial haem-
orrhagic lesions, there was no indication that either scanner significantly impacted total lesion volume
(MWU; p = 0.1543), despite Figure [5.5] suggesting that Trio scans show increased volumes for this

group.

5.3.2 MR Sequences

In Figure[5.6] the disparity in number of scans (see Table is again demonstrated in IPO and PH,
which were mainly annotated on FLAIR or SWI/GE, respectively.
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Figure 5.6: Violin plots displaying the differences between MR sequence groups in total lesion group volume (left) and cluster
count (right). The dashed lines represent the third quartile, the median and the first quartile (from top to bottom). Sample size
imbalance disrupts visualization of blood petechial and contusion oedema groups. Cluster count values above 50 were removed
to improve visualization. Asterisks indicate statistically significant differences (* = p < 0.05; ** = p < 0.005)
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5.3 Bias Analysis

Lesion volumes and cluster counts, appeared to be affected by the MR sequence used for manual
segmentation. Indeed, ILC lesions showed significantly larger volumes and more clusters (WSR; p <
0.001 in both cases) on SWI/GE scans (median volume of 5.1 ¢m? and 10.4 median cluster count) than
on FLAIR (2.8 cm?, 6.2 clusters) (Table . Similarly, VCH lesions also appeared significantly bigger
and with more clusters on SWI/GE scans (WSR; p = 0.0093, p = 0.0016, respectively). Interestingly,
EHL lesions showed significantly bigger volumes (WSR; p = 0.0002) on FLAIR scans (median of 11.2
cm?) than on SWI/GE (median of 6.1 cm?), despite showing significantly more clusters on SWI/GE
(WSR; p =0.0197). It should be noted that two-sided WSR tests indicate there is a significant difference
in volumes/clusters for each MR sequence, whereas the one-sided WSR tests the hypothesis that one
specific MR sequence produces bigger volumes/clusters (see Section [4.4). Table [5.6] shows the two-
sided WSR p-values, as the one-sided test produced similar p-values, all below alpha.

Table 5.6: Quantitative differences between MR sequences in total lesion volume and cluster count for each lesion group. WSR
p-values regarding each comparison are also presented, with an asterisk identifying p-values below alpha = 0.05.

Total Lesion Volume (cm?) Cluster Count

o (mean [median]) (mean[median])
FLAIR SWI/GE | WSR (p) | FLAIR SWI/GE | WSR (p)
ILC 12.0[2.8] | 11.9[5.1] | <0.0001* | 12.4[6.7] | 12.3[10.1] | <0.0001*
EHL 126 [11.2] | 129[6.1] | 0.0002* | 7.6 [4.8] 7.1[6.5] 0.0197*
VCH 1.3 [0.4] 1.410.3] | 0.0093* | 2.4[2.0] 2.72.9] 0.0016*

In this case, MR sequence variation impacts all lesions considered, despite average total lesion vol-
ume and cluster count values appearing fairly similar (Table [5.6). Median values are less balanced for
ILC and EHL, though they remain relatively similar for VCH lesions (FLAIR: 0.4 cm®, SWI/GE: 0.3

cm?).
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5. RESULTS

5.4 Outcome Analysis

This section investigates patient outcome, as outcome groups (Table 4.3} Section[4.5) were analyzed
and modelled, thus enabling outcome predictions.
5.4.1 Lesion Volume

When inspected across lesion groups, patients with unfavourable outcomes (GOSe < 4) tended to
have increased lesion volumes (Figure[5.7).
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Figure 5.7: Outcome groups boxplots for each lesion group, across lesion volume (x-axis). Volumes were averaged for each
lesion group. Patient outcome is stratified in unfavourable (blue) and favourable outcome (cyan blue), as indicated in the
legend.

This volume difference was relatively pronounced in IPO, where patients with favourable outcome
displayed lower lesion volumes (median = 6.5 ¢m?) than patients with unfavourable outcome (median
= 11.3 cm?) (See Table in Appendix). ILC showed a similar pattern (favourable outcome: 3.6 cm?,
unfavourable outcome: 7.1 cm?), which is coherent with previous findings of high co-occurrence between
these groups (99%; Section [5.2.1). The association between higher lesion volumes and unfavourable
outcomes was much more subtle for EHL (favourable: 8.9 ¢m?®; unfavourable: 9.2 ¢m?) and VCH (0.2
cm3; 0.3 ecm®). Moreover, this trend is not seen in petechial lesions, where the volumes associated
with unfavourable outcomes appear to be bigger, yet the median volume increases by a small margin
(approximately 0.03 cm?) for favourable outcomes.

The same trend (higher volumes in patients with unfavourable outcome) was observable across most

lesion types (Figure[A.2).

5.4.2 Outcome Modelling

To further substantiate the relationship between lesion volume and patient outcome, four binary lo-
gistic regression models were fitted (Section [4.5.2). The first model neglects lesion type and location,
and instead attributes a SV value to each patient. Both the SV and a GCS scores were found to be sig-
nificantly associated with patient outcome (p = 0.0466 for both; Table [5.7): patients with unfavourable
outcome had on average a SV of 94.3 (median: 65.9) cm? in contrast to 45.0 (27.1) cm?® in patients with
favourable outcome.
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5.4 Outcome Analysis

Table 5.7: Coefficients, p-values and corrected p-values for each predictor in model 1, including the intercept. GCS and SV
present p-values below alpha (o = 0.05), with or without multi-comparison correction.

Model 1: Outcome ~Age + GCS + SV

Predictors | Coefficients | P-values | Corrected p-values
Intercept 0.2781 0.7320 0.7320
Age -0.0205 0.3290 0.4386
GCS 0.2368 0.0233 0.0466
MY -0.0153 0.0171 0.0466

In fact, a larger SV significantly decreased (coefficient: -0.0153, p = 0.0466) the likelihood of having
a favourable outcome (favourable and unfavourable outcome was represented with 1 and O for the binary
prediction, respectively; see Section {.5). Conversely, higher GCS scores significantly increased the
likelihood of having a favourable outcome (0.2368, p = 0.0466). This is expected as higher GCS scores
indicated that the patient is suffering from milder TBI. Interestingly, age was not a significant predictor of
outcome, despite its coefficient suggesting that older patients may have a less favourable (unfavourable)
outcome (-0.0205, p = 0.4386).

Additionally, the model was fitted to the training data and correctly predicted patient outcome with
an accuracy of 70.7%, which equals a training error rate of 29.3% (100% — 70.7%). The model was then
trained using only Trio scanner data, and tested on Verio scanner data, producing an accuracy of 66.7%,
and subsequently, a test error rate of 33.3% (Figure[5.8§).
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Figure 5.8: Model I predictions for Verio scanner data. QOutcome groups (x-axis) are plotted against SV (y-axis). Model
predictions are represented by blue crosses, while orange spheres represent observed outcomes.

The second model (Equation4.4} Section[4.5]) aims to reveal the relationship between lesion volumes
of specific lesion groups and patient outcome (Table [5.8).

Uncorrected p-values showed a trend of patient outcome affected by volumes of ILC and IPO (p =
0.0394, p = 0.0464, respectively). However, this effect vanished after correcting p-values for multiple
comparisons and no significant associations between patient outcome and either lesion group were found
(both: p =0.1160). EHL (p = 0.2164; corrected p = 0.2992), VCH (p = 0.2393, corrected p = 0.2992)
and petechial (p = 0.7602, corrected p = 0.7602) lesions were not found to be significantly linked to
patient outcome, neither before nor after correcting the p-values for multiple comparisons. As for the
coefficients, all lesion groups show negative values, suggesting that an unitary increase in the volume of
any of these groups would lower the likelihood of a favourable outcome.
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5. RESULTS

Table 5.8: Coefficients, p-values and corrected p-values for each lesion group, obtained through model 2. Contusion groups
show initial promising p-values, that increase well above alpha (& = 0.05) when corrected with multi-comparison tests.

Model 2: Outcome ~Age + GCS + Lesion group
Lesion group | Coefficients | P-values | Corrected p-values
EHL -0.0149 0.2164 0.2992
ILC -0.0452 0.0394 0.1160
IPO -0.0217 0.0464 0.1160
PH -0.0680 0.7602 0.7602
VCH -0.4845 0.2393 0.2992

The absolute highest coefficient was associated with VCH (—0.4845), whereas EHL (—0.0149), ILC
(—0.0452), IPO (—0.0217) and PH (—0.0680) were smaller. Each model was used to predict patient out-
come, enabling a comparison between training accuracy and test accuracy across lesion groups (Figure
[A.3). As expected, model test accuracy is lower than training accuracy for all lesion groups. Furthermore,
all model test accuracy values are above 50%, i.e. test error rates are all, inversely, below 50%. The ILC
model stands out with the highest test accuracy (approximately 66.7%), while models trained on VCH
and PH volumes provided the lowest test accuracy (52.4%). Interestingly, the EHL model exhibits the
highest training accuracy (70.7%) and the ILC model shows a relatively small variation between training
and test accuracy (approximately 2.3%). Overall, the ILC model seems to be the most promising, which
is why it was selected for later model comparison.

The third model introduces ROI-based lesion volumes by associating each subject with their 15 lobe
regions, each containing the sum of all lesion volumes within said region (Section {.5)). Figures[5.9]and
[A.4]show the corresponding p-values and model accuracies for each region.

Model 3: Region P-values
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Figure 5.9: Region (y-axis) p-values (x-axis) obtained through model 3. Corrected p-values are represented by light cyan
colored bars. The dotted green line marks alpha (oc = 0.05).

After correcting for multiple comparisons, no region was found to be significantly associated with
patient outcome. However, before said correction, the ventricles region showed a significant association
(p = 0.0241) with an unitary increase in volume within this region resulting in the biggest decrease
(coefficient: —1.0519) of the likelihood of having a favourable outcome.
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5.4 Outcome Analysis

Similarly, left and right fronto-medial lobes also showed fairly low p-values (left: p = 0.0809, right:
p =0.0890), as did the right parietal lobe (p = 0.1424). However, multi-comparison correction increased
all p-values, with the resulting lowest value still being attributed to the ventricles (p = 0.3621). Some
regions, such as the left or right occipital lobe, brainstem and left thalamus proper show relatively high
p-values, irrespective to the correction. The left temporal lobe exhibited the same high p-value before
and after correction (p = 0.9657) with a coefficient closest to zero (< —0.001). Additionally, the left
occipital lobe was the only region with a positive coefficient (0.0859, p = 0.7497).

The highest test accuracy (approximately 62%) was found in two regions: the left parietal lobe and
the ventricles. On the other hand, the left temporal lobe and brainstem were tied for the lowest test
accuracy (approximately 47.6%). For all but the previous four regions, the test accuracy was either
52.4% or 57.1%, as both training and test accuracy values were often repeated. Since the ventricles
region model showed the most promising prediction accuracy,it was selected for model comparison.

Lastly, the fourth model includes lesion volume in a combination of lesion groups and locations
(Equation 6] Section [d.3)). Figure [5.10] shows the corrected lesion group p-values for each region, i.e.
combination, while Figure [A-3] shows the model test accuracy for each combination. Region p-values
were also analyzed, with findings shown in the appendix (see Figure [A-6).
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Figure 5.10: Lesion group corrected p-values matrix. Each square holds the lesion group (y-axis) p-value produced through a
modelled combination with a singular region (x-axis). Each p-value was corrected with multi-comparison tests.

ILC lesions show both the lowest p-value (p = 0.047), when combined with the left parietal lobe,
and the maximum model test accuracy at 67%, when combined with this same region, the left occipital
lobe and the left thalamus proper. These results suggest that there is a significant association between
patient outcome and ILC, when these are combined with the left parietal lobe.
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5. RESULTS

Overall, ILC and IPO lesions seem to result in lower p-values (lowest: approximately p =0.047, p =
0.075, respectively) while PH (approximately, p = 0.74) shows higher. EHL and VCH (approximately
p = 0.30 in both) also show moderately high p-values. In fact, no other region or group p-values were
found to be below the significance threshold (o = 0.05). Model test accuracy varied between 48% and
67%, as the former - 48% - was repeated eight times against five for the latter. Three out of these five were
associated with ILC, while the other two were associated with petechial and EHL. Overall, ILC appear to
have the highest accuracy values out of the other lesion groups. As for regions, the left parietal (average
accuracy across lesion groups of approximately 62%) and ventricles (61%) also seemed to stand out in
terms of accuracy. As such, the chosen model to proceed for model comparison was the combination of
contusion core lesions and the left parietal lobe region.

As a concluding analysis, all constructed models were compared with regards to their training and
test error rate (Table See Section {.5). The group or region which produced the lowest p-values
and/or highest test accuracies, were chosen to represent the second to fourth model. In the second model,
ILC stood out as the most promising, whereas the third and fourth model are represented by the ventricles
and the left parietal lobe (combined with ILC), respectively.

The third model shows a relative high test error rate (approximately 38.1%) in comparison with the
three other models, that showed lower training error rates (min: 27.6%, max: 31.0%). The test error
rate did not continue to increase in the fourth model (approximately 33.0%), as it instead decreases to
slightly less than in the first model (approximately 33.3%). These results suggest that the inclusion
of lesion group and location slightly increase model test accuracy, thus providing an improved patient
outcome prediction.
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Chapter 6

Discussion

This chapter contextualizes the lesion localisation method and its potential for outcome prediction.
Moreover, future research directions are suggested.

6.1 Data Distribution

The data were found to be mostly comprised by male patients (n = 96, 76.8%) and severe TBI cases
(n =100, 80.0%) (See Table [5.2). A pronounced male majority is not unusual, given that literature
has suggested that males are nearly three times more likely to suffer a TBI [23]]. The slightly higher
prevalence of severe TBI cases was also expected, as the selected cases had manually annotated scans,
which shows an inherent bias towards severe cases (mild cases often do not have lesions visible to the
naked eye). In contrast, age groups were relatively more uniform (See Table [5.3), as their distribution
seems skewed towards younger subjects (See Figure[A.§]in the Appendix).

6.2 Lesion Co-occurrence

Lesion co-occurrence was analyzed first among lesion groups - Figure [5.1] - and then across lesion
types (Figure [5.2)), which resulted in an overall decrease in co-occurrence rates. This is likely caused by
the transition from lesion groups to lesion types. Although the latter provide a more fine grained analysis
of specific lesion types, it decreased the overall number of samples per lesion category. For example,
splitting the ILC category into several lesion types (i.e. FLAIR contusion core, SWI contusion core
or FLAIR brain stem contusion core) inevitably lowered the lesion appearance in those sub-categories.
Lower occurrences of a lesion has a direct effect on the co-occurrence with other lesions types, thus lead-
ing to lower numbers observed. This has to be considered when interpreting the results. Additionally,
lesion types were considered irrespective to MR sequence, location or scanner, which limits the interpre-
tations stemming from such analysis. Nonetheless, it enables some insight into the nature of each lesion
pair. For example, FLAIR contusion core and contusion oedema showed the biggest co-occurrence rate,
at 97%. This indicates that these lesions were annotated together most of the time, as they are different
lesion parts of the same contusion. It is unlikely that one of these lesions is identified without the other.
However, this same pair of lesions was associated with the brainstem and basal ganglia, where it showed
lower co-occurrence rates (brainstem: 62%; basal ganglia: 52%).
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6. DISCUSSION

A potential explanation for this decrease in co-occurrence lies in the size of said regions, as the
brainstem and basal ganglia are some of the smallest regions in the atlas (See Figure [A.1). Put simply,
small specific regions are potentially less likely to contain lesions than the rest of the brain. This may
lead to lower total number of lesions within these regions, which directly affects the co-occurrence (as
mentioned above).

As demonstrated, the co-occurrence matrix can provide valuable insight for investigating specific
lesion pairs. However, disparity in lesion frequencies appeared to impact the matrix as the biggest rates
concentrated around the most frequent lesion types. This could limit the aforementioned insight, as
it produces ambiguity in the interpretation of the matrix: a high co-occurrence rate could be due to the
nature of the lesions (e.g. lesions occur on adjacent regions) or to one of the lesions being highly frequent
in the data. Future research efforts may combat this limitation by normalizing lesion frequencies as much
as possible and cooperating with clinicians to determine reasons for high or low co-occurrence values.

6.3 Lesion Localisation

Lesion localisation was summarized through an occupancy matrix (Figure [5.3), with results demon-
strating the advantages and limitations in using an automated, atlas-based localisation method. Regarding
said limitations, some lesions were seemingly located in the wrong region. For example, brainstem le-
sions were located mostly in the brainstem (occupancy = 0.95), as expected, but also, in the ventricles
(0.21). This can be explained by a misalignment between the atlas and the scan of the injured brain,
as the ventricles are directly adjacent to the brainstem (Figure [5.4). Indeed, spatial normalisation of le-
sioned brains is a notoriously error prone task [79], thus it is unlikely that falsely located lesions could be
avoided altogether. Another limitation inherent to atlas-based brain parcellation is volume heterogene-
ity among ROls, as the largest regions contained most of the lesion types. Different atlases highlight
different regions and will affect lesion localisation findings. For instance, the atlas used in this disserta-
tion does not include the corpus callosum, a region that has been shown to impact patient outcome [/17]].
Therefore, different atlases could be tested in the future and a choice should be discussed closely with
clinicians to answer questions relevant to TBIL.

Despite these limitations, the localisation method was successfully used to contrast FLAIR brainstem
contusion core and FLAIR contusion core (Figure Indeed, this lesion comparison pathway provides
a clear sanity check for the lesion localisation method and can be used to investigate interesting pairs
found in the aforementioned co-occurrence matrix (Figure[5.2)).

6.4 Scanner and MR Sequence Biases

Lesions showed different size and connectivity, i.e. number of clusters, when compared across the
two scanners (Table [5.5). However, the measurements were independent, so this impact can be purely
coincidental, i.e. patients that were scanned on Verio just happened to have bigger lesions and/or more
clusters. Moreover, MR sequence may be impacting both comparisons, particularly since SWI sequences
were nearly all attributed to the Verio scanner. Nonetheless, these results suggest that scanner bias could
significantly impact results and should be expected in multi-scanner databases. Analysing the true bias
introduced by different scanners would require scanning patients on two (or more) scanners withing a
short time frame. This is, however, infeasible due to the patient discomfort and care management. Fur-
thermore, different MR sequences seemingly affected volumes/clusters in all lesion groups considered

(Table[5.6).
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6.5 Outcome Analysis

Particularly, SWI/GE displayed bigger volumes/more clusters in all cases except for EHL volumes,
which appeared bigger on FLAIR. This effect of larger TBI lesions on SWI has been reported before
[16l 106, [107], with authors suggesting that SWI is inherently more sensitive towards certain TBI le-
sions. Indeed, SWI, unlike the more conventional sequences (e.g. FLAIR, T2w), relies on both phase
and magnitude images (see Section[2.2)). Therefore, SWI is inherently more sensitive to compounds that
affect the local magnetic field, such as the paramagnetic blood products associated with haemorrhagic
TBI lesions [108]]. However, Geurts et al. found contrary evidence, as SWI and FLAIR showed similar
lesion volumes at a median of seven weeks post-injury [S0]. In response to this, Spitz et al. conceded that
the SWI superiority in detecting TBI lesions over FLAIR may be more pronounced at the chronic stage,
as the time window associated with their study was on average 17.9 months post-injury [106]]. In this
dissertation, this time-related hypothesis does not seem applicable, since our TBI group was scanned at a
median of nine days post-injury, approximately 40 days before Geurts et al. (49 days [50]), and SWI still
exhibited larger lesion volumes. Therefore, the fact that SWI inherently magnifies haemorrhagic lesions
seems more likely to have contributed to our findings, though, this can only be assumed with caution,
since neither this hypothesis, nor the haemorrhagic nature of the annotated lesions, were explicitly eval-
uated in this dissertation. Such pathway could be explored in future research investigations: since the
current comparison is already being made on dependent lesion volumes, i.e. the same patient is scanned
on both sequences, an adjusted lesion differentiation based on their haemorrhagic nature could provide
more evidence to explain the larger volumes seen on SWI scans.

To address scanner and MR sequence biases, future research efforts may start by quantifying them
and attempting a balancing of their impact on lesion features. Moreover, there may be some ambiguity
if lesions are annotated by different experts, i.e. it could be unclear if the lesions appeared bigger due to
the contrast/scanner used or due to different annotation protocols.

6.5 Outcome Analysis

Most lesion types and groups showed larger volumes in patients with unfavourable outcome (Figures
and[A.2)). Further analysis was conducted through the construction of four generalised linear models.
The first model showed a significant association between SV and patient outcome (p = 0.0466), and cor-
rectly predicted outcome in 66.7% of Verio patients (unknown to the model). The second and third model
included lesion volume with respect to lesion group and lesion location, respectively. Both revealed no
significant association between any group or location and patient outcome, despite initially significant
associations (i.e. before p-value correction) between patient outcome and ILC (p = 0.0394, test accuracy
= 66.7%), IPO (0.0464, 57.1%) and the ventricles (0.0241, 61.9%). Lastly, the fourth model showed a
significant association between ILC and patient outcome, when the left parietal lobe was also included in
the model (p = 0.047). Petechial haemorrhages showed particularly poor p-values and accuracies in the
second and fourth model. However, this is expected as PH are representative of DAI when annotated on
SWI. Because of this, the PH impact should be assessed with regards to their distribution across the brain
and not their volumes, which, due to the diffuse nature of DAI, is much less substantial. Comparing the
test and training error rates of all four different models (see Table [A.3] and Figure [A.7), suggested that
the fourth model was the most accurate, since it showed the lowest error rates (training error rate: 27.6%;
test error rate: 33.0%).

These results support the hypothesis that unfavourable outcomes are associated with bigger lesion
volumes, i.e. patient outcome can be predicted with respect to lesion volume. Although it seems likely
that larger lesions lead to worse outcome, these results must be taken cautiously for multiple reasons.
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6. DISCUSSION

First, patient selection reduced the sample size in nearly half to select hyper-acute TBI (patients scanned
within three days post-injury), such that only 58 out of 125 patients could be considered for the analysis.
This reduction compromised outcome comparison across lesion types, e.g. EDH only occurred in pa-
tients with favourable outcome, and lesion locations, as almost half of the brain regions in the atlas were
neglected due to a lack of patients with lesion volumes in those regions.

Secondly, all models were validated by training them on only Trio scanner data, and fitting them
to Verio data. The Trio scanner was used for training simply because the majority of patients in this
group were scanned on it (see Table .3} Section 4.5)) allowing a bigger training cohort. This validation
offers some insight on how well the model will predict outcome in unseen patients (Verio patients were
excluded during the training phase all together). Outcome prediction after TBI is an inherently difficult
task, and validating the models on a held out test data set may be one explanation for the low prediction
accuracy. Furthermore, low accuracy might be caused by the vast heterogeneity of lesion patterns ob-
served in TBI patients. Future analysis will likely benefit from larger data sets, and the introduction of
other clinical variables such as pupillary reactivity, which has been shown to be relevant in TBI prognosis
[98]].

6.6 Future Research Directions

This dissertation investigated the biases introduced by scanners and MR sequences and their effect on
lesion characteristics, such as volume and connectivity. Furthermore the impact of lesion volume, group
and location on patient outcome after TBI was examined. Future research could focus on the following

points:

* MR sequence and scanner variation impacted lesion volume and cluster count in most lesion
groups. This finding can be further explored with an emphasis on how these biases impact pa-
tient outcome, including its modelling and prediction.

* The lesion co-occurrence matrix in Figure[5.2)allows for the identification of highly frequent pairs
of lesions. This method is scalable, therefore it can be extended for lesion pattern analysis, by
including larger sets of lesions. Eventually, this analysis could be integrated into patient outcome
modelling.

* The localization method enabled direct comparisons between lesion types with regards to location.
This can be used to investigate the reasons behind highly-frequent lesion pairs, for instance lesion
spatial proximity or paired annotation. On top of this, a quality control procedure can be imple-
mented to discard errors in localization. An example of this would be to discard scans that contain
regions with high deviations from their expected volumes.

¢ The outcome models were trained with hyper-acute TBI data. However, the same methods can
also be applied to other fixed time windows, thus facilitating a TBI stage comparison. More ambi-
tiously, time can be introduced as a continuous variable, in a shift to lesion progression analysis.

* Besides volume, several other features can be attributed to lesions, groups and locations. A re-
production of the present methodology with increased sample sizes and more lesion features can

consolidate or extend the reported findings.
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Chapter 7

Conclusion

This dissertation aimed to advance knowledge on TBI, particularly in prognosis, or patient outcome
prediction. To do so, manually annotated TBI lesions were analyzed to compute their volumes, connec-
tivity and location. These lesions were annotated on different MR scans (FLAIR and SWI/GE), which
were obtained through two different scanners (Trio and Verio). This variation introduced biases in the
lesion characteristics, as lesion volumes and number of clusters were found to be bigger on SWI than
on FLAIR. This comparison was made for the same lesions, therefore it is likely that it was indeed the
change in MR sequence that increased the lesion volume or cluster count. Moreover, the fact that SWI
inherently enhances haemorrhagic lesions seems to be a plausible explanation for this finding. Future
research could further explore this by comparing this effect (larger volumes/cluster counts on SWI) on
haemorrhagic and non-haemorrhagic lesions. The two scanners also showed different average volumes
and cluster counts for the same lesion groups. However, in this case, the comparison is being made
on different patients, therefore different lesions, since only one patient was scanned on both scanners.
Because of this, it is unclear if the differences found were due to the scanner or to the set of patients as-
sociated with that scanner. Scanners biases seem to be inevitable in multi-scanner data, and establishing
its true extent may be infeasible, since it would require patients to be scanned on two or more scanners
in a short time window. Following bias analysis, four different models were examined to understand
the impact of lesion volumes on functional outcome after TBI. These models examined lesion volume
in four different ways: total lesioned volume in a patient, average lesion group volume, average lesion
volume in a brain ROI, and the combination of group and ROI. All models showed relatively similar
error rates, from 27.6 to 38.1%. In summary, the addition of location and/or group to the base model,
which only included age and GCS, showed a slight improvement in outcome prediction, as the contusion
core lesion group was found to be significantly associated with patient outcome, when combined with the
parietal lobe. The methodology described above was applied to 58 patients that showed an hyper-acute
(within three days since injury), severe case of TBI. The cohort included a decent number of patients
(for medical imaging, in particular as they were manually annotated), nonetheless, TBI is a highly het-
erogeneous disease, thus any attempt to model patient outcome after TBI will benefit from larger sample
sizes as statistical power increases. Future experiments will benefit from automated lesion segmentation,
which could substantially increase sample sizes by bypassing the laborious and time-consuming task of
manually segmenting lesions [109H111].
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Appendix A

Supplementary Figures and Tables

Table A.1: Description of main subject features.

Category Feature Description
Age Continuous
Sex Binary: male or female

Categorical: below GCSE, diploma,

Subiect Education GCSE/AS/A levels equivalent and university degree
] GCS score Nominal: 3 to 15
Severity Categorical: mild, moderate and severe

Categorical: fall, road traffic accident, cycling accident,

Injury mechanism . .
JuLy struck by object, violence/assault or other

Region Volume (cm?)

- 3 [ ] ] g

Brain Stem

Cerebellum

Left Basal Forebrain

Left Basal Ganglia

Left Basal ganglia-lentiform-nucleus
Left Caudate

Left Cerebellum
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Left Frontal Lobe-lateral

Left Frontal Lobe-medial

Left Hippocampus

Left Insula

Left Occipital Lobe

Left Parietal Lobe

Left Temporal Lobe

Left Thalamus Proper

Right Basal Forebrain

Right Basal Ganglia

Right Basal Ganglia-lentiform-nucleus
Right Caudate
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Right Frontal Lobe-inferior-orbital
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Right Occipita ILobe
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Figure A.1: ROI volumes pattern across the 31 regions.
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A. SUPPLEMENTARY FIGURES AND TABLES

Table A.2: Outcome groups comparison across lesion groups in average and median group volume and number of subjects
presenting each lesion group (N = 58).

Lesion mm Favourable outcome Unfavourable outcome
Avg. Volume (Median) | Subjects | Avg. Volume (Median) | Subjects
ILC 9.4 (3.6) 31 21.7(7.1) 27
PO 11.7 (6.5) 31 21.8 (11.3) 27
PH 0.6 (0.3) 35 0.8 (0.3) 23
EHL 10.8 (8.9) 32 13.0 (9.2) 26
VCH 0.6 (0.2) 35 2.7(0.3) 23

Outcome Boxplots per Lesion Type

SDH A

FLAIR contusion core 4 ,E'
FLAIR contusion oedema - ,E_'
Post surgical subdural debris 4 'ﬂ'
SWI petechial haemorrhage 4 'ﬂ'
SWI contusion core - {E‘
e I e S
FLAIR petechial cedema :E'

§ Intraventricular haemorrhage 'ﬁ'
E SWI blood in cisterns - ,ﬂﬁl_‘:'_'
% FLAIR brainstem contusion core - 'ﬁ.
- FLAIR brainstem contusion oedema ,'__(E;'
FLAIR callosal oedema '—ED_'CD

SWI callosal blood not petechial 4 ,ﬁ_'
Basal ganglia contusion core | '_:E_:"_
SWI brainstem blood - o i ————

Basal ganglia contusion ocedema e [T}
EDH A I:D subgroup
3 poor_out
SWI callosal blood petechial 4 '—,_la:_‘ 1 good_out
Ty T Tor oo T AL T
1072 107! 10° 10t 10

Lesion Volume (cm?) - log scale

Figure A.2: Outcome groups boxplots for each lesion type (y-axis), across lesion volume. Volumes were averaged for each
lesion type within each group. Patient outcome is color-coded: unfavourable outcome (blue) and favourable outcome (cyan
blue).
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Model 2 Accuracy

0 Training Accuracy
[0 Test Accuracy
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Lesion Subgroups

Figure A.3: Model 2 training and testing accuracies (y-axis) for each lesion group (x-axis).The top bar (light cyan) represents
training accuracy while the bottom bar (light blue) comprises the more conservative testing accuracy.

Model 3: Accuracy

Brain Stem - = Training Accuracy

[0 Test Accuracy

Left Frontal Lobe-inferior-orbital
Left Frontal Lobe-lateral

Left Frontal Lobe-medial

Left Occipital Lobe

Left Parietal Lobe

Left Temporal Lobe

Left Thalamus Proper

Right Frontal Lobe-inferior-orbital
Right Frontal Lobe-lateral
Right Frontal Lobe-medial
Right Occipita ILobe

Right Parietal Lobe

Right Temporal Lobe

Ventricle

T T T
30 40 70
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Figure A.4: Model 3 training and testing accuracies (x-axis) for each region (y-axis).Training accuracy is represented by light
cyan colored bars whereas light blue bars show the test accuracy.
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Figure A.5: Model 4 test accuracy matrix. Each square contains the model 4 test accuracy for a that specific lesion group

(y-axis) plus region (x-axis) combination.
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Region P-value Matrix

Brain Stem
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Figure A.6: Region p-values obtained from model 4.

Table A.3: Training and test error rates for each model. Values are obtained directly from training and test accuracy.

Models | Training Error Rate | Test Error Rate
Model 1 29.3 % 333 %
Model 2 31.0 % 333 %
Model 3 29.3 % 38.1 %
Model 4 27.6% 33.0%
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Training and test error rates per model

[0 Test error rate
I Training error rate

35

Error rate
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Figure A.7: Model comparison barplot. Test error rate is represented by light cyan bars, while blue bars represent training
error rates. An horizontal grid is included to aid visual comparison.

Age

Figure A.8: Patient age distribution featuring a kernel density estimate.
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